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PREFACE 

This Final Report describes the construction of the 

Atlanta Research Chamber, and the research conducted in it. In 

addition, twenty-four monographs on the state-of-the-art of 

modern tunnel practice are included in the report. 

The Atlanta Research Chamber was conceived as a team ef­

fort by William C. Shepherd, Sr., who organized eighteen indi­

viduals from twelve engineering firms in the United States, 

Canada and Austria to combine their special expertise to study 

various aspects of tunnel support systems in hard rock. Later, 

after Bi 11 Shepherd's resignation to enter private consulting 

practice, Don Rose became Principal Investigator. The team was 

then expanded to include prominent university professors, and 

additional items were added to the research program. Finally, a 

number of team members were asked to write monographs on modern 

tunnel practice, summarizing their ideas on the subjects of their 

individual expertise. To balance these predominantly technical 

monographs, new team members were recruited to write monographs 

representing the views of owners, contractors, and labor, and 

presenting lega 1, insurance, overseas practice and addi ti ona 1 

technical ideas. 

The first meeting of the initial team members took place 

in Atlanta in October 1977. Subsequent discussions were held 

using conference telephone calls to allow all key team members to 

participate in planning the work. This technique worked surpris­

ingly well. The conference calls seemed as ef fi ci ent as large 

face-to-face meetings, and were certainly more economical. 

The CN-120 contract to build the Peachtree Center subway 

station was awarded by MARTA to the joint venture of Horn Con­

struction Company, Inc. and Frui n-Colnon Corporation in January 

1978. The Atlanta Research Chamber is a part of this CN-120 sub­

way station contract. The Research Chamber was excavated in 

October - November 1978 and field research inside the chamber 

took place in late 1978 and early 1979. 
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THE NEW MARTA TRANSIT SYSTEM• 53 miles of rail lines 
8 miles of busways • 41 passenger stations • Comfortable 
high-speed trains• Electronic train control system• 750-volt 
traction power system• Modern fare collection system• Radio 
.television coE.Timunications systems • Fast interchange with 
1500-mile bus network 

PROGRESS AT A GLANCE 
(JUNE 1979) 

Contracts Dollar Value 
Completed 20 S 60 million 

· ·Active 65 $540 million 
Remaining 10 S 25 million 

-~ ~L L - ­
FIGURE 1-1 



CHAPTER I. 

INTRODUCTION 

The desirability of utilizing underground space is ap­

parent to all, and the need for rapid transit system tunnels in 

our crowded cities is obvious. Yet in recent years, rapid tran­

sit costs have increased in the United States to such a degree 

that federal funding may be withheld if economies are not 

made • ..!/ The Urban Mass Transportation Administration (UMTA) 

funded the Atlanta Research Chamber as part of UMTA's continuing 

attempt to discover ways to reduce tunnel and rapid transit 

costs. 

The Atlanta Research Chamber is located directly below 

Peachtree Street in downtown Atlanta, 

and I-2). It is included in the 

Georgia (see Figures I-1 

CN-120 contract for the 

Peachtree Center Station, a part of the Metropolitan Atlanta 

Rapid Transit Authority (MARTA) multi-bi Ilion dollar "Phase A" 

53-mile transit project, which is 80 percent funded by UMTA with 

20 percent provided by the people of Fulton and DeKalb 

counties. The Peachtree Center Station is located in a 

topographic "high" of excellent granitic gneiss, although the 

entry and exit twin Running Tunnels extend away from this high 

ground into less desirable rock and finally into soft ground 

conditions north and south of the station. The Atlanta Research 

Chamber, therefore, is located in some of the best rock in the 

region. 

The Research Chamber is located immediately south of the 

main Peachtree Center Station cavern, and is in part an enlarge­

ment of the pre-existing Pilot Tunnel excavated to provide bid­

ders on the CN-120 contract a view of the rock conditions. The 

Research Chamber lies some 3 meters above, and is approximately 

..!/ "Soaring Costs Could Nip New Rail Transit Plans", Engineering 
News-Record, December 14, 1979, page 9. 

WP-G-139-I I-1 
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parallel to, the twin Running Tunnels (see Figures I-3 and I-

4). The Research Chamber is 18 meters long and has the same 5.5 

meter diameter horseshoe-shape design dimensions as the twin 

Running Tunnels. 

The research project is described in the following 

pages. As described earlier in the Preface, work in the Atlanta 

Research Chamber was a team effort. The initial draft of each 

chapter in this report was written by the team member in charge 

of the particular work; the final text was prepared by the 

Principal Investigator in order to ensure a certain uniformity in 

style. The introduction and a brief overview found in Chapters I 

and II, respectively, were written by Don Rose of Tudor 

Engineering Company of San Francisco, who is the Principal Inves­

tigator for the project. The geology of the Research Chamber and 

in-situ stress conditions are described in Chapter III by Harold 

Whitney and Ken Akins of Law Engineering Testing Company of 

Atlanta. Design of the Research Chamber and an evaluation of 

rock movements expected as the twin Running Tunnels were exca­

vated immediately below the Research Chamber, using two dimen­

sion al Finite Element Method ( 2-D FEM) techniques, is described 

in Chapter IV by Dr. Fred Kulhawy of Cornell University. 

Geotechnical instrumentation of the Research Chamber was 

extensive and is discussed in Chapter V by Dr. Iain Weir-Jones of 

Vancouver, British Columbia, Canada. Excavation by blasting in 

part utilized a "scribing tool" to notch perimeter drill holes, 

in an attempt to initiate crack propagation at the notches and so 

control the direction of cracking at the Research Chamber peri­

meter. This is discussed in Chapter VI by Lew Oriard of Hunting­

ton Beach, California. Extensive laboratory and field work on 

conventional shotcrete preceded the placement and testing of this 

material in the Research Chamber. This is described in Chapter 

VII by Robin Mason and Loren Lorig of A. A. Mathews of Rockville, 

Maryland. Steel-fiber-reinforced shotcrete was also subjected to 

careful pre-construction study before placing this material in 

the Research Chamber as discussed in Chapter VIII by Professors 

WP-G-139-I I-2 
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Ed Cording, Jim Mahar and Gabriel Fernandez-Delgado of the 

University of Illinois. 

All of the items studied were of practical use in rapid 

transit tunneling. The steel-fiber-reinforced shotcrete was sub­

sequently used in a sixty meter section in one of MARTA's twin 

Running Tunnels, in place of the conventional shotcrete for tun­

nel support and final lining used elsewhere on the CN-120 con­

tra ct. 

Following the chapters listed above, which discuss the 

technical work done in the Atlanta Research Chamber, are a series 

of monographs by a number of outstanding experts. These mono­

graphs are designed to tap the huqe reservoir of experience and 

expertise possessed by the team members. Tunnel practice over­

seas; the state-of-the-art of shotcrete design; three dimensional 

Finite Element Method ( 3-D FEM) computer studies of the Atlanta 

Research Chamber and of the Nuremburg subway tunnels; and similar 

technical monograph topics have been balanced by monographs from 

owners, contractors, labor, legal, insurance experts and others, 

which discuss the larger view. All have practical application, 

and, by being gathered together in one report, may serve to 

promote the common goal, which is to construct underground space 

economically and safely. 

The views expressed in the twenty-four monographs are 

those of the separate authors, and the texts of their monographs 

are presented here substantially unchanged. As noted earlier, 

however, the text of Chapters I to VIII concerning the Atlanta 

research per se was first drafted by the team members in charge 

and subsequently edited by Don Rose of Tudor Engineering Company, 

the Principal Investigator. Various cross-references to the 

several research chapters and certain overall conclusions were 

written by the Principal Investigator, and the final text is his 

responsibility. 

WP-G-139-I I-3 
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CHAPTER II. 

SUMMARY AND OVERVIEW 

A. SUMMARY 

1. Geology 

The geology of the Atlanta Research Chamber was excep­

tionally well understood, because the Pilot Tunnel excavated ear­

lier for the main Peachtree Center Station cavern revealed the 

rock in the Research Chamber area, and instrumentation had been 

installed and in-situ stress measurements had been made as part 

of the Pilot Tunnel work. The remarkably complete description of 

the rock was made possible because the same lab personnel that 

had physically tested the rock were also available to help map 

and differentiate the rock types exposed in the Pilot Tunnel 

walls in the Research Chamber area. Mr. Frank Shuri of Founda-

tion Sciences Inc. and Messrs. Robert White and Chris Potter, of 

Law Engineering Testing Company provided excellent geologic and 

geotechnical data. The rock was "granitic" in overall appear­

ance. It was technically a gneiss and the foliation was primar­

ily near-horizontal, which tended to control blast surfaces. 

Rock quality was excellent, and in the Atlanta Research Chamber 

itself no major joints existed. See Chapter III by Harold 

Whitney and Ken Akins of Law Engineering Testing Company for de­

tails. 

2. Design 

The design of the Atlanta Research Chamber was deliber­

ately made to have the same dimensions and configuration as the 

twin Running Tunnels which were located some three meters below 

the Research Chamber. The Research Chamber was an enlargement of 

the existing 3.6 by 4.2 meter (10 feet by 12 feet) Pilot Tunnel 

which ran down the crown of the Peachtree Center Station. Be­

cause the existing Pilot Tunnel was not parallel to the twin Run­

ning Tunnels, the Research Chamber does not parallel the Pilot 

Tunnel. 
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A two-dimensional Finite Element Method (2-D FEM) pre­

construction analysis was performed to analyze the effect of 

these multiple tunnel and chamber openings on one another. 

First, in this analysis, the Pilot Tunnel stresses and deflec­

tions were studied. Second, the Pilot Tunnel was enlarged to the 

Research Chamber dimensions. Third, the first Running Tunnel was 

excavated. Fourth, the second Running Tunnel was excavated. At 

each step, the influence of the new . excavation on the previous 

condition was shown. Because in the actual construction sequence 

the Running Tunnels were excavated before the Research Chamber, a 

post-construction analysis was also made. See Chapter IV by Dr. 

Fred Kulhawy of Cornell University for details. 

3. Instrumentation 

A complex instrumentation program was developed and in­

stalled (see Figures II-1 and II-2). The instrumentation data 

indicated that although rock movements were small, they were 

different than predicted by the 2-D FEM design study. Difficulty 

in getting good cooperation from field personnel caused 

unexpected problems; see Chapter V by Dr. Weir-Jones. 

4. Excavation 

The 5.5 meter (18 foot) diameter horseshoe Research 

Chamber was excavated by conventional drill-and-blast techniques, 

for its full 18 meter (60 foot) length. For convenience, the Re­

search Chamber was divided into nine "panels" where different as­

pects of the applied research were performed (see Figures II-3 

and II-4). Panel 9 was excavated first, and the excavation 

progressed southward to end at Panel 1. Normally, one panel was 

excavated in one round. The first eight panels were each 2.1 

meters (7 feet) long. The last panel which was Panel 1, was 1.2 

meters (4 feet) long. Variations in blasting technique were made 

to determine the best blasting results for this rock. An innova­

tion was the use of a "scribing tool" to attempt to control the 

perimeter fracture. It was found that anisotropy existing in the 

rock mass, in that near-horizontal planes in the gneiss existed, 

WP-G-139-II II-2 



0 

CONVENTIONAL 
STE.EL R. I Pl --+--1 

PAHtl 
9. 

PANEL 
e. 7. 

~ +o 
~: .. 

ti
-, ; .10 . 0-:: 

0 

J '· E'. 

ln1~!IPA~flJ, 
6 . 'f 

PANEL 
5 . 

PAl•H:.L 
4 . 

\ q}) 7·~ .'. '? :: ~~·: 

~ 

9 1- , ..... 

I ... , ·~ I ' · 

PAN [L 

3 . 

I 
. · ' 

l.'.u... 

~ _ ;~M(i 

.. till 
""" 
I: · 

. E-!4 

.. . 

~~ ;:: I " 
---t ~ 
~ 

J. 

~-

'REBAR CAGE." l'IELDA!lE 
STEEL Rl8 SHH 11& 

:•;_·, ,1/:<}t<L•1 

,:;\_;~ i'/ 

- .~----; 

·.I •;:, ,,-: ~ •A. 
:1 to 

CAVCRH 
fLOOR 

.. 
" 

"' ., 

I .. I 
I~ ,I 
Ir I 

l 

A 

11 ~ 
:j"' ~ 

~rt-? 
"' .. 
2 

I '75
~1-, 

i 
()E·3 
- H -;-,:y 

Vs,., 
"'7 

()E·2 

J'-" I , ·- • ~ -1 

Cl 

"' . 
2 

0 
I 

~ 
v s•-• 
Vsn 

t}l ;~ ' .\ 
.. .. . 

()E·S 2 
~-

E•4 Vs,-~ 
"7sp.5 

()E·G 

~ 

,-.,.3• PLY\VOOO 

a
T(ST PAN(LS 
R>R SMOTC.RFTt 
3 R(Q 'O. 

EBL1 
~ 0 ., . ()E·9 
lil 

~ 0 

E-7 

()E·8 

0 ., 
+ 

2 
~ 

~1,-ff.:1~ "n,o: 
HBER. Sl.40T ¢1ZHE 

1 ll']i1 I I I I 1J;}~~ 

0 

~ 

-1 ., 

' " 
'-; ",,, '/ 

Nl~[LLA,N[OUS R(V!SIOMS 

blh 

VSP-8 
Vsn 

PAM(L 
1. 

., ~ 
~ I! 

SOUTH 
FACC 

t-JOTES : 

I. All 01M(Ml 10MS MAY 8[ MOOlrlCO TO (OMF'Of\M TO 
nno CO '-'DITIOMS AS Ol"[CTfO BY TME EMGIMC(~ . 

z. SMOTCRCTt ..... llUCK IM PAMns ' · " · 7; - · 
! " TMICK IH PANEL .! . 

J. TARPS OU T'Mt: F"LOOR WILL 8£ RC-QUIRED, TO , CATCM 
AMO E"VALUATC RtBOUMO IM PAMCL5 ~. e~ 7 I, _ 

DESCRIPTI0t-J OF SM0TCR[T[ WORK: 

IN PAH(L ~ I 8 0-,CASf "'es IN COHV[MTIOt-tAL 
SNOTCR[T[ . USE" + • ♦ WI"( Ml!'~M Otrit WfST WALL 
0 1,,fLY I ._, PAMn 9 AMO U~E _, •~ WI RE MfSH ON 
WE'ST WALL ONLY IM PAM [L 8 . 

TWO I - •• OIAM(Tf'R , TWO Ff'[T LOMG lltf''SIH 
£MCAP5UL.ATCO 90LTS TO MOLD 5Tfn P\.ATf!t /H "00' roll' SNOT'C"£TtM~ . 
eC>LTS TO 8£ P'LACCD P"/0111. TO SHOTC"!TING rt'ST 
5~1P$ . . 

.3. I · ; • DIAMETE"R, R>U"- rC£T LOMG IU'S IN OtC.AP'SUlATf'O 
150LT5 fMSTALL["O IM CAV(ll:N l'\.00111. A._.0 WALLS TO 
Pfll:0\IICE' RfACTIOM FO!lt PVLL00\41N T(l.T'S.: 

~. ~Tm PUTT$ SMOTO.f'TCO AT rt)G["S ,.1"'5T, fH[N 
LATE'" ACI\OSS C~TCR . 

LEGEND : 

0 ,,x 3· - co"cs 

A n,•cr ,. , co•cs 

Q STEEL - r J&Elt • RE I Ni"OltCED SMOTClETE. 

□ CONVCMnOMAl ~OTCIIICT[ 

V SE I SMI C Pl!:O"LE.~ l,I OL ES 

■ t "• t ' ST['[l PLATt' F0111. PUU..COWM TE"'T 

[I INC LI NOMETER MOLEG 

{) EUENSO~ETE~ "OLES 

0 PI.JLLDOWN TEST ANCMOi ~LES 

11-.;+1, T1'AH5rt:RED THC flBD!CRml 2 IV¥1• 
Pt.ATC IM PAN(L 3 ,,.OM 

UA SQN 
MEno,oLITAN ATLANTA RA'1D TRANSIT AUTHORITY f=i"-o 

"C· SK· t1' . .f.00£0 s..,rc.JII 
OM CAST WALL , PAMEl!. 6,, 7. 

~~g•&.~'/~M~~I I I I I I 1:.-•os[ I 
- .. - - -- 2 8 W R 7& 

FIGURE II-3 

,AISONS HINCllUHOFF - TUDOI 
.......,_oc,1•u.-.m 

Research Chamber 

ATLANTA RESEARCH CHAMBER 



0 _, 
-s 

~I 0-
_1 ,, I lO ..... i 

0-
'I 
0-

,. 
0-

1 

TEST CAVEFl!:N 

~~E: Ut-lE 
- ---- -- ------- •e,• LINE 
~~- -~ 

, , 

E:s-,CIST. PILOT 
TU~NEL 

eTATION ro+72 - L-OOKINGr SOt.JiM 

SCA.LE: t• • 11-0 

ThP. Atlanta Research Chamber 

' ' 

\ 

f!.f 

FIGURE II-4 



virtually controlled the rock breakage. A flat horizontal roof 

tended to form due to the breakage along near-horizontal folia­

tion, even when the scribing tool was used. The scribing tool 

technique has been used with very marked success in the 

Coldspring Granite Company commercial granite quarries in 

Minnesota, and in a few construction projects elsewhere, and is 

considered a very promising technique. Lew Oriard of Lewis L. 

Oriard, Inc., discusses excavation of the Research Chamber in 

Chapter VI and discusses the scribing tool further in his 

monograph. 

5. Conventional Shotcrete 

Research into laboratory tests of conventional shotcrete 

was made, and it was found that some specified tests could not be 

duplicated from laboratory to laboratory, and may not be val id 

tests. Field work with inorganic Sigunit and organic Dry Shot 

accelerators revealed that if properly added to the mix, both 

produced excellent conventional shotcrete. Shotcrete placed on 

the walls and roof of the Research Cavern was subjected to a num­

ber of tests. It seemed that shotcrete on the walls of the ca­

vern was more dense and strong than that placed on the roof, 

which is believed to be a typical condition that should be ac­

counted for in modern shotcrete design. Robin Mason and Loren 

Lorig of A. A. Mathews discuss conventional shotcrete in Chapter 

VII. 

6. Steel-Fiber-Reinforced Shotcrete 

The conventional shotcrete discussed in Chapter VII was 

used as a base material and U.S. Steel fibers 2.5 centimeters 

long were added to produce a ductile and tough steel-fiber-rein­

forced shotcrete. About 70 kg/m3 (116 lb/cy) of fibers were 

added. This material was tested in the field and laboratory and 

proved to be an outstanding practical success. The twin Running 

Tunnels in the CN-120 contract for the Peachtree Center Station 

were designed using conventional shotcrete with wire mesh for the 

permanent final lining. After the successful demonstration of 

WP-G-139-II II-3 



steel-fiber-reinforced shotcrete in the Atlanta Research Chamber, 

a Change Order was issued to use the steel-fiber-reinforced 

shotcrete instead of conventional shotcrete with wire mesh for 

sixty meters (200 feet) in one of the twin Running Tunnels. The 

Contractor expressed a keen interest in the use of steel-fiber­

rei nf orced shot crete. Besides its superior rnateri al proper ti es, 

it appears somewhat cheaper to install because the time-consuming 

placement of a wire mesh is not required. See Chapter VIII for a 

full discussion by Professors Ed Cording, Ji rn Mahar and Gabri el 

Fernandez-Delgado of the University of Illinois, who were the 

team members in charge of the work, in the Research Chamber. 

Also see the monographs by Torn Buchanan and Gene Root for details 

of work in the Running Tunnels. 

B. OVERVIEW 

The Atlanta Research Chamber pioneered severa 1 "firsts" 

in North American rapid transit tunnel practice, as well as pro­

viding new data on several items previously used elsewhere. 

Dr . Fred Kulhawy's study is believed to be one of the 

few using 2-D FEM on a real project to design a complex series of 

tunnel excavations. Both 2-D and 3-D FEM predictions were 

compared to the rock movements actually measured in the field. 

The scribing tool for controlled perimeter blasting had 

never been used in tunnel work before, al though UMTA-sponsored 

research in the Boston Red Line on this technique was also per­

formed a few months later, after the work in Atlanta was com­

pleted. The Atlanta raw data was made available to the Boston 

Red Line researchers. Seri "'>i ng of a dri 11 hole could be accorn­

pli shed easily in less than two minutes per hole. Proper orien­

tation of a scribing tool around the tunnel perimeter did not re­

qui re special tools, but could be closely set by a competent 

driller rotating the drill boom as required. Scribing bits 

tended to wear, and sorneti mes tended to spiral down the dri 11 

hole along _ weak planes in the rock. However, it was clear that 

the scribing technique has value in tunnel and heavy construction 
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work, especially in non-foliated rock. Mr. Joe Peters, of the 

Coldspring Granite Company in Cold Spring, Minnesota, was of 

invaluable help to the research program. He has used scribing 

commercially in uniform granites to cause cracks to propagate in 

a straight line from scribed drill holes five meters apart, using 

very light charges. 

Our laboratory research in conventional shotcrete indi­

cated that some tests called for in modern specifications cannot 

be duplicated from laboratory to laboratory and hence may not be 

useful tests. High strength conventional shotcrete can be ob­

tained using ordinary Sigunit or the newer organic accelerator 

Dry Shot. Strength is lower in the roof shotcrete than in wall 

shotcrete. These results are of immediate use in tunnel design. 

The use of steel-fiber-reinforced shotcrete in 60 meters 

of one of the twin Running Tunnels, for the final lining of the 

subway, is another "first" in North America. The material is 

superior to conventional shotcrete in several respects and once 

contractors have confidence in it, may be significantly 

cheaper. The fibers must be fed into the shotcrete system using 

a "spreader" to ensure even distribution of fibers and prevention 

of clumping. The commercially available spreader used in the At­

lanta Research Chamber was a Hansen Fiber-Meter, Model 200, which 

successfully proved the steel-fiber-shotcrete can be rapidly 

placed without delays. 

The Atlanta Research Chamber was primarily a practical 

effort by practical researchers, attempting to develop useful 

tools for tunnel designers and builders. New applied research in 

scribing tool blasting techniques and in steel-fiber-reinforced 

shotcrete was performed for the first time in North American tun-

nels. Our team efforts in conventional shotcrete and in 2-D FEM 

design provided new insights. Geology and instrumentation data 

were unusually complete and made rational analysis possible. The 

applied research work in the Atlanta Research Chamber was a team 

success. 
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CHAPTER III. 

GEOLOGY 

I. ATLANTA REGIONAL GEOLOGY 

Atlanta is located within the Piedmont geologic pro­

vince, which extends from Alabama to New York (see Figure III-

1). Washington, D.C., and New York City are in the same geologic 

province. The geology of the southern Piedmont geologic province 

is well known and has been reported in many sources. The 

following summary of Regional Geology, based on these sources and 

our experience in the area, gives an introduction to the geologic 

history, structure, and primary rock types of the region 

surrounding Atlanta. Further discussions may be found in the 

sources cited and in the Supplemental Bibliography included in 

this chapter. Specific details of the Atlanta Research Chamber 

Geology are discussed in the second part of this chapter. 

The Piedmont Province is generally described as a gently 

rolling plain of moderate relief that is bounded on the northwest 

by the Brevard Belt and on the southeast by an angular unconfor­

mity which is exposed along the western edge of the Cretaceous 

sediments of the Coastal Plain. The physiographic expression of 

this unconformity is commonly referred to as the "Fall Line." 

The Piedmont metamorphic rocks appear to directly overlie a se­

quence of older, basement gneisses of the Precambrian Era ( ap­

proximately 1,100 million years old). 

The Piedmont metamorphic rocks are derived from sedi­

ments deposited 400 to 600 million years ago during the late Pre­

cambrian to early Paleozoic era. These sediments were subjected 

to several periods of intense heat and pressure resulting in 

widespread deformation, metamorphism, and granitic intrusions. 
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The most recent and most intense of these periods occurred 

approximately 250 million years ago, late in the Paleozoic era._l_l 

Granitic intrusions occurred in the Southern Piedmont 

between 600 and 250 million years ago. These granite bodies were 

intruded prior to or during the last major deformation which oc-

curred 250 million years ago. Mafic dikes are the youngest in-

trusions in the Piedmont rocks, having been intruded between 200 

and 150 million years ago in the Mesozoic era.Y 

Recumbent folding is the predominant structural style in 

this area of the Piedmont. Orientation of fold axes vary, but 

they primarily plunge gently to the northeast. The regional fo­

liation in the Atlanta area strikes northeast and dips gently to 

the southeast. Local variations in attitude are caused by fold­

ing (both open and recumbent) on a variety of scales. 

Widespread development of joints (naturally occurring 

planar fractures in rock) occurred after the last major deforma­

tion, as a result of volume changes and directed stresses in the 

rock mass. Volume changes were caused by cooling of rock follow­

ing episodes of intense heat and pressure and by temperature 

changes related to magmatic activity. Regional directed stresses 

resulted from large-scale continental movements. Local directed 

stresses may have been set up by movement of magma or from local 

relief of regional stresses • 

..!./ Crickmay, Geoffrey w., 1952, "Geology of the Crystalline 
Rocks of Georgia", Georgia Geological Survey, Bulletin 
No. 58; Fullager, P. D., 1971, "Age and Origin of Plutonic 
Intrusions in the Piedmont of the Southeastern Appalachians", 
Geological Society of America Bulletin, Vol. 82, pp. 1845-
1862; Hurst, V. J., 1970, "The Piedmont in Georgia", In 
Studies of Appalachian Geology, Fisher, et. al., editors, 
John Wiley and Sons, Chapter 26, pp. 383-396; and 
Massachusetts Institute of Technology, 1958, "Age Study of 
Some Crystalline Rocks of the Georgia Piedmont", U.S. AEC 
Dept. NYD-3938, pp. 58-60. 

Y Fullager, P. D., ~cit., and Smith, James W., Wamples, J. 
M., and Green, Martha A., 1968, "Isotopic Dating and 
Metamorphic Isograds of the Crystalline Rocks of Georgia", 
Georgia Geological Survey, Bulletin No. 80. 
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Hydrous solutions moving in these joints have deposited 

mineral fillings. In the Atlanta area, common joint fillings 

include calcite, zeolite, chlorite, and quartz. 

fillings are widespread through the Piedmont. 

Similar joint 

In the southern Piedmont, the salient factors governing 

the degree of weathering at any given location are: mineralogy, 

ground water movement, and structure (primary joint development 

and frequency) • 

The weathering in the Atlanta area has resulted i n an 

overburden mantle typically 30 to 80 feet deep. The weathered 

zone consists of red or yellow, sandy to silty surface clays 

which have lost the relict rock structure, grading into micaceous 

sandy silts and silty sands, which generally retain the banding 

and configuration of the original rock from which they were 

derived. These soils in turn become gradually less altered, 

grading into partially weathered rock, until competent sound rock 

is encountered with depth. 

Subsurface investigations performed for many construc­

tion projects along the crest and flanks of Peachtree Ridge (the 

location of the Atlanta Research Chamber) generally indicate that 

the bore to hard rock is much shorter than is typical elsewhere 

in the Atlanta area, and the rock recovered is normally fresh and 

sound. The top of the rock shows an irregular surface. However, 

the top of rock generally drops off very steeply along the flanks 

of Peachtree Ridge, so that the depth to relatively sound rock 

increases rapidly off the flanks. Rock types encountered in 

these investigations are typical for the Atlanta area, with bio­

ti te gn_eiss-es predominant. However, there are also seams of 

amphibole gneisses, quartzites, pegmatites and mica schists. 

II. ATLANTA RESEARCH CHAMBER GEOLOGY 

The Atlanta Research Chamber geology has been summarized 

on a sidewall map and a geologic cross-section (see Figures III-2 

and III-3). The Plan and Sidewall Map (Figure III-2) were 

developed from field observations. The Geologic Cross-Section 
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(Figure III-3) was developed from examination of cores from 

extensometer and overcoring holes which were drilled during Pilot 

Tunnel construction .y In general, the rock in the Research 

Chamber is strongly foliated biotite gneiss, quartzite and 

amphibole gneiss of excellent quality with no continuous joints 

or open partings, and no natural occurrences of water. 

A. Lithology 

The rock types shown on geologic maps and cross-sections 

are based on visual observation. Petrographic analyses of some 

representative samples from the Atlanta Research Chamber area are 

included in a previous Law Engineering Testing Company re­

port..!! The following rock types are included on the geologic 

maps and cross-sections. 

Biotite gneiss (bg): Commonly dark gray, strongly foli-

ated biotite-quartz-feldspar rock. It often has a quartz-feld-

spar augen or flaser fabric. Biotite gneiss is the most abundant 

rock type encountered in the main cavern area, and is probably 

derived from shales and siltstones. 

Amphibole gneiss (ag): Gray-green to dark gray, pri­

marily composed of amphibole and feldspar, and of ten containing 

high percentages of bioti te. Very amphibole-rich layers are 

massive, not strongly foliated, and typically very contorted. 

All of these varieties of amphibole gneiss are frequent­

ly found interlayered with biotite gneiss. 

Quartzite (q): Very hard, quartz-rich, mica bearing 

rock, occurring in layers up to four feet thick. White quartzite 

Y Law Engineering Testing Company, 1977, "Report of Geology and 
Instrumentation - 'Peachtree Center Station Pilot Tunnel, North 
Line, Metropolitan Atlanta Rapid Transit Authority". 

ii Law Engineering Testing Company, 1976, "Report of Subsurface 
Investigation, Final Design, DN-11/Tunneling Alternative, North 
Line, Metropolitan Atlanta Rapid Transit Authority". 
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is muscovite-bearing. Gray quartzite is biotite-bearing, and in 

places it appears to grade into quartz-rich biotite gneiss. 

A plus sign(+) on the sidewall maps and section between 

two rock types indicates that the two rock types are interlay­

ered. 

a. Rock Structure 

The foli3tion in the north end of the Atlanta Research 

Chamber is approximately horizontal, while the foliation in the 

south end of the Research Chamber dips approximately 20° to the 

south. There is considerable local variation in foliation orien­

tation, as the rock is recumbently folded on an axis of approxi­

mately N15°E horizontal (see Figure III-2). The folding can be 

easily seen by following light-colored quartzite layers, which 

serve as excellent "marker units". 

There are no continuous joints in the Research Cham­

ber. Some very minor discontinuous joints were noted in the 

sidewalls, but these have an insignificant effect on construction 

or engineering properties of the rock. 

The crown has a tendency to break to foliation planes, 

particularly along the bottom of quartzite layers. Further dis­

cussions of rock structure effects on the research studies may be 

found in other chapters. 

b. Rock Properties 

In previous reports by Law Engineering Testing Com­

pany2.I, the physical properties of the rock in the area of the 

Atlanta Research Chamber have been presented. These pr ope rt ies 

were determined from both laboratory and in-situ testing, which 

included determinations of in-situ stresses, elastic moduli, 

unconfined compressive strengths, rock hardness values, and di­

rect shear strengths of joints in rock. 

2/ Law Engineering Testing Company, 1976, ~ cit., and 1977, 
~ cit. 
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These data and other data indicate that unconfined com­

pressive strengths vary between 34.5 x 10 3 and 207 x 10 3 kN/m2 (5 

and 30 ksi) and average 103.5 x 10 3 kN/m2 (15 ksi). Rock 

hardness values vary between 40 and 160, averaging 90 ( total 

hardness). Laboratory tangent modulus values are between 20.7 x 

10 6 and 99.4 x 106 kN/m2 (3.0 x 10 6 and 14.4 x 10 6 psi) and 

average 47 x 10 6 kN/m2 (5.9 x 10 6 psi). In-situ modulus values 

measured by flat jack tests and overcoring techniques range 

between 3.4 x 10 6 and 69 x 10 6 kN/m2 (0.5 x 10 6 and 10 x 10 6 psi) 

with the bulk of the values falling between 6.9 x 10 6 and 27.6 x 

10 6 kN/m2 ( 1 x 10 6 and 4 x 10 6 psi). Laboratory modulus values 

are higher than field values by approximately a factor of 2 for 

overcoring tests and 1.5 for flat jack tests. 

Interpretations of overcoring data from the Atlanta Re­

search Chamber area suggest an in-situ stress field with the 

principal stress of approximately 1,000 psi in the north-south 

direction, parallel to the Pilot Tunnel. The minor and interme­

diate principle stresses of 100 to 200 psi are in the east-west 

and vertical directions, perpendicular to the Pilot Tunnel. This 

surprisingly high in-situ horizontal north-south compressive 

stress is along the strike of the regional folding throughout the 

Piedmont. The measured horizontal in-situ stress is several 

times the overburden stress in each instance, affects the dis­

placements and stresses in underground openings, and is apparent­

ly due to tectonic forces which are at right angles to the forces 

whi<::h caused the Piedmont regional folding, which they post­

date. These somewhat surprising results show the value of making 

direct measurements of in-situ stresses instead of simply assum­

ing some· apparently reasonable values. 
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CHAPTER IV. 

DESIGN 

I. INTRODUCTION 

During the last fifteen years, there has been a 

substantial growth in knowledge concerning the behavior of 

underground openings in rock. A corresponding body of literature 

has been produced. The pertinent studies have largely followed 

two divergent paths. The first relates to the increasing 

sophistication in analytical methods (in particular, Finite 

Element Methods) for predicting opening behavior, while the 

second relates to detailed instrumentation of various types of 

openings and the interpretation of opening behavior based upon 

the results of the data produced. Both methods have their 

advantages, as well as shortcomings, in particular situations. 

In this chapter an attempt is made to put the Finite Element 

Method (FEM) in a proper perspective by emphasizing its relative 

utility in an analysis/ design mode. 

Following these sections, the detailed results of finite 

element modeling studies are presented to illustrate the use of 

this method to analyze the response of the rock mass at the 

Atlanta Research Chamber, south of the Peachtree Center 

Station. In this area, a Pilot Tunnel was constructed; it was 

anticipated that this Pilot Tunnel would be enlarged to become 

the Atlanta Research Chamber, and that then the twin Running 

Tunnels would be constructed beneath the Research Chamber. The 

Research Chamber was designed to have the same dimensions as the 

twin Running Tunnels. The finite element studies concentrate on 

the anticipated interaction of the Research Chamber and twin 

Running Tunnel openings. These design studies using 2-D FEM were 

conducted during June 1977, before in-situ testing was complete 

and before the openings were excavated. As discussed later, the 

actual sequence of construction was not that which was antici­

pated, which affected the study. 
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II. ANALYSIS/DESIGN PHILOSOPHY 

Before discussing the two dimensional Finite Element Me­

thod (2-D FEM), it is · important to review the intent and meaning 

of such modeling methods in the context of analysis/design philo­

sophy. There is a current tendency to over-analyze, over-measure 

and over-study a given project when what is really needed is 

sound, basic engineering with careful construction control and 

good excavation techniques. 

Minor problems will always occur with underground open­

ings because it will always be the minor geologic details which 

control the localized behavior, presuming no poor excavation 

practices. This reminds us that the first major aspect of design 

is a sound understanding of the site's geological environment. 

This term is used broadly to include the 1 i tho logic uni ts and 

their spatial relationships, the significant discontinuities at 

the site, the mechanical behavior of the lithologic units, and 

the discontinuities, water, and in-situ stress states. 

The second major aspect of design is consideration of 

geometric factors. In other words, the question is how an 

opening of a given size and shape will alter the geologic 

environment, specifically how- the stress concentrations and 

relaxations may lead to compressive or tensile failures, and how 

the kinematics of significant discontinuity-bounded rock blocks 

may cause movement, potential fall-in or excessive overbreak. 

The third major aspect of design is support and rock­

support interaction. Of major consideration here is the intent 

behind the support system. Is the intent to minimize rock or 

wall working in order to hold discontinuity-bound rock blocks; to 

prevent rock surface deterioration and minimize 

swelling; or to provide psychological comfort for 

and the owner? These questions must be answered 

properly evaluate the support system. 
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The fourth design consideration is the 

construction itself and of time upon the project. 

effect of 

Will con-

struction operations and time, in themselves, significantly alter 

the above three points and, if so, how? 

The above four points are fundamental to a rational 

analysis/design philosophy and should determine the approach 

adopted for a given job. Thus, for a tunnel of moderate size and 

depth, with an opening of simple geometry, constructed in sound, 

massive rock units with no major discontinuities or water 

problems; when in-situ stresses are near isotropic, and where 

good excavation techniques have been employed then no major 

problems should be anticipated. Only simple computations from 

existing solutions would be warranted, and observations would be 

limited to a few check points. However, if any one of these 

factors varies significantly from the example given, detailed 

analytical and/or observational studies may be warranted. 

III. FINITE ELEMENT MODELING 

Finite element methods have been developed to such a 

level of sophistication that, in principle, they can be applied 

to almost any type of underground opening problem. The li tera­

ture contains many examples in which finite element methods have 

been used to analyze opening behavior after the opening was com­

pleted, and these examples all show reasonably good correlations 

with the measured quantities. Predictions are, however, rather 

rare, and this is precisely the area in which such models can be 

of most service in the design of an actual project. Good 

predictions can be made, if a sound rational model is developed. 

A considerable amount of care must be exercised in es­

tablishing a sound analytical model, because it must be able to: 

A. represent geometric and boundary conditions, 

B. incorporate variable geologic strata and initial stress 

states, 
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c. simulate excavation operations following nearly any ar­

bitrary sequence, and 

D. include nonlinear and stress-dependent stress-def or ma -

tion characteristics for the rock materials and the rock 

discontinuities, if warranted. 

The mini mum criteria for representing i terns A, B and C are dis­

cussed in detail by Kulhawy (1974)..!/, and an approach for item 4 

is given by Kulhawy (1975).Y 

The three main keys to establishing a sound model are 

the representation of the significant geologic units and their 

basic discontinuities; the initial stress states; and the 

mechanical behavior of the rock materials and di sconti nui ti es. 

The detailed geology and initial stresses often are not suffic­

iently known to generate a high level of confidence during the 

i ni tia 1 design phase, but expectable best and worst cases or 

bounds should be estimated during preliminary exploration. The 

mechanical properties of the materials can be determined or at 

least be bounded by laboratory and/or field testing. Si nee the 

above factors are usually not known precisely, though, it is 

often necessary to conduct 

the bounding conditions 

analyses using models which represent 

so that varying behavior within the 

expectable range can be evaluated. Published parametric studies 

may be useful in this context. 

JI Kulhawy, F. H., "Finite Element Modeling Criteria for 
Underground Openings in Rock", International Journal of Rock 
Mechanics and Mining Sciences, Vol. 11, No. 12, Dec. 1974., 
pp. 465-472. 

Y Kulhawy, F. H., "Stress Deformation Properties of Rock and 
Rock Discontinuities", Engineering Geology, Vol. 9, No. 4, Dec. 
1975, pp. 327-350. 
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IV. FEM MODEL FOR THE ATLANTA RESEARCH CHAMBER 

As described above, the results of a finite element 

analysis are only as good as the model chosen to represent the 

problem. The following sub-sections describe the model used in 

the design study of the Atlanta Research Chamber. 

A. Geometric and Geologic Generalization 

The problem under consideration was the behavior of the 

twin Running Tunnels in rock and the interaction of these tunnels 

with the Research Chamber to the south of the Peachtree Center 

Station. Figure IV-1 shows a general location plan of the 

station and the tunnels, while Figure IV-2 shows a more detailed 

plan view of the openings at the south end of the Peachtree 

Center Station. Figure IV-3 shows an oblique view of all of the 

openings in the Peachtree Center Station southern half. It can 

be seen that the opening geometry is extremely complex. However, 

from a standpoint of idealization, concentrating on the tunnels 

and Research Chamber, it can be seen that reasonable two­

dimensional representation can be taken about mid-length along 

the Research Chamber. This "Study Section" is shown on Figures 

IV-2 and IV-3. There are a number of reasons this section was 

selected: ( 1) a plane strain approximation is reasonable for 

this section, (2) there is a reasonable concentration of test 

boring data in this vicinity, ( 3) detailed geologic mapping of 

the Pilot Tunnel had already been conducted so that reasonable 

inferences of geologic structure could be made at the approximate 

mid-length of the tunnel, and ( 4) instrumentation existed and 

additional instrumentation was planned in this area to monitor 

opening behavior. 

Upon establishing this section for analysis, the geolo­

gic data available at the time were plotted, in a east-west sec­

tion looking south, as shown in Figure IV-4. Subsequent data ob­

tained in the field resulted in the modification shown in Figure 

5. These two figures, plus the correct opening locations shown 
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in Figure IV-2, were the primary bases for establishing the 

geometric and geologic conditions. 

B. Finite Element Mesh Design 

The design of the finite element mesh is the first ac­

tual step in the modeling procedure because the physical system 

to be analyzed is established at this point. The geologic sec­

tions shown previously would be difficult and costly to model in 

great detail because many of the strata are 30 centimeters (one 

foot) or less in thickness, and the mesh would require literally 

thousands of elements. Based upon the experience gained in con­

ducting many analyses in the past, and a reasonable grouping of 

geologic units with apparently similar mechanical properties (1, 

2 or 3 as shown in Figure IV-5), the generalized geologic section 

shown in Figure IV-6 was chosen for analysis purposes. As can be 

seen, the overlying soil is taken into account. The rock mass is 

grouped into three units, each with distinctive mechanical pro­

perties, and the only apparent major discontinuity present in 

this section (a horizontal joint a few meters above the roof) is 

incorporated into the study. It is believed that this section is 

an appropriate generalization of the actual geologic condi­

tions. It should be noted that geometric changes in the third 

dimension normal to this section . apparently would be minimal be­

cause the geologic mapping in the Pi lot Tunnel has shown only 

relatively small dips in the strata normal to the section. 

The boundary locations shown in Figure IV-6 were estab­

lished using the criteria given by Kulhawy (1974). These cri­

teria provide for an adequately flexible system in which the 

boundaries do not significantly affect the primary areas of in­

terest around the openings. 

The final mesh developed is shown in Figure IV-7 and in­

cludes 571 elements and 613 nodal points. This mesh evolved by 

accommodating the generalized geology, the opening geometries and 

the minimum element criteria given by Kulhawy (1974). 
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C. In-Situ Stress Conditions 

To model any excavation operations in real rock masses, 

proper account must be made of the in-situ stress state. Common­

ly used elasticity solutions are inappropriate for this class of 

problems because direct gravity application to an elastic system 

will yield initial lateral stresses which are a direct function 

of Poisson's ratio and therefore can only vary from Oto 1. Real 

rock masses usually exist at states of stress different from 

those directly predicted by use only of elasticity solutions. 

Accordingly, the initial stresses were input prior to excavation, 

and it was assumed that the rock mass was at rest and in 

equilibrium under the input stress state. 

In-situ stress measurements were made in the Pilot Tun­

nel by Foundation Sciences, Inc., using overcoring and flatjack 

methods. The results obtained showed that one principal stress 

was vertical, while the other two were horizontal - one normal to 

and one parallel with the study section. The vertical stress was 

approximately equal to the overburden stress, the horizontal 

stress parallel with the study section was about one to two times 

the vertical stress, and the horizontal stress normal to the 

study section was perhaps as much as seven times the vertical 

stress. Based on these results, it was assumed that the vertical 

stress increased uniformly with depth at an average rate of about 

25. 4 kN/m2 per meter ( 162 psf per foot); this gave an initial 

vertical stress of approximately 758 kN/m2 (110 psi) at mid-ele­

vation between the Research Chamber .and the Running Tunnels. 

Since the horizontal stresses were variable, two solutions were 

conducted - the first with the horizontal and vertical stresses 

equal and the second with the horizontal stresses 2.5 times 

greater than the vertical stresses. With these values, probable 

field behavior would be bounded, unless unusual stresses beyond 

those measured were actually present. 

D. Assumed Excavation Operations 

The assumed sequence of excavation operations for this 

project is given in Figure IV-8, which shows four essentially 
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full-face operations - first the 

Research Chamber, thirdly the left 

right Running Tunnel. (The actual 

follow this assumed sequence.) 

Pilot Tunnel, secondly the 

Running Tunnel and lastly the 

order of construction did not 

The excavation operations were modeled by evaluating the 

stress state along a proposed excavation surface, computing equi­

valent nodal point forces for these stresses, and then applying 

these nodal point forces in the opposite direction to yield a 

stress-free boundary. Specifics of this technique are given by 

Kulhawy (1974). 

The excavation boundaries actually used in this study 

are shown on the mesh in Figure IV-7. During construction in the 

field, some modifications were made later to the geometry of the 

openings. These small changes did not significantly alter the 

results described herein. 

E. Material Properties 

As described earlier, there are several primary cate­

gories of rock materials in the study area. Grouping of the rock 

materials into three categories based on stress-strain behavior 

was based upon laboratory test results obtained by Foundation 

Sciences, Inc. and rock mechanics testing in the Pilot Tunnel. 

These groups and their respective properties are shown in Table 

IV-1. 

For the properties of the soil overburden, the weathered 

rock, and the discontinuity above the Research Chamber, 

representative values were assumed, based on extensive literature 

surveys conducted on soil materials ( Kulhawy, Duncan and Seed, 

1969)r3 on rock materials (Kulhawy, Duncan and Seed, 1969) and 

on rock materials and rock discontinuities (Kulhawy, 1975). The 

final values used in the analyses are given in Table IV-2. 

lf Kulhawy, F. H., Duncan, J. M. and Seed, H. B., "Finite 
Element Analyses of Stresses and Movements in Embankments During 
Construction", Contract R~port S-69-8, U.S. Army Engineer 
Waterways Experiment Station, Vicksburg, Mississippi, Nov. 1969. 
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Unit Weight Intact Reduced Poisson's 
(pcfl Modulus Modulus Ratio 

Soil Overburden 105 5,880 psi 5,880 psi 0. 40 
(847 ksf) (847 ksf) 

Weathered Rock 162 l x 106 psi 0.15 X 106 psi 0.17 
(144,000 ksf) (21,600 ksf) 

Low Modulus Rock 180 ) X 10 6 psi 0. 4 5 X 106 psi 0 .10 
(432,000 ksf) (64,800 ksf) 

Medium Modulus Rock 180 5 X 10 6 psi 0 . 75 X 10 6 psi 0.17 
(720,000 ksfl (108,000 ksf) 

Discontinuity Normal Stiffness 31,830 ksf/ft 

Shear Stiffness • 6,366 ksf/ft 1 psi = 2 
6.89 kN/m 

Note: Modulus for weathered rock taken as½ times medium modulus. 

High modulus rock not modeled because it only exists in three very thin layers. 

Range of Rock Material Properties 

Low Modulus Rock 

(Amphibole Gneiss l 

Medium Modulus Rock 

(Amphibole Gneiss, 
Biotite Gneiss ) 

High Modul u• Rock 

(Grey and White 
Ouart:titea ) 

Unconfined 
Tangent 
Modulus 
(psi ) 

] X 106 

(1-4 ) 

5 X 106 

(4-8) 

10 X 10
6 

(B-12 ) 

Range noted in parentheses. 

Poisson's 
Ratio 

0.10 

(0. 06-0 . 15) 

o. 17 

( 0.15-0.20) 

0 . 27 

{0.25-0.30 ) 

Properties Used in Analyses 

Uniaxial 
Compressive 
Strength 
(psi) 

8 x 10 3 

(6-10 ) 

12 X 10 3 

(8-16) 

20 X 10 3 

(15-25) 

1 psi = 

Tensile Strength (psi ) 
// follat1.on .L follat1.on 

75-250 

7 5-250 

:: 1000 

1.4 X 10 3 

(1-2 ) 

1. 4 X 1 0 3 

(1 -2 ) 

l.8 x 10 3 

(1. 2-2. 4 ) 

2 
6.89 kN/m 

TABLE IV-1 

TABLE IV-2 



The rock properties given in these tables are essen­

tially those obtained from laboratory studies on the rock 

materials, as opposed to properties of the in-situ rock mass. 

Deere et al. ( 196 7 ).!/ demonstrated that the in-situ rock mass 

modulus is less than the intact (laboratory) rock material 

modulus and that the ratio of these moduli is roughly correlated 

with the Rock Quality Designation (RQD). Kulhawy, 19782./ has 

recently developed an improved model which shows that the modulus 

ratio is related to the RQD through the ratio of the intact core 

modulus to the normal stiffness of the discontinuities. Using 

these models and considering a lower range of RQD of about 80 

percent in the general study area, along with the properties 

given in Table IV-2, it can be shown that the in-situ rock mass 

modulus could be about 15 percent of the intact (laboratory) rock 

mass modulus. Accordingly, analyses were also conducted using 

the rock mass modulus reduced to 15 percent of the values given 

in Table IV-2. It is believed that these two sets of parameters 

would bound the actual field conditions. Although both the 

strength and Poisson's ratio values would also be affected by 

discontinuities, neither of these values were changed because: 

(1) no strength problems were anticipated, and (2) the effects of 

changes in Poisson's ratio are small. 

It should also be noted that linear elastic behavior was 

assumed for the rock and soil materials in all of the analyses 

conducted. This assumption is considered to be reasonable be­

cause the extensive core testing by Foundation Sciencies, Inc. in 

1976 showed the rock to behave in nearly an elastic manner. In 

addition,the small amount of soil overburden being modeled in the 

ii Deere, D. H., Hendron, A. ·J., ·Jr., Patton, F. D. and Cording, 
E. ~-, "Design of Surface and Near-Surface Construction in Rock", 
Failure and Breakage of Rock (Proceedings, 8th Symposium on Rock 
Mechanics), AIME, 1967, pp. 237-302. 

2./ Kulhawy, F. H., "Geomechanical Model for Rock Foundation 
Settlement", Journal of the Geotechnical Engineering Division, 
ASCE, Vol. 104, No. GT2, Feb. 1978, pp. 211-227. 
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analyses would not significantly alter the computed behavior of 

the openings if it were treated as either a linear or nonlinear 

material. 

V. RESULTS OF ANALYSES 

A number of analyses were conducted to evaluate the rock 

mass response to the assumed sequential excavation of the 

openings. In each of these analyses, the initial vertical 

stresses increased linearly with depth at an average rate of 25.4 

kN/m2 per meter (162 psf per foot). The initial horizontal 

stresses were selected to be equal to the vertical stresses or 

2. 5 times the vertical stresses. Rock moduli were selected to 

represent the intact rock or they were reduced to establish a 

lower bound to the in-situ rock mass moduli. These ranges of 

stresses and moduli would bound the actual field behavior. 

A. Displacements 

The displacements of the openings for the case with high 

horizontal stress are shown on Figure IV-9. In this figure, the 

correct relative locations and sizes of the openings are given 

for each excavation step. When an opening is excavated, it is 

referred to by number in the correct excavation sequence. The 

notation "solid" is used to indicate a proposed opening which has 

not yet been excavated. On this figure two displacement scales 

are given, corresponding to the "intact" modulus analyses and the 

"reduced" modulus analyses. These two sets of results are, for 

all practical purposes, directly related to each other by the ra­

tio of the intact to the reduced moduli. The dots shown on the 

openings refer to the precise nodal point locations at which the 

displacements are computed. True vector movements are found be­

tween corresponding nodal points in the undeformed { solid line) 

and deformed {dashed line) geometries. The displacements shown 

are the cumulative displacements. Incremental values can be 

found by taking the differences in the displacements between dif­

ferent excavation steps. 
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Figure IV-9 shows that during the assumed sequence of 

excavation for the Pilot Tunnel and Research Chamber, the wall 

displacements inward are larger than those at the crown and 

invert, as would be expected. The displacements in the Running 

Tunnel areas are small. As each tunnel is excavated, significant 

displacements occur in the Research Chamber and the other 

tunnel. Similar sequential movement patterns develop when the 

initial stresses are isotropic. The final displaced openings for 

the isotropic stress case are shown on Figure IV-10. 

Extensometers were placed in the C120 Pilot Tunnel prior 

to any work done in the Atlanta Research Chamber. Results which 

became available after the analyses were conducted showed that 

the inward wall displacements of the Pilot Tunnel were on the 

order of O. 8 to 1. 0 mm. Crown measurements were not reliable 

because of blast damage. Values computed from the finite element 

model show inward wall displacements of O. 05 mm or O. 5 mm for 

isotropic initial stresses, and 0.2 mm or 1.5 mm with the 

horizontal stress 2. 5 times the vertical. These values imply 

that the lower modulus and higher lateral stress assumptions are 

more repres e ntative of the field conditions. 

B. Stresses 

The maximum (01) and minimum (03) principal stresses 

computed for the different analyses are shown on Figures IV-11 

through IV-14 in contour form. These stress solutions are 

correct for any modulus assumptions, of course. These figures 

also show the openings in correct relative size and location, 

indicate the assumed excavation step for a particular opening, 

and show future openings with dashed lines. 

The o 1 and o 3 stresses were selected for presentation 

because the maximum stress (01) concentration can be compared to 

the rock strength to determine whether there is any potential for 

compression failure. The minimum (03) stress concentration can 

be used to determine the maximum theoretical tensile zone in the 

rock. This tensile zone would represent the maximum size of the 
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potential "fall-out" zone which, in turn, would indicate the 

height of rock to be supported by the opening support system. 

Figure IV-13 shows the o 1 contours during excavation for 

the analysis with h_igh horizontal stresses, while Figure IV-12 

shows the final o 1 contours in the isotropic case. These figures 

show higher crown and invert stresses and lower wall stresses for 

the higher initial stress state. The largest stress noted is a 

bit less than 4.8 MN/m2 (about 700 psi or 100 ksf). Comparing 

this stress with the rock compressive strengths given in Table 

IV-1 indicates little chance of compressive rock failure, as long 

as the actual rock mass does not exhibit any significant jointing 

which would alter the stress pattern and reduce the in-situ 

strength. It should also be noted that the stresses predicted 

around the Research Chamber were lower than those around the twin 

Running Tunnels. 

Figures IV-11 and IV-14 show the o 3 contours for two 

analyses. These figures show significant stress reductions 

around the openings with the lowest crown stresses for the 

isotropic case. Tension zones are noted in all cases, but the 

only one considered to be significant is shown in Figure IV-11a 

in the crown of the Pilot Tunnel. A zone such as this indicates 

that there may be instability problems in the crown, if there are 

discontinuities present which would allow fall-out to occur. 

This zone also indicates that a meter or so of rock would be the 

potential loading on supports. 

F. POST-CONSTRUCTION ANALYSIS 

In actual construction, the geometry of the Research 

Chamber and the Running Tunnels was slightly different from that 

assumed in the pre-design studies. A post-construction 2-D FEM 

analysis was perf o~med by Tudor Engineering Company in June, 

1979, incorporating almost the same mesh, but making the neces­

sary slight changes in geometry. The actual construction 

sequence did not follow the sequence assumed in the original 

design study. As shown in Figure IV-15, Tudor's 2-D FEM study of 

the different excavation sequence indicated that cumulative final 
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rock displacement would be only slightly changed from the 

predesign predictions. 

elastic study. 

This is to be expected in a linear 

The small measured movements in the floor of the Atlanta 

Research Chamber were upward rather than downward as predicted in 

pre-design studies. At the suggestion of Dr. Kulhawy, Tudor's 

computer output was restudied in the light of the actual field 

installation of extensometers relative to the revised construc­

tion sequence (Figure IV-16). It was found that, due to the 

Contractor's changes in the sequence of construction, the 

extensometers were not in place in the field in time to measure 

displacements for Steps 1 , 2 or 3. Fi qure IV-1 7 shows that the 

Tudor computer-predicted floor displacement from Step 3 to Step 4 

only (and not the cumulative displacement of all steps one 

through four) is, in fact, upwards, as actually occurred. 

However, the upward floor movement measured exceeded the 

predicted amount. 

The discrepancy between predicted and measured rock 

movements seems to have been due to the high horizontal stresses 

in the third ( north to south) dimension, not accounted for in 

this 2-D FEM analysis. The 3-D FEM analysis of the Atlanta 

Research Chamber and the Peachtree Center Station Cavern did 

predict a small uplift in the Research Chamber floor, as 

discussed in the Monoqraph by Professor Einstein of MIT and his 

co-workers. 

G. SUMMARY AND CONCLUSIONS 

The studies presented herein illustrate a logical pre­

d i ctive approach for the behavior of underground openings in 

rock. 

The 2-D FEM analyses did accurately predict that the 

openings would behave well. The maximum stresses predicted were 

substantially less than the rock strengths and the computed 

tension zones were minor. The only computed tension zone of any 

significance was in the crown of the Pilot Tunnel, but only the 

potential for a minor fall-out and the possible need for 
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support of only a meter or so of rock was suggested. No fallouts 

occurred in the real Research Chamber, or in the Twin Running 

Tunnels below. 

The computed displacements were small and indicate maxi­

mum total movements on the order of 2. 5 mm. The displacements 

computed for the Pi lot Tunnel agree well with extensometer mea­

surements and indicate that the solutions with the reduced 

modulus values a:-id the higher initial horizontal stresses are 

most consistent with the field behavior. 

The openings have been comJ?leted through the Atlanta 

Research Chamber study area and no i nstabi li ty problems have 

developed. 

In summary, the 2-D FEM study of the four openings 

(Pilot Tunnel, Research Chamber, and Twin Running Tunnels) 

confirmed that the design was reasonable and safe at all stages 

of exca va ti on. The cost of the 2-D FEM study was modest ( less 

than $10,000 - only 20%-25% of the cost of the 30-FEM study by 

Einstein et al). The 2-D FEM study was made in about six 

weeks. Input data was unusually complete; few projects will have 

field and lab data from a Pilot Tunnel, in-situ stress measure­

ments, and extensometers to use in FEM studies. Nevertheless, 

the design predictions, while of the correct order of magnitude, 

were not entirely confirmed in actual construction in every 

detail. This shows once again that analysis alone, even under 

the best conditions, 

and that engineering 

underground design. 

WP-G-139-IV* 
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CHAPTER V. 

INSTRUMENTATION 

A. INTRODUCTION 

The Atlanta Research Chamber provided a unique oppor­

tunity to study both rock mass deformations and the behavior of 

full scale shotcrete support systems immediately adjacent to an 

actual construction environment, without the normally attendant 

problems of the research work causing interference with 

production operations. This opportunity existed because of the 

willingness of UMTA to finance the program and also because of 

the cooperation of MARTA in providing a convenient site. 

B. OBJECTIVES 

The primary objective of the rock mass deformation moni­

toring program was to provide i nforma ti on about the a ct ual "in 

situ" behavior of the rock mass which could be compared with the 

predicted deformations obtained from the Finite Element Method 

(FEM) design studies. In this way the validity of the FEM proce­

dures could be assessed. It was not the intention to use this 

research program as a means of evaluating the performance of new­

ly developed instrumentation. For this reason, all the equipment 

used has a well established performance hi story extendi nq over 

several years. 

At the time of the initial examination of the site, it 

was recognized that the rock mass deformations caused by the en­

larqement of the Research Chamber, and by the subsequent develop­

ment of the underlying NL (left) and NR (right) Running Tunnels, 

would be very small as the initial in-situ stresses within the 

rock mass were low. It was further expected that the deformation 

induced by these stresses would be elastic and of small magni­

tude. The only significant deviation from the anticipated ela s­

ti c response would be any irrecoverable deformation and frac­

turing in the immediate vicinity of blasting. 

WP-G-139-V V-1 



The study' of the behavior of the rock mass a round the 

Research Chamber also was seen as a valuable opportunity for 

comparinq the actual deformations with those predicted by the 

pre-design 2-D FEM study { Chapter IV) and by the 3-D FEM study 

performed by Einstein et al. at MIT (included as a monograph in 

this report). 

The rock mass behavior monitoring program was, there­

fore, designed to provide information about the small deforma­

tions developing within the rock mass around the Research Chamber 

as the various phases of excavation progressed. The deformation 

parameters studied were: 

a. Radial deformations around the Research Chamber at dis-

tances of up to approximately three times the Chamber diameter 

during enlargement of the Research Chamber and during the 

development of the Running Tunnels. 

b. Diametral deformation measurements inside the Research 

Chamber during enlargement and during the development of the Run­

ning Tunnels. 

c. Longitudinal deformation measurements made inside the 

Research Chamber during development of the underlying tunnels and 

during the excavation of the adjacent Peachtree Center Station 

cavern. 

a. Lateral displacement measurements within the rock mass 

made on horizontal planes below the Research Chamber. 

Parameter {a) was studied by means of multiple point 

borehole extensometers located in holes drilled from the original 

excavation. Convergence extensometers were to have been used to 

col le ct the data for ( b) and ( c) , while borehole inclinometers 

were used to obtain the type {d) information. 

C. EQUIPMENT 

1. Borehole Extensometer 

The borehole extensometer eouipment used to obtain radi­

al deformation information consisted of six-position assemblies 

employing hydra uli cal ly set anchors, stainless steel measuring 
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wires, a fixed collar station which comprised the extensometer 

mounting point, and a detachable constant tension extensometer. 

Units of this specific design have been used for several years in 

many mining and construction operations and, given reasonable in­

stallation and operating conditions, they provide the most cost 

effective method of obtaining precise rock deformation measure­

ments. Eaually precise extensometers which employ small diameter 

rods instead of tensioned wires are available, but these units 

generally have a somewhat higher cost and are slower to install. 

A schematic view of a typical installation is shown in 

Figure V-1. In the majority of cases in the Research Chamber a 

total of six anchor points were used in each hole. The anchors 

consist in part of two steel wedges each with a taper on one 

edge. The width of these wedges is preselected to match the di­

ameter of the hole into which the extensometer is bei nq placed. 

The tapered faces of the wedged units fit into milled slots of a 

cylindrical unit with a flanged end section. The measuring wires 

are attached to the appropriate anchors by means of tapered lock­

ing pins driven into one of the alignment holes in the anchor bo­

dy. The wires are fed back to the collar of the hole past the 

bodies of the anchors using the six passage holes provided for 

the wires in the flange, and the cross section of the anchor bod­

ies is sufficiently small as not to interfere with previously in­

stalled wires. The cylindrical anchor unit is equipped with a 

diametrical hole for a shear pin and the installing tool is 

eauipped with a slotted end cylinder to mate with the anchor be­

yond the shear pin hole. Holes in the cylindrical walls of the 

installing tool permit the anchor to be locked in the mounting 

tool with the shear pin. In use, when hydraulic pressure is ap­

plied to the installing tool, the wedges are moved past the cy­

lindrical section of the anchoring unit until they come into 

contact with the walls of the borehole. An increasing hydraulic 

pressure is appli ea to the hydraulic ram unti 1 the shear pin 

breaks and leaves the anchor locked in the hole. 
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The actual measuring instrument used to read the test 

cavern borehole extensometers is a Potts Mk II Constant Tension 

Extensometer. This is a portable mechanical device which is at­

tached to the collar station at the time of taking readings by 

means of a capstan nut which is screwed onto a threaded boss in 

the center of the collar station. Predetermined tensions are ap­

plied to the measuring wires and the extensometer reading is 

taken by means of a drum micrometer and a linear scale. Under 

reasonable conditions this type of instrument will repeat to bet­

ter than+ 0.001 in. (.025 mm). 

2. Convergence Measuring System 

The convergence monitoring system used in the Research 

Chamber consists of a number of mounting stations located at var­

ious points on the Chamber walls, several high yield strength 

stainless steel reference tapes, and a Potts Mk IA Reversed Con­

stant Tension Extensometer. The extensometer is of the same bas­

ic design as the one used for the borehole measurements. Mea­

surements are always made at the specified tensions and, after 

temperature corrections have been applied, the measuring element 

can be assumed to be of a constant length. 

3. Borehole Inclinometers 

Borehole inclinometers are employed relatively i nfre­

quently in underground monitoring programs, but in the case of 

the Atlanta Research Chamber, the use of an inclinometer in two 

boreholes extending some 15 meters ( 50 ft.) below the floor of 

the Chamber offered the possi bi 1 i ty of monitoring deformations 

occurring in horizontal planes below the Chamber. 

A borehole inclinometer is a movable probe which is tra­

versed up and down a borehole line within a plastic or aluminum 

casing which contains four internal longitudinal grooves. The 

inclinometer probe consists of a wheel mounted unit about 0.6 me­

ters (2 ft.) long which contains a pair of attitude sensing ac­

celerometers. The entire assembly is moved up and down the bore­

hole by means of a combination readout and hoisting cable. The 

WP-G-139-V V-4 



probe is typically moved in 0.6 meter increments, and after each 

move the attitude in two mutually perpendicular directions is 

monitored. In this way it is possible to determine the profiles 

of the borehole, typically in north to south and east to west 

di re ct ions, and by comparing the profile at appropriate ti me 

intervals, the lateral displacements occurring at any elevation 

can be obtained. 

The typical specified system repeatability for equipment 

of this type in a vertical installation is about + .010 ft. per 

100 ft. of casing or approximately±._ 20 seconds of arc. Taking 

into account practical problems, the overall accuracy should be 

about+ .02 ft. per 100 ft. 

4. Other Equipment 

Resistance strain gages, vibrating wire strain gages, 

and brittle coatings of a special lacquer were planned for use in 

measuring shotcrete behavior. Unfortunately, ti me and budget 

constraints caused these to be omitted from the actual field pro­

gram. Similarly, the rock bolt testing program initially planned 

was omitted from the actual field program. 

The Field Program 

The details of the instrumentation program designed for 

the Atlanta Research Chamber are shown in Figures V-2 through 

V-5. As discussed below, not all of the planned work was 

actually done. 

The borehole extensometers were located on transverse 

sections at stations 20 + 32, 20 + 47.5 and 20 + 63.5, corre­

sponding to the midpoint of the Research Chamber and the two 

quarter points. This configuration was adopted in order to mini­

mize the potential boundary effects caused by the end of the Re­

search Chamber at station 20 + 17 and the change in section at 

station 20 + 79. The vertical coverage of the extensometers was 

approximately 30 meters (100 ft.), extending from about elevation 

940 ft. to elevation 1041 ft. In addition to the vertical exten­

someters, four inclined extensometers were located at station 20 
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NOTES: 

(1) INCLINOMETER AND SEISMIC PROFILE HOLES ARE SHOWN BY BROKEN LINES AND ARE 
PROJECTED OFF SECTION, FOR TRUE SECTIONS SEE DRAWING NO. WJEC-M-1, 

(2) HOLE INCLINATIONS AND DEPTHS: 

SP-1, SP-3, SP-5, ANO SP-7., ARE JO' LONG, DIPPING 8 55 ° E 

SP-2, SP-4, SP-6, AND SP-8, ARE JS ' LONG, DIPPING i 45° W 

e-2, DIPS i so 0 w, 31' LONG , E-3, DIPS Q 65° E, 26' LONG 

e- s, DIPS Q 65° E, 27' LONG, E-6, DIPS i 50° w, 32' LONG 

E-lZ, UP i 55° W, 27' LONG , E-13, UP i 55° E, 27 1 LONG 

e-8, DIPS i 45° w., 33' LONG . E-9., DIPS i 70° E., 26' LONG 

SECTION AT 20+47.S 

1 so ' . 
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t,o · 

(3) FOR HOLE DIAMETERS AND DRILLING INSTRUCTIONS REFER TO NOTES ON DRAWING 

HOS• WJEC-M-1 AND WJEC- M-4 

(4) ALL EXTENSOMETER ANCHOR LOCATIONS ARE IN FEET MEASURED FROM TH ,, ROCK SURFACE 

(5) FOR DETAILS OF PREPARATION OF COLLAR STATIONS SEE DRAWING NO, WJEC-M-4 

(6) PROTECTIVE EQUIPMENT MUST BE REPLACED AT ALL INSTRUMENTATION STATIONS PRIOR 

TO EACH BLAST 

SECTION AT 20+63.5 
so' 

60' 

WEIR- JONES E NGINHRI NG 
CONSUL TAN TS L TO 

TRANSVERSE SECTIONS , 
MARTA TEST CAVERN . 

MARTA drawing no. SE 002. Rt 
DIIAWN IY · DATE , 27 Mar.197B I ouw1111G Nu1ri111u : 

'""'"". sew 1in. = 10 ft, WJEC-M-2. 
ArrltOV(D IY · SMHT _ 2_ OF _4 



hj 
H 
G'l 
C: 
:,::1 
trj 

< 
I 
~ 

\I 

1. ! 1~ 

1025' 

1015' 

05 ' if:;;-;;;:i..;.;.:;;!; , . _ _ 10· 

~, 
'-' t 
°',•f.::·c· 
;:1:c::::,,. ·-- .... 

995' 

2. 
--+-----

-... ,,, _ _-';·,~ - f --

:r~1.~~,----·- E-6 -·--.->. _, ,-. 
E_:_5 ____ Ec • 9! ,5' ~~~: •t; f1 .. ~-:-:-:,: li~I'1J:( 1-1 ~~=t ~ ~~-;..,'('#: ~-·,:,-·,:_!::.:.'~~-:;,,1 •· ~-::.1~~-4 ,,~. 

~F-~NE_ . 5_' -- -11 -11 -==1= 9 ' --< - ---

IHVERT OF N_QR_TH L!_~~- ---- - --- -

BOREHOLE EXTENSOMETER LOCATIONS , 

NOTES: 

1. SP-1 TO SP-8 ARE 2 1/2" DIAMETER PERCUSSION CRILL HOLES 

HOLES SP-1, SP-3, SP-5 AND SP-7 ARE 30' LONG, DIPPING 55° TO THE EAST 

HOLES SP-', SP-4, SP-6 ANO SP-8 ARE 35' LONG, DIPPING 45° TO THE WEST 

All SP HOLES ARE COLLARED ON THE TEST CAVERN CENTRE-LINE ANO ARE TO BE 

COMPLETED PRIOR TO THE COMMENCEMENT OF ANY EXCAVATION , 

2, 1-1 AND 1-2 ARE J 1/4" DIAMETER PERCUSSION DRILL HOLES 60' DEEP, THEY 

ARE COLLARED ON TEST CAVERN CENTRE-LINE ANO DRILLED VERTICALLY DOWN , 

THEY CAN BE DRILLED AFTER THE TEST CAVERN EXCAVATION AND LINING HAS BEEN 

COMPLETED, 

3, E-1 TO E-14 ARE 2 112• DIAMETER PERCUSSION DRILL HOLES FOR MULTI WIRE 

EXTENSOMETERS, THE LENGTHS ANO INCLINATIONS OF THESE HOLES ARE SHOWN ON 

THE TRANSVERSE SECTIONS ON DRAWING NUMBER WJEC-M-2, ALL EXTENSOMETER 

HOLES ARE TO BE DRILLED PRIOR TO EXCAVATION OF THE TEST CAVERN, 

4, HOLES E-2, E-3, E-5 1 E-6 , E-8, AND E-9 ARE TO BE FILLED Wint WEAK GROUT 

OR RESIN AFTER INSTRUMENT INSTALLATION BUT BEFORE EXCAVATION, 

965 ' 

955' 

945' 
0 
0 

INCLINOMETER AND SEISMIC PROFILER HOLES . 
5, TME INCLINED EXTENSOMETER HOLES E-2, E-3, E-5, E-6 1 E-8 AND E-9 ARE 

COLLARED l 1/2' AWAY FROM THE EXlSTlNG DRlFT WALLS AS SHOWN ON DRAWING 

NUMBER WJEC-M-2, 

6, EXTENSOMETER HOLES E-1 TO E-9 ARE TO BE COLLARED lN A l' X I' X I' DEEP 

OPENING FORMED BY LINE DRILLING AND BREAKING OUT, TME FIRST 24• OF THE 

HOLE SHALL BE DRILLED WITH A 3 1/4" - BIT, SEE DETAIL ON WJEC-~4 

7, EXTENSOHETER HOLES E-10 TO E-14 SHALL BE BROKEN OUT AND CJLLARED AS lfil 

NOTE 6 AS SOON AS THE BACK IS EXPOSED, SEE DETA(L ON WJEC-M-4 

8, FOR TRANSVERSE SECTIONS, DETAILS OF ROOF AND WALLS, AND GENERAL PLAN SEE 

DflAWINGS WJEC-M-2/3/4. 

9, ANCHOR SPACINGS IN INCLINED EXTENSOMETER HOLES E-2, E-31 E-51 E-6, E-8 AND 

E-9 SHOWN ON TRANSVERSE SECTIONS ON DRAWi NG HUMBER WJEC-"-2, 

WEIR-JONES ENGINEERING 
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LONGITUDINAL SECTIONS, 
MARTA TEST CAVERN. 
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16 EA 26 " X 26" X 1/4 " MILD STEEL WITH 4 X 2• DIAMETER MOUNT(NG HOLES. 
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+ 47.5. Two were inclined down towards the Running Tunnels, and 

two were inclined upwards. 

The function of these extensometers was to monitor the 

development of the small magnitude radial deformations which were 

initially expected to develop inward towards the Research Chamber 

as the enlargement took place, and then deform downward toward 

the Running Tunnels as the latter were being driven below the 

completed Research Chamber. Extensive modifications to the 

proposed excavation schedule were in fact made; the actual 

sequence did not correspond to that anticipated, which did not 

permit optimum instrument utilization. This will be discussed 

later. 

The instrumentation layout adopted was much more exten­

sive than would normally be employed for an excavation of this 

type in ground which was known to be competent and subject.ea to 

stresses of a small magnitude. There were two reasons for the 

adoption of this massively redundant system. The first was the 

necessity of producing enough high resolution field data to ena­

ble the investigators to assess the reliability of the deforma­

tion predictions produced by the 2-D and 3-D FEM analyses. The 

second reason was purely practical. It was assumed that there 

would be an instrument mortality rate of 30% to 50% during the 

enlargement of the Research Chamber and during the driving of the 

Running Tunnels. This rate is fairly high, but taking into ac­

count the congested conditions in the Research Chamber and the 

fact that all six of the downward inclined extensometers were to 

penetrate the Running Tunnels, it was not thought to be unreason­

able. It was assumed that, even if a mortality rate of 50% was 

encountered, there would be enough data generated by the remain­

ing units to provide an adequate basis for comparison with the 

2-D and 3-D FEM studies. Precautions were taken to protect the 

extensometer and inclinometer collar stations from blast damage 

and from destruction during the mucking cycle. The design of the 

shielding is shown in Figure V-5. 

Two 18 meter (60 ft.) deep 8.25 cm (3-1/4 in.) diameter 

percussion drill holes at stations 20 + 39 and 20 + 69 were lined 

WP-G-139-V V-6 



with plastic inclinometer casing in order to measure the horizon­

tal deformations occurring below the invert of the Research Cham­

ber between the two Running Tunnels. An inclinometer was the 

only practical way of measuring the horizontal deformations de­

veloping around the lower tunnels. It was obviously not possible 

to install extensometers 

fered the best solution. 

in this location; the inclinometers of­

In this location the inclinometer would 

be capable of moni tori nq the horizontal deformations occurring 

towards the Running Tunnels, and also those which had developed 

towards the Peachtree Center Station cavern located to the 

north. Even though these deformations were expected to be of 

small magnitude and due essentially to the redistribution of 

residual and induced stresses, the inherent accuracy of the 

inclinometer system would permit their reliable measurement. 

No attempt was made to use borehole extensometers to 

measure any of the rock mass deformations which may have occurred 

between the northern end of the Research Chamber and the Peach­

tree Center Station excavation. Thus the potentially available 

rock mass deformation data was confined to the zone around the 

Research Chamber bounded by stations 20 + 32 and 20 + 69. 

Figures V-2 and V-3 show the positions of eight seismic 

profile holes which were drilled from the original Pilot Tunnel 

adi t usi nq 6. 4 cm ( 2-1 /2 inch) di a meter percussion equipment. 

The original instrumentation and testing programme called for 

these eight holes to be used for obtaining P and S wave velocity 

profiles in a radial direction from the Pi lot Tunnel drift be­

fore, during and after the development of the entire excavation 

sequence. Similar investigations on a number of other projects 

have indicated that the velocity profiles not only provide an ef­

ficient method of computing the mass modulus of the surrounding 

rock, but they also provide quite precise information about the 

extent of the relaxed or mi crofractured zone which is set up 

around the excavation as a result of blasting. In turn this lat­

ter information can be used to select the optimum type and length 

of anchorage for the rock bolts being used for temporary or per­

manent support. 

WP-G-139-V V-7 
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Due to modifications in the excavation sequence which 

was actually followed, and to the contractor's problems in 

preparing the boreholes in accordance with the specifications, it 

proved to be impossible to carry out the seismic profile tests. 

The Results 

Figures V-6 to V-22 summarize all the results obtained 

from the borehole extensometers and inclinometers in the test ca­

vern for the period from mid-September 1978 until mid-March 

1979. In essence, the available data confirmed the initial as-

sumption of the investigators that the elastic relaxations which 

would develop towards any of the openings, due to stress relief 

or redistribution, would be very small. Furthermore, there is no 

clear indication of the existence of inelastic displacements 

around either the Research Chamber or the Running Tunnels. The 

deformations which have been unambiguously measured would appear 

to lie within the range of values anticipated for the "elastic" 

recovery of a competent and continuous rock mass. 

Unfortunately, the value of the extensometer data was 

greatly reduced due to the fact that the underlying Running Tun­

nels were advanced before the Research Chamber was excavated, 

which was the reverse of the sequence assumed in the design 

stage. Both Running Tunnels were well-advanced by the time the 

lower extensometers E1 to E9 were installed. In fact, at station 

20 + 63.5 (Figure V-6) both the NL and NR tunnels had been driven 

past the station before installation of instrumentation 

commenced. This was particularly unfortunate, because it 

eliminated the possibility of measuring the elastic relief effect 

which should have been seen developing towards the free surface. 

A similar problem was encountered with inclinometers I1 

and I2, which were not read until after excavation of the NL and 

NR tunnels had progressed some di stance to the south below and 

beyond the Research Chamber. For this r,' ason, it was not 

possible to measure the cyclical lateral relaxations which were 

expected to develop as first one and then the second Running 

Tunnel approached and passed the inclinometer locations. The 

WP-G-139-V V-8 
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data which was obtained suggest that there may have been a slight 

rock mass relaxation in a northerly direction towards the main 

Peachtree Center Station cavern. The absence of inclinometer 

data is most unfortunate, because the system had the capability 

of monitoring the horizontal elastic deformations occurring at 

the elevation of the Running Tunnels with enough precision to 

allow the computation of the horizontal residual stress 

vectors. Inclinometers have seldom been installed in locations 

which permit this type of analysis, and this particular situation 

would appear to have been unique. 

Extensometers E1, E2 and E3 

The down extensometers at station 20 + 63.5 (Fiqures V-

6, V-7 and V-8) show the displacements of the various anchors in 

these holes. 

In the case of unit E 1, there is evidence to suggest 

that the collar station was initially disturbed between the end 

of September and late October 1978, or that the readi nqs are 

questionable. Further damage may have occurred between 

October 28 and November 9, as the magnitude of the readings 

decreases to a level which is in general agreement with the 

results obtained from adjacent uni ts. Some ti me after 

November 9, the instrument was damaged by construction activity 

in the Research Chamber. 

The vectorial presentation on Figure V-6 summarizes the 

results obtained from E1 for the period from mid-September until 

November 9. Apart from the anorna lous downward movement of the 

anchor 3 feet below the collar, there are immediately apparent 

general indications that rebound is occurring. 

Extensometer E2 was destroyed by construction activity 

soon after installation, and no results were obtained. 

Extensometer E3 yielded data for over three months until 

it was destroyed by construction work. The results shown on 

Figure V-6 and summarized as vectors for the entire period in 

Figure V-8, once more indicate an elastic rebound developing 

towards the Research Chamber. The result from anchor #2, 5 feet 

WP-G-139-V V-9 
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below the collar, may be anomalous. The other vectors show a 

progressive increase in magnitude from the bottom of the hole to 

the top. 

Extensometers E4, ES and E6 

Figures V-9, V-10, V-11 and V-12 show the displacements 

for the anchors at station 20 + 47.5. 

Extensometer E4 is performing quite well. A mi nor data 

aberration can be observed in the readings taken on December 26, 

1978. However, a number of valid explanations could be suggested 

for this. The results obtained in mid-March 1979 restore the 

trend developed in October and November. Furthermore, they indi­

cate that there has been a cumulative uplift at the collar of 

about .07 inches. It is somewhat more than the predicted elastic 

rebound caused by the enlargement of the Research Chamber test 

cavern which had been calculated using estimates of the modulus 

and stress concentration factors existing around the initial 

opening. The disparity between the measurements obtained from E4 

(and also E1 and E7), and the FEM model predictions made by 

Kulhawy in Chapter IV possibly may be explained by the very high 

in-situ stress in the third (north to south) dimension, which is 

not accounted for in 2-D FEM. 

The vectorial presentation of the E4 displacement data 

shown on Figure V-9 covers the period mi a-September to Decem­

ber 26, 1978. The collar uplift can be seen, but some of the 

other displacement vectors are questionable due to the final set 

of anomalous data. 

Some of the anchors in extensometer ES were damaged by 

construction work. However, the results in Figure V-11 indicate 

that the remaining anchors are showing little movement over an 

elapsed period from mid-September 1978 to mid-March 1979. 

The results obtained from extensometer E6, Figure V-12 

are similar to those of ES. The displacement magnitudes are 

WP-G-139-V V-10 



small, within the elastic range, and there is evidence of a gen­

eral uplift throughout the entire period from mid-September 1978 

to early January 1979. The vectorial presentation of data on 

Figure V-9 shows a progressive increase in displacement magnitude 

from the bottom of the hole to the top. 

Extensometer E7, E8 and E9 

At station 20 + 32, Figures V-13 to V-16 show the 

displacements of the various anchors. 

The results obtained from extensometer E7, Figure V-14, 

su9gest that an anomalous offset was introduced between the first 

and second set of readings in mid-September. From September 21 

until March 14 the data appear to be stable and to indicate that 

elastic uplifts have occurred which are of a reasonable mag ni­

t ude. These progressive movements are shown in Figure V-13, 

which shows the E7 displacement vectors for the period 

terminating on November 7. 

The results obtained from extensometer E8 (Figure V-15) 

show evidence of anomalous readings being taken on certain an­

chors on November 9 and on January 4. These anomalous readings 

are combined with an offset error, which apparently developed be­

tween the time of the first readings and those taken on Septem­

ber 21. The abnormal data can be eliminated; a much less curious 

vectorial presentation than the one currently shown for this 

borehole on Figure V-13 would then result. 

Extensometer E9 suffered blast damage soon after instal­

lation when the NR Running Tunnel intersected the hole. This can 

be seen in Fi9ure V-16 as the large offsets. Since the damage 

occurred, little deformation has been measured. The initial dam­

aqe also accounts for anomalous vectors shown on Figure V-13. 

Extensometers E10, E11, E12, E13, and E14 

No data is available from extensometers E 1 0, E 11, and 

E12. The field personnel were not provided with a means of ac­

cess to these holes which were collared in the center of the Re­

search Chamber roof. Hence the only measurements made were those 

WP-G-139-V V-11 
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taken by the installation crew immediately after they had com­

pleted their work. Inadequate data is available from the up ex­

tensometers E13 and E14 to support comments, as shown on Figure 

V-17 and V-18. 

Inclinometers I-1 and I-2 

The inclinometers I-1 and I-2 were installed prior to 

the enlargement of the Research Chamber but at the time that the 

NL and NR Running Tunnels were being advanced. For a number of 

reasons, approximately six weeks elapsed between the collection 

of the base data at the end of September and the next set of 

readings on November 7. Due to the absence of data during this 

period, it is not possible to draw any conclusions about the 

possibility of the occurrence of cyclical lateral displacements 

during the advancement of the NL and NR Running Tunnels. 

The limited data available from the inclinometers is 

presented in Figures V-19 to V-2 2, which show that cumulative 

displacements developed in the north to south and east to west 

directions for both holes during the period from late September 

unti 1 early November. The data is presented as a series of 

computer tabulations which, although they do not show the true 

displacement profiles, are sufficiently precise to indicate the 

location of inflection points, etc. 

More movement has occurred at location I-1 than at I-2, 

with the easterly displacement component being about twice that 

of the northerly one. This shows that, although there is some 

rock mass relaxation developing towards the Peachtree Center Sta­

tion excavation to the north of the Research Chamber, the bulk of 

the movement is towards the NR Running Tunnel. The data from I-2 

displays the same trend although the displacement magnitudes are 

s i gnificantly less. 

The inclinometers remain 

have been made for several months. 

this point in the instrumentation 

deformations will take place. 

WP-G-139-V V-12 

intact, but no measurements 

It is anticipated that, at 

program, no further lateral 



t-i-120 TUW·iEL I-1 

••••••••••DEFLECTION ALOt-iG THE NORTH/SOUTH AXI S•••••••••• 
D D 
E ••DEFLECTION•• E 
P SOUTH NORTH P 
T -. 75 -.50 -.25 u. u .25 .50 . 75 T 
H--+---------+---------+---------+---------+--- ------+---------+-- H 

3 
C" 
•.J 

7 
9 

1 1 
1 •-:, .. _, 

15 
17 
19 
21 
2:3 
•JC-
L.. • .J 

27 
·::,q 
L.. - · 

:31 
·-=- --· ·-· -~ 
•JC-
·-· ·-' 
:37 
:~:·3 
41 
43 
45 
47 
4'::' 
51 
53 
55 
57 
5•~ 
61 
6 :3 

I • 
I • 
I • 
I • 
I • 
I • 
I • 
I • 
I • 
I • 
I • 
I • 
I • 
I • 
I • 
I • 
I• 
I• 
I• 
I• 
I ♦ 

I• 

• 
• 
• 
• 
• 

•I 
•I 

• 
• 

FIGURE V-19 

:?, 
C 

·-' 
7 
9 

11 
13 
15 
17 
19 
21 
·:,·:• L ·-• 
.-,c:­
C. ·- ' 

27 
2·~ 
31 

.-,c . .:, ._, .-.~ . .:,.-

41 
4-:, 
·-· 

45 
47 
49 
51 
c:--, 

·-··=· 
cc 
·-'·-· 
c-:, 

·-· .. 
5'3 
61 



t·~-120 TUNf!EL 11 /(/( t: I-1 

••••••••••DEFLECTION ALONG THE EAST/WEST AXIS•••••••••• 
D D 
E ••DEFLECTION•• E 
P WEST EAST P 
T -.75 -.50 -.25 0.0 .25 .50 .75 T 
H--+---------+---------+---------+---------+---------+---------+-- H 

.-, 
.,:. 

C" 

·-' 
7 
9 

1 1 
1 ·-=· ._, 

15 
1 ..., ,· 
19 
21 
·:,·:, ._ ·-' 
.- ,c::-
c_._l 
.-,;t 
C. .. 

2·:.t 
31 
·:• ·? . _, ._, 
.-,C' 
.,:, ._I 

·:,7 
._, I 

39 
41 
43 
45 
4..., ( 

49 
51 
5 :;: 
C:-C" 

·-' ·-' 
57 
5'3 
61 
E,:;: 

I 
I 
I 
I 
I • 
I ♦ 

I • 
I • 
I • 
I • 
I • 
I • 
I • 
I ♦ 

I • 
I • 
I ♦ 

I • 
I • 
I • 
I • 
I • 
I • 
I • 
I • 
I • 
I • 
I • 
I ♦ 

I• 
♦ 

FIGURE V-20 

♦ 

• 
• 
• 

:3 
C" 

·-' 
7 
9 

11 
1 --::, 

·-· 
15 
17 
19 
21 
·=•·:, 
L ·-' 

25 
27 
2'::' 
31 

.-,C' 

·=··-· .-.-, ..;,.-

:::: ·3 
41 
43 
45 
47 
49 
51 
c---, ._, .;, 
C:-C" 

·-'·-· 

61 



t·i-12 0 TUt'it·iEL I- 2. 

••••••••••DEFLECTION ALONG THE NORTH/SOUTH AXIS•••••••••• 
D 
E 
p 
T ~c­- . { ,.) 

SOUTH 
-.50 ~.c­

- • C.-J 

•• DEFLECT I Ot-i •• 
t-iOF.:TH 

0. (I 
.-,C' 

• C. •J .50 --:oc­. ( ·-· 

D 
E 
p 
T 

H--+---------+---------+---------+---------+---------+---------+-- H 
-:, 
L.. 2 •I 

4 I• 
6 I• 
8 I• 

1 0 • 
12 ♦ 

14 ♦ 

16 • 
1 ,:, • ·-· 
20 ♦ 

·::.·=· L..L.. • 
24 • 
26 ♦ 

2~: • 
30 • 
:32 I• 
34 I• 
36 • 
·J•=-·-··-· • 
40 • 

FIGURE V-21 

4 
6 
,:, ._, 

1 I) 
12 
14 
16 
H:: 
20 
22 
24 
2E, 

·J ·=-·-•L-

34 

40 



N-120 TUr-it-iEL I - 2. 

••••••••••DEFLECTION ALONG THE EAST/WEST AXIS•••••••••• 
D D 
E ••DEFLECTION•• E 
P WEST EAST P 
T - • 75 - • 5 0 - • 25 0. 0 • 25 • 5 0 • 75 T 
H--+----- ---+---------+---------+---------+---------+---------+-- H 

2 I • 2 
4 • 4 
'=· 
·=· ,_, 

10 
12 
14 
16 
1 ·=-,_, 

20 
22 
24 
26 
.-,,-, c.,::-

:30 
·J ·:, 
·- •L.. 

:34 
36 
·J 1:1 ._,,_, 

40 

• 
• 
• 
• 
• 
I• 
I• 
I• 
I• 
I• 
I• 
• 
I• 
I• 
I• 
I• 
I• 
• 

FIGURE V-22 

6 
,-, ,::, 

10 
12 
14 
16 
1:3 
20 
·:, ·::, 
L..L.. 

24 
26 
28 
:30 
·:, •::, 
·-•L.. 

:34 
:3E, 
•:, ,::, ._.,_, 
40 



Due to a number of factors not directly related to the 

instrumentation work, no data is available from any of the con­

vergence stations which were installed as the Research Chamber 

was enlarged. 

Conclusions 

The magnitude of the measured rock movements confirmed 

the 2-D FEM analysis which was made prior to design and con­

struction of the Atlanta Research Chamber (Chapter IV). This 

analysis used as the upper bound K=2.5 for the in-situ horizontal 

east to west stresses and used an overall rock modulus reduced to 

about 15 percent of the laboratory modulus, even though the rock 

mass was of excellent quality, following the recommendations by 

Kulhawy. 

However, the 2-D FEM could not take into account the 

highest in-situ stress, which was in the horizontal north-south 

direction (i.e., the "third dimension"). This north-south stress 

was almost seven times the vertical stress. Consequently, the 

maqnitude of the upward displacements actually observed in the 

floor of the Research Chamber was not predicted by a 2-D FEM 

cross-section. 

The unexpected difficulty in getting consistently good 

cooperation from field personnel caused problems and reduced the 

information that could have been made available. On the other 

hand, the instrumentation program was an overall success and much 

valuable data was obtained. There ·were many instances of excep­

tional and helpful effort by PB/T field inspectors and by 

Contractor's personnel. On balance, the research results seem as 

good as can be expected considering that the Research Chamber 

work was only a small part of the very large and fast-track 

CN 120 Peachtree Center Station contract. 
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CHAPTER VI. 

BLASTING AND EXCAVATION 

A. INTRODUCTION 

In 1977, a Pilot Tunnel was driven through the top cen­

ter of the future main cavern site for the Peachtree Center 

Station. The same Pilot Tunnel was extended through the site of 

the future Atlanta Research Chamber, extending south of the 

subway station cavern. The opening of the Pilot Tunnel was 

roughly 3 meters square. The Pilot Tunnel alignment was several 

degrees off the alignment of the Atlanta Research Chamber { see 

Figure VI-1). 

The Pilot Tunnel was driven with conventional drilling 

and blasting techniques. No special controls or procedures were 

involved. No controlled blasting techniques were used. Conse­

quently, the outlines of the Pilot Tunnel excavation were rough 

and irregular. However, the rock at this site is of good qual­

ity, so the effects of the uncontrolled blasting were limited to 

the zones immediately adjacent to the perimeter surfaces of the 

tunnel itself. 

The drilling, blasting and excavation of the Atlanta 

Research Chamber took place during the six-week period beginning 

October 11, 1978. Since the work was appended to the main con­

tract for the construction of the Peachtree Center Station, it 

was done by the same contractor, Horn/Fruin-Colnon Company, Joint 

Venture. Equipment used for the work was that which was already 

present at the site for use on the nEin contract. 

B. EQUIPMENT AND PRODUCTS 

Most of the drilling in the Atlanta Research Chamber was 

done with a single-boom Gardner-Denver track-mounted drill, shown 

in Photo VI-1, supplemented in part with a jack-leg drill. The 

last two rounds were drilled with an Atlas-Copco hydraulic drill 

jumbo. 
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Tunnel muck was removed with a 6 cubic meter ( 8 cubic 

yard) Wagner mucker and hauled to the main access shaft where it 

was hoisted to the surface. 

Explosives products used for the work consisted of semi­

gelatins, Tovex T-1 water gel, Primacord, electric delay caps, 

NONEL Primadet non-electric delay caps, and stemming and miscel­

laneous accessories. 

Some of the perimeter holes were scribed or notched 

mechanically with tools specially developed for that purpose. 

C. PROCEDURES 

The general procedure was that of slashing into the 

existing Pilot Tunnel which had been driven during an earlier 

stage of work. Slashing burdens varied each round because the 

alignments of the Pilot Tunnel and the Atlanta Research Chamber 

were not precisely ~arallel. Relative to the final Chamber, the 

Pi lot Tunnel began at the far right side for the first round, 

angled across the Chamber, and terminated at the far left side. 

Although somewhat variable in dimension, the Pilot Tunnel was 

roughly 3 meters by 3 meters, and was enlarged to the final 

Atlanta Research Chamber horseshoe shape approximately 5.5 meters 

wide by 5.8 meters high, 18 meters long. 

Most of the perimeter surfaces of the Research Chamber 

were blasted with smooth blasting (cushion blasting) techni­

ques. This method produced good results, leaving sound, 

undamaged final rock surfaces. 

The walls of the Chamber were divided into nine "panels" 

for various demonstration purposes after excavation ( see Figure 

VI-2). Ten rounds were drilled and detonated to excavate this 

length of adit. For the first round, two-stage blasting was done 

using conventional slashing and smooth blasting techniques. For 

the following seven rounds, some portion of the perimeter holes 

was scribed mechanically for experimental fracture-control 

blasting. Both smooth blasting and pre-splitting techniques were 

tried in conjunction with the scribing. The last two rounds were 
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blasted at the Contractor's option with no special precautions 

being taken. 

Enlarging the Pilot Tunnel to a full-size Research 

Chamber by drilling and blasting did not pose any unique 

difficulties because the rock was relatively sound. However, 

this type of task poses two essential requirements for acceptable 

results. First, drilling must be done accurately, because final 

perimeter surfaces are outlined precisely as they have been 

drilled. Final surfaces cannot possibly be more accurate than 

the perimeter drilling, no matter how cautious the blasting. 

Only worse results can occur if the blasting is not carefully 

done. Second, cautious perimeter blasting methods must be 

used. Simply stated, such controls require the use of small­

diameter decoupled charges in order to prevent shattering and 

overbreak of final surfaces. 

The Contractor placed Mr. Frank Jones, one of his more 

experienced men, in charge of the drilling and blasting. 

Instructions were given that all of the work would be done on the 

day shift under the supervision of this one man (for consistency 

in the results), and that extra effort was to be expended in the 

drilling. This effort had the ef feet of producing recognizably 

greater precision in the Chamber drilling than in that done in 

the Peachtree Center Station main cavern and Running Tunnels; 

these results illustrate the importance of the human element in 

controlling drilling and blasting procedures. 

A<1reement was obtained to expend a limited effort to 

evaluate fracture-control blasting in parts of the rounds. This 

method involves the scribing or notching of drill holes to 

enhance era ck propagation in the desired plane, and to minimize 

this propagation in other directions. It would have been 

desirable to use extremely high-pressure water jets to slot the 

perimeter holes, but funds were not available for this extra 

effort. Instead, limited work was done with mechanical scribing. 
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D. CONTROLLED PERIMETER BLASTING METHODS 

If an explosive 

walls of the drill hole, 

charge is in direct contact with the 

it is said to be fully coupled to the 

rock. When such a charge is detonated, the rock is subjected to 

a very-high-pressure shock wave which pulverizes the rock for a 

short distance. In addition, radial cracks are extended for some 

distance into the rock wall. 

In order to control these unwanted effects, cautious 

perimeter blasting methods are employed. In the method called 

pre-splitting or pre-shearing, the perimeter charges are deto­

nated ahead of the main part of the round. Small-diameter car­

tridges of explosives are placed in a larger-diameter hole so as 

to de-couple the charges from con ta ct with the rock. This 

reduces the pressure against the rock surface and eliminates the 

shattering. Figure VI-3 illustrates the manner in which the 

stresses are developed to enhance the desired crack growth. De­

coupled charges are detonated simultaneously in adjacent bore 

holes. At the location of rock particle "y", both compressive 

and tensile stresses from the two charges oppose one another and 

no cracks develop. However, at location "x" in a line between 

the two holes, both compressive and tensile stresses are 

enhanced. However, the compressive stresses a re reduced by de­

coupling the charges, so that no compression damage is done. At 

the same time, rock is much weaker in tension than in compres­

sion, by a factor from 10 to 50 times. Therefore, enough explo­

sive can be used to develop a tensile crack in the web between 

the holes, while keeping the charges small enough not to cause 

compression damage. 

If the perimeter charges are detonated after the 

remainder of the round, rather than before, the technique is 

called smooth blasting or cushion blasting. 

When using the above-described techniques, it is common 

practice to use an explosive concentration of approximately 2.0-

2.4 kg/m2 (0.08 to 0.10 pounds of explosive for each square foot) 

of perimeter surface. Cartridges weighing 1.8 kg/meter (0.25 
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pounds per lineal foot) are often placed in holes that are spaced 

from 4 5 centimeters to 7 6 centimeters ( 18 inches to 30 inches) 

apart, depending on the rock characteristics. A small additional 

charge is often placed in the bottom of the hole, and it is cus­

tomary practice either to place several feet of sand stemming in 

the collar zone of the hole, or to leave it open (in some under­

ground work) • 

In theory, there is a certain fracture strength to a 

given material, and a fracture will propagate when stresses 

exceed that strength. In practice, there is a noticeable differ­

ence in fracture strengths in any given rock according to the 

sample size and its confinement. In addition to the strength of 

the rock material, the size and shape offer additional resistance 

of a structural nature that might be called the "beam" strength, 

offering still more resistance if the material is heavily con­

fined. For example, the laboratory rock sample will break more 

readily than the in-situ block confined in a semi-infinite mass. 

The presence of a flaw enhances crack propagation, just 

as the scribing of a pane of glass enhances its breakage along 

the scribed line. Any existing stress concentrator or weakness 

in the rock wi 11 enhance crack propagation, as wi 11 any pre­

existing in-situ stresses. Less energy is required to start a 

fracture along an existing flaw, and less energy is required to 

extend an existing crack than to develop a new one. Therefore, 

there is a natural tendency to extend only one or a few long 

cracks, rather than develop a larger number of small equal 

cracks. 

It is possible to make use of these principles in 

fracture-control blasting by scribing or notching opposite walls 

of a drill hole in the plane of the desired crack. One desirable 

way of doing this is by using high-pressure water jets to cut 

narrow slots which resemble open joints or cracks. Another 

option is to cut vee-shaped notches with a mechanical tool driven 

into the hole after it has been drilled. The latter option, 

which was used for the Atlanta Research Chamber, requires very 

little preparation, but requires precise execution for the best 
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results. The mechanical tools used on this project did not 

produce optimum depth and shape of notches, because they were not 

carefully matched against the bits used for drilling the original 

holes. Hence, the results were less than optimum. However, work 

simultaneously conaucted at two other sites indicated that when 

properly applied the method is successful under appropriate 

conditions. The experience at other sites suggests that properly 

executed scribing permits moving the drill pattern to much wider 

spacings between holes, and can reduce the quantity of necessary 

explosives to about 1/5 of the normal concentration. At this 

site, excel lent results were 

blasting ( see Photo VI-2). 

obtained without fracture-control 

Consequently, experiments with the 

notching method were used as demonstration rather than to solve a 

particular problem. It was concluded that closer control over 

the work would have been required to produce optimum results. 

E. MECHANICAL SCRIBING TOOLS 

Photos VI-3 and VI-4 show the mechanical scribing tool 

first used by the Contractor. It consists of an integral bit on 

4-sided drill steel to which has been added a jig or template to 

prevent the steel from rotating as the tool is driven into the 

drill hole. The template ri.des along the drill boom as the steel 

goes down the hole. The bit has been re-shaped to pro vi de for 

easy penetration and withdrawal from the drill hole. 

It can be seen in Photo VI-4 that the tool has no means 

of keeping the bit centered in the hole. This would not seem to 

have any significance in a homogenous rock type, but turned out 

to be unsatisfactory at this site beause of the anisotropy of the 

rock. The rock was foliated and consisted of alternating bands 

of softer and harder material. Consequently, the tool would 

often show a tend~ncy to scribe only the softer side of the hole. 

This writer suggested changing the bf·t to a type that he 

was using for similar work at another site. An over-size bit was 

ground down to accomodate the original drill hole. It was self­

centering, and thus produced a more uniform set of notches. Such 
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PHOTO NO. VI-3 

PHOTO NO. VI-4 



PHOTO NO. VI-5 

PHOTO NO. VI-6 



PHOTO NO. VI-7 

PHOTO NO. VI-8 



a bit is shown in Photo VI-5. It had been recommended that the 

bit be of such size that notches would be cut to a depth of O. 6 

centimeters (1/4 inch) on each wall of the drill hole. Although 

this writer did not see the tool in use, it was reported that 

notches cut by it were cut only to a depth of about O. 3 centi -

meters ( 1 /8 inch), often less. That depth is considered too 

shallow to produce the optimum results. Photo VI-6 illustrates 

the appearance of a typical notched hole (the photo shows a hole 

notched in concrete, not at this site). 

E. BLASTING TESTS AND RESULTS 

Sketches and notes chronologically showing details of 

the perimeter blasting from Panel 9 through Panel 1 are presented 

on Figure VI-4 through VI-11 • 

Panel 9 was shot as a two-stage round using smooth 

blasting as the perimeter technique. Photo VI-7 shows the Pilot 

Tunnel into the Research Chamber, with the rock face marked for 

drilling Panel 9. The Contractor inadvertently drilled the 

perimeter holes 4.4 centimeters (1-3/4 inches) in diameter, which 

was too large to use the scribing tool effectively. Therefore, 

no scribing was done for this panel. , However, it provided 

results that were useful for comparison. Photo VI-2 shows the 

left wall of Panel 9. Holes were 2. 4 meters deep. It was 

sufficient to place three pieces of Tovex T-1 at 1.8 kg/m (0.25 

pounds per foot), for a total length of 1 meter of T-1, spaced 

along the hole. Adequate breakage occurred. On the other hand, 

where 1.5 meters of T-1 and 1.8 meters of T-1 had been used, we 

can see acceptable results, also. The dri 11 casts are almost 

perfectly preserved throughout. This shows that there is a fair 

amount of leeway when blasting in sound, durable rock. These 

holes were slightly larger than those in subsequent rounds, and 

showed the best exposure of dri 11 casts. This demonstrates the 

benefit of de-coupling the charges, i.e., there was less 

shattering of the final wall surface. Holes were spaced at 46 

centimeters (18 inches) for this shot. 
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II 1 ,, 

PANEL 9 

DELAY "l" 

DELAY "2" 

,, 4 II 

,, 5" 

TWO-STAGE ROUND, 
SMOOTH BLASTING WITH 

NO SCRIBING, 
PERIMETER HOLES; 

SPACING= 18 INCHES, 
BURDEN = 24 INCHES (up TO 

32 INCHES IN CROWN) 
DIAMETER= l 3/4 INCHES, 
DEPTH = 8 FEET, 

' ·:-.: :\ 
3½ FT, T-I PLUS 100 GRAINS/FT, PRIMACORD 

.•.::. '· I. ·1 '·· ;•\ :. •. '· ·, •• ','I 
5 FT, T-I PLUS 100 GRAINS/FT, PRIMACORD 

DE LAY s 113 11 
, ,, -------------:2• 'Ii,:~••;::J:• :.!:J• ,l!'· -~., m, .• ;i 

"4", "5 11
, 

6 FT, T-I PLUS 100 GRAINS/FT, PRIMACORD 

ALL HOLES STEMMED, 
PRIMACORD TRUNKLINE USED FOR EACH DELAY GROUP 

TO DEVELOP SIMULTANEOUS DETONATION 
RESULTS - EXCELLENT, 

FIGURE VI-4 



PANEL 8 

"2" 

DELAYS "J" AND 
113 II 

DELAY "2" 

DELAY "4" 

"4,, 

TWO-STAGE ROUND, 
SMOOTH BLASTING WITH 

EAST HALF SCRIBED, 
PERIMETER HOLES: 

SPACING= 18 INCHES, 
BURDEN = 30 INCHES, 
DIAMETER= J½ INCHES, 
SCRIBED TO 2 INCHES FOR 

DELAY GROUPS "J" AND "2", 
DEPTH = 7 FEET, 

I I f i'li:;···' ,· ': ·•;,•·,·--,', .. 

3 FT, T-I PLUS 50 GRAINS/FT, PRIMACORD 

I i-···•·.;•··,2·,'•"'+i 
6 INCHES T-I PLUS 50 GRAINS/FT, PRIMACORD 

2 FT, T-I PLUS 50 GRAINS/FT, PRIMACORD 

ALL HOLES STEMMED, 
PRIMACORD TRUNKLINE USED FOR EACH DELAY GROUP 

TO DEVELOP SIMULTANEOUS DETONATION 
RESULTS: 

"I" AND "3" - GOOD, 
"2" - LOADING INSTRUCTIONS WERE NOT FOLLOWED, 

ONLY 6 INCHES T-I USED IN BOTTOM, 
BOTTOM BROKE OUT, LEAVING 5 FT, COLLAR, 

"4" - FRACTURED BUT NOT REMOVED, 
CLEAN-UP SHOT WITH 5 FT, T-I IN "2" AND "4", 

FIGURE VI-5 



PANEL 7 

"8" 

"IO" 

DELAYS "8 II AND t 
II Qll 

-

DELAY "IO" 

% 

3 FT, T-I PLUS I00 

2 FT, T- I PLUS 100 

FULL-FACE ROUND, 
PERIMETER FIRED ON LAST DELAYS / 
EAST HALF SCRIBED, 
PERIMETER HOLES: 

SPACING= 24 INCHES, 
BURDEN = 30 INCHES, 
DIAMETER= I½ INCHES, 
SCRIBED HOLES"~", "9", "IO" 
SCRIBING DESCRIBED AS POOR, -

LESS THAN J/8 IN, NOTCHES, 
DEPTH = 7 FEET, 

I I t •• :.'•,• i I; "'ei•,.,.•:I• 

GRAINS/FT, PRIMACORD 

,.,. .; ..... ,,, ... , .... ,.'ti 

GRAINS/FT, PRIMACORD 

HOLES THOUGHT TO BE STEMMED - NOT VERIFIED 
IN FIELD LOGS, 

PRIMACORD TRUNKLINES ~SED, 
RESULTS: 

DESPITE POOR QUALITY OF SCRIBING, THE PERIMETER 
BROKE, ALTHOUGH SURFACE WAS ROUGH, 

MISFIRES OCCURRED IN OTHER PORTIONS OF THE ROUND, 
CLEAN-UP REQUIRED, 

FIGURE VI-6 



PANEL 6 

DELAY "l"(A) 

DELAY "l"(B) 
AND "2" 

" I " 
(B) 

" I " 
(A.) 

TWO-STAGE ROUND, 
SMOOTH BLASTING WITH 

WEST HALF SCRIBED, 
PERIMETER HOLES: 

SPACING = 30 iN I FOR " I " 
= 36 IN I FOR "2" 

BURDEN = 36 I N I FOR " I " 
= 18 I N I FOR "2" 

HOLES "I" AND "2" WERE SCRIBED, 
BUT NOTCHES NOT WELL DEFINED, 

DEPTH = 6 FT, 

I I I I J f.•;·,·, .. ,.,,, .,, .... at 

3 FT, T-I PLUS 50 GRAINS/FT, PRIMACORD 

•:, ·,', S·Z.9•·1·',s>,•f 
4 FT, T-I 

ALL HOLES STEMMED, 
NON-ELECTRIC CAP IN EACH HOLE WITH 50 GRAIN 

PRIMACORD TRUNKLINE FOR EACH DELAY GROUP, 
RESULTS: 

HOLES "l"(A) DID NOT BREAK WELL IN BOTTOM, 
LEAVING A STUB, 

HOLES "J"(B) AND "2" BROKE TO FINAL LINE, 

FIGURE VI-7 



PANEL 5A AND 5B 5A - TWO-STAGE ROUND, 

DELAY 11 I 11 

II I II 

SMOOTH BLASTING, 
5B - PERIMETER SHOT AS PRE-SPLIT, 
WEST HALF OF BOTH ROUNDS SCRIBED , 
PERIMETER HOLES: 

SPACING= 30 INCHES, 
BURDEN = 12 INCHES, 
DEPTH = 6 FEET, 

\ ':,,•.<:•,,J 
4 FT, T-I PLUS 50 GRAINS/FT, PRIMACORD 

HOLES THOUGHT TO BE STEMMED, 
RESULTS: 

5A: AS SMOOTH BLAST, CHARGES WERE SUFFICIENT TO 
BREAK,· 

5P: AS PRE-SPLIT, THE NEXT ROW (AT 12 IN,) WAS TOO 
FAR FROM PERIMETER TO REMOVE ALL ROCK, THE 
LOWER RIGHT QUADRANT BROKE WELL, BUT ROCK WAS 
LEFT IN THE UPPER RIGHT AND HAD TO BE REMOVED 
WITH A TRIM SHOT, 

FIGURE VI-8 



PANEL 4 

Hill Holl 

PRE-SPLIT BLAST, 
WEST HALF SCRIBED, 
PERIMETER HOLES: 

SPACING= 30 INCHES, 
BURDEN = 15 INCHES, 
DEPTH = 8 FEET, 
HOLES Holl AND u3u SCRIBED, 

DELAY uou - 150 GRAINS/FT, PRIMACORD, IN SCRIBED HOLES, 
DELAY u3u - 300 GRAINS/FT, PRIMACORD, IN SCRIBED HOLES, 
DELAY u5u - 450 GRAINS/FT, PRIMACORD, IN UNSCRIBED HOLES, 
DELAY ulu - FOUR ONE-FT, SECTIONS OF TOVEX T-I WITH ALTERNATE 

ONE-FT, SPACERS, IN UNSCRIRED HOLES, 

CHARGES IN SCRIBED HOLES WERE CENTERED WITH WIRE HOLDERS, 
AND HOLES WERE STEMMED WITH DRY-PACK OF SAND AND CEMENT, 

RESULTS: 
WEST SIDE DID NOT FRACTURE, 
HOLES u5u FRACTURED BUT HELD TO THE PERIMETER WALL, 
HOLES ulu GAVE A CLEAN BREAK, 

FIGURE VI-9 



"6" 

PANEL 3 

"O" 

PRE-SPLIT BLAST, 
WEST HALF SCRIBED, 
PERIMETER HOLES: 

SPACING= 30 INCHES, 
BURDEN = 6 INCHES, 
DEPTH = IO FEET. 
HOLES "0" AND "I" WERE SCRIBED, 

BUT THE INSPECTOR'S NOTES 
INDICATE THAT THERE WAS A 
DIFFICULTY WITH THE SCRIBING 
TOOL ROTATING, 

THIS PANEL WAS SHOT IN THE SAME MANNER AS PANEL 4, EXCEPT THAT 
THE BURDEN WAS REDUCED TO 6 INCHES, 

DELAY "0" - 150 GRAINS/FT, PRIMACORD IN SCRIBED HOLES, 
DELAY "I" - 300 GRAINS/FT, PRIMACORD IN SCRIBED HOLES, 
DELAY "3" - 450 GRAINS/FT, PRIMACORD IN UNSCRIBED HOLES, 
DELAY "6" - FIVE ONE-FT, SECTIONS OF TOVEX T-I, WITH 

ALTERNATE ONE-FT, SPACERS, IN UNSCRIBED HOLES, 

RESULTS: 
THE HOLES LOADED ONLY WITH PRIMACORD DID NOT SHOW A 

FRACTURE, THESE HOLES HAD TO BE RE-SHOT, AND PRODUCED 
A RELATIVELY ROUGH FINAL SURFACE, 

THE HOLES LOADED WITH T-J BROKE WELL, 

FIGURE VI-10 



PANEL 2 

PANEL I 

NO SCRIBING OF HOLES, 

SHOT AS SMOOTH BLAST, 

SPACING AND BURDEN= 30 INCHES, 

DEPTH OF ROUND= 10 FEET, 

SIMULTANEOUS DETONATION OF PERIMETER HOLES, 

PERIMETER HOLES LOADED WITH A 7-FT, COLUMN OF TOVEX T-I, 

RESULT: 

THE PERIMETER BROKE WELL, BUT FEW DRILL CASTS ARE SEEN, 

NO SCRIBING OF HOLES, 

SHOT AS SMOOTH BLAST, 

SPACING AND BURDEN= 30 INCHES, 

DEPTH OF ROUND WAS VARIABLE TO ACCOMMODATE THE TERMINATION 
OF THE ADIT, 

SIMULTANEOUS DETONATION OF PERIMETER HOLES, 

PERIMETER HOLES LOADED WITH A 7-FT, COLUMN OF TOVEX T-I, 

RESULT: 

A ROUGH SURFACE WITH FEW DRILL CASTS, 

FIGURE VI-11 



Panel 8 was shot as a two-stage round using smooth 

blasting for the perimeter. Holes were 2.1 meters (7 feet) deep, 

spaced at 46 centimeters (18 inches). Three 30-centimeter (1 

foot) sections of explosive at 1 .8 kg/m (0.25 lbs. per foot) were 

successful in breaking the upper ribs and the crown section, 

whether the holes were scribed or not. 

Panel 7 was shot as a full-face round with perimeter 

holes firing on the last delay groups. Holes were 2. 1 meters 

deep, spaced at 60 centimeters ( 24 inches). The inspector's 

field notes indicate that the scribing was poor, giving notches 

less than 0.3 centimeters (1/8 inch) deep. Charges consisted of 

three 30-centimeter ( 1 foot) sections of T-1 in part of the 

holes, and two 30 centimeter sections in part, plus 100 grains of 

Primacord per 30 centimeters (foot). Despite the poor scribing, 

the perimeter broke, although the surface was rough. It seems 

doubtful that the two 30-centimeter charges of T-1 would have 

been sufficient to break the rock without the help of the 

scribing. 

Panel 6 was shot as a two-stage round, using smooth 

blasting for the perimeter. The west half was scribed, although 

the notches were not well-defined (according to the inspector's 

field notes). The holes were 1.8 meters deep, spaced at 76 cen­

timeters ( 30 inches) for some, 91 centimeters ( 36 inches) for 

others. The charges were 0.9 meters (3 feet) of T-1 for part of 

the holes, 1 .2 meters (4 feet) for the other. The holes contain­

ing 1.2 meters of T-1 broke to the final perimeter line. Those 

containing only O. 9 meters left a stub at the bot tom of each 

hole. Thus, acceptable breakage occurred with a loading concen­

tration of 2.2 kg (1 lb.) for 1.65 square meters (18 square feet) 

of perimeter surface, or 1 .33 kg/m2 (0.055 lbs. per square 

foot). This is less than normal loading and suggests that there 

was indeed a benefit even to poorly developed notches. lt sug­

gests, further, that the scribing permits placing the holes far­

ther apart. It is doubtful that there would have been suitable 

breakage between holes in the vertical plane without some assis­

tance from the scribing. Fractures in this plane were forced to 
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develop perpendicular to the strong foliation in the rock. This 

is more difficult than breakage along the horizontal planes of 

foliation. 

Panel 5 was shot in two rounds. Round 5A was a two-

stage round using smooth blasting for the perimeter. Round 5B 

made use of pre-splitting for the perimeter. Holes were 1. 8 

meters (6 feet) deep. Spacing was 76 centimeters (30 inches). 

Two 61-centimeter (2 foot) sections of T-1 were used, plus 50 

grains of Primacord per 30 centimeters (per foot) giving a 

concentration of 1 .68 kq/m2 (0.07 lbs. per square foot) of 

surface area. As a smooth blast, the charges were sufficient to 

break the rock. As a pre-split shot, a perimeter fracture 

developed, but the remainder of the blast did not succeed in 

removing rock out to the perimeter line afterwards. 

Panel 4 was shot as a pre-split round. The west half of 

the perimeter was scribed. The perimeter holes were divided into 

four groups, each with different loading, using Primacord for the 

charges in three of the groups and T-1 in the fourth. The 

Primacord charges in the scribed holes were centered with the use 

of wire holders, as seen in Photo VI-8. The holes were stemmed 

with a dry pack of sand and cement. Centering the charges, and 

using dry pack, should have produced the optimum confinement of 

the explosive gasses and produced the best results for the given 

depth of notches. However, charges up to 30 0 grains per 30 

centimeters (per foot) of Primacord did not generate a fracture 

in the scribed holes. Unscribed holes containing four 30-

centimeter sections of T-1 with alternating 30-centimeter (1 

foot) spacers gave suitable results. Thus, it appears that the 

pre-splitting technique does not permit as great a reduction of 

charge as does smooth blasting, when holes are scribed (as 

explained previously). No doubt this is due to the confinement 

of the surrounding rock. There is a "semi-infinite" confinement 

for pre-splitt i ng, which is greatly reduced for smooth blasting. 

Panel 3 was essentially a repeat of Panel 4. Similar 

results were obtained. 
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Panel 2 and Panel 1 were shot at the Contractor's 

option, using solid columns of T-1 in the perimeter holes. The 

results suggest that such a loading was too heavy, since few 

drill casts are visible in this area. 

Photo VI-9 .shows about 7.6 meters (25 feet) of the right 

(west) wall of the adit. In the left foreground are holes which 

had been scribed. In the right background are unscribed holes. 

Most of the casts can be seen for both. Both gave acceptable 

results. The light-colored bands in the photo are rock structure 

unrelated to blasting. 

Photo VI-10 is a close view of a tight fold in the rock, 

as seen by the light and dark banding. It is possible to see in 

this photo how strongly the foliation influences the rock break­

age. There is an over-all fracture trend in the vertical plane, 

from the drill hole downward. However, a close examination shows 

that the fracture is not linear, but is contorted along the lines 

of the rock fold. The fracture tends to follow a single band of 

foliation along a curved path around the fold. 

F. CONCLUSIONS 

Results of blasting for the demonstration adit appeared 

to be superior to those for the Peachtree Center Station main 

cavern and the Running Tunnels. This is thought to be due to 

(1) greater effort applied to drilling control, and (2) more cau­

tious blasting. It is this writer's opinion that the small addi­

tional effort for drilling control and a modest reduction in 

perimeter charges are measures that are easily taken and measures 

that reap considerable rewards. 

Although the rock at this site is relatively sound and 

durable, it has foliation planes that are generally rather flat­

lying. This permitted easier breakage across horizontal lines, 

such as the crown of the adit, and made more difficult the break­

age to vertical surfaces such as the side walls. In some of the 

areas showing the greatest anisotropy, the influence of the foli­

ation gave dramatic results. An example was that of a crack fol-
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PHOTO NO. VI-9 

PHOTO NO. VI-10 



lowing the contorted banding around a tight fold in the rock 

rather than continuing in a straight line , (Photo 10). 

Experiments with fracture-control blasting in the 

Atlanta Research Chamber were not executed with sufficient 

precision to give this method an adequate evaluation. More 

information is available from work at other sites. The limited 

work done here demonstrates that scribing of drill holes permits 

a reduction of explosives and greater spacing, but the work was 

not done with sufficient precision to quantify these factors. 

Work at other sites suggests that explosive charge quantities can 

be reduced to about 1/5 the normal load for smooth blasting, 

and/or holes spaced about twice as far apart, or both. Of 

course, this depends on how carefully the method is applied, and 

the characteristics of the rock. At the Atlanta Research Chamber 

site, the method would not appear to have a great deal of need 

for its application. One reason is that the rock is relatively 

sound and durable, enabling good results to be achieved with only 

a small amount of modification of normal procedures (which would 

be faster and less expensive than fracture-control methods). The 

second reason is that the anisotropic rock would not lend itself 

to great spacings between holes in a vertical plane, thus reduc­

ing the potential effectiveness of fracture-control methods. 

Field observations showed that holes 2.4 meters (8 feet) 

deep could be scribed in about two minutes each, including posi­

tioning the dri 11 boom. For a tunnel with about 3 2 perimeter 

holes, each 2.4 meters (8 feet) deep, spaced at 46 centimeters 

(18 inches), drilling might take 4 hours. If the perimeter hole 

spacing could be increased slightly to 60 centimeters (24 inches) 

by using the scribing tool, then only 24 holes would be required, 

taking about 3 hours to drill, plus about 48 minutes to scribe 

the 24 holes. Ori lli ng time and related expenses thus would be 

reduced, 

be used. 

tions. 

and, as noted earlier, lighter exposi ves loading would 

The method clearly has promise in suitable rock condi-
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It is this writer's opinion that fracture-control blast­

ing is already shown to be an effective tool for delicate work in 

critical surroundings. With additional research and development, 

it can prove to be more cost effective on routine work than is 

presently the case. 
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CHAPTER VII 

CONVENTIONAL SHOTCRETE 

7.1 INTRODUCTION 

Conventional shotcrete was placed in the Atlanta 

Research Chamber in Panels 5 and 7, as shown on Figures VII-1 and 

Figure II-3 (Chapter II). While not all of the planned shotcrete 

testing was actually accomplished, a great deal of information 

was in fact collected. The main purpose of placing the 

conventional shotcrete in the Atlanta Research Chamber was to 

field test new additives, and to systematically review the 

shotcrete specifications and procedures 

Peachtree Center Station CN120 contract. 

required in the MARTA 

It became apparent that 

the CN120 shotcrete specifications, as well as some other modern 

shotcrete specifications such as those presently in use in the 

construction of the Washington, D.C. Metro (WMATA), have evolved 

haphazardly from conventional concrete specifications and often 

include tests of inadequate reproducibility. Hence, after a 

review of the work done in the Atlanta Research Chamber on 

conventional shotcrete, it was decided that a number of 

recommended changes in shotcrete specifications should be made. 

7.1.1 Shotcrete for Underground Construction 

Shotcrete is a mixture of sand, gravel, cement and water 

which is projected with compressed air against a receiving sur­

face. A proportion of the mixture (rebound), does not adhere to 

the surface, falls away and is wasted. Shotcrete hardens in 

place, thereby eliminating the formwork required for conventional 

cast-in-place concrete. 

Shotcrete, even ioore than concrete, is a variable con­

struction material. A number of factors which influence 

shotcrete quality, as indicated by its compressive strength, are 

the following: 
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1. Shotcrete is essentially a low slump concrete which has 

been consolidated upon impact. However, in order to 

remain in place without sloughing, shotcrete 

and harden rapidly. The required rate of 

must set 

hardening 

depends on the orientation of the surface on which it is 

placed, the thickness placed, the water content (slump) 

of the shotcrete, and presence of water flows on the 

placement surface. 

2. In order to produce the necessary rapid set and harden­

ing, accelerating-set admixtures (accelerators) are 

frequently used in shotcrete for overhead placement, in 

the presence of running water, at moderate to low tem­

peratures, or a combination of all of these conditions, 

such as for typical underground work. While 

accelerators produce the required short-term benefits, 

in the long-term, conventional inorganic accelerators 

produce a strength loss, usually between 20 and 30 per­

cent at 28 days, compared with unaccelerated shot­

crete. Recently-developed organic accelerators are 

claimed to produce required rapid set and early harden­

ing, while not affecting 28-day strengths. 

3. The 28-day strength loss due to use of inorganic accel­

erators depends on several factors, such as the admix­

ture dosage and admixture-cement compa ti bi li ty. The 

required admixture dosage, in turn, depends on the reac­

tivity of the cement due to its temperature and age; on 

accelerator reactivity; on the extent of pre-hydration 

which occurs when cement is added to moist aggregates; 

on the thoroughness of mixing; and on field conditions. 

4. When spraying shotcrete directly overhead, higher accel­

erator dosages are normally used than are used when 

spraying verti ca 1 surfaces. Higher a cce lera tor content 

decreases the setting time and prevents loss of adhesion 

and sloughing which might occur if less accelerator were 

used. For spraying vertical surfaces, accelerator 
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dosages are minimized, since the risk of sloughing is 

lower, and accelerator material costs are important. 

5. The quality of shotcrete is affected by the quality of 

materials and by each operation in preparation and 

placement. Variation in shotcrete quality can result 

from variation in the following: moisture present in 

the aggregates; mixing of cement and aggregates; blend­

ing of dry mix and accelerator; water quantity; mixi ng 

of water and dry mix at the nozzle; material velocity 

and subsequent impact compaction; and angle of applica­

tion to the rock. For overhead spraying, the nozzleman 

suffers considerable discomfort from rebound, which 

tends to adversely affect quality of workmanship. In 

addition, the material velocity is frequently decreased 

by lowering air pressure or by increasing nozzle 

distance from the placement surface, to relieve discom­

fort from rebound. 

7 • 1 • 2 Shotcrete Quality Control 

Due to its manner of placement and the common use of 

accelerators, the problems of sampling shotcrete are unique and 

separate from those related to conventional cast-in-place 

concrete. Shotcrete is most effectively sampled by removing 

cores from hardened test panels or from in-situ tunnel lining. 

Earlier sampling methods, such as spraying shotcrete into 

cylinder molds or wire mesh baskets, are no longer considered to 

give satisfactory results since the self-sorting action of shot­

crete placement, producing in-place shotcrete pl us rebound, is 

not represented. 

Sampling of shotcrete by cutting cubes from test panels 

or from large blocks of shotcrete cut from the in-situ tunnel 

lining is convenient and representative, but results are 

difficult to correlate with other concrete or shotcrete sampling 

methods. 
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Shotcrete quality control testing frequently yields 

unsatisfactory results due to a lack of understanding about the 

product itself and testing procedures. A summary of potential 

problem areas is given below: 

1. The basic concrete components, aggregates and cement, 

may not have the potential to produce a high quality 

shotcrete. 

2. Cement and accelerating-set admixtures (accelerators), 

used to produce rapid hardening, may not produce desired 

initial set and rapid hardening under field conditions, 

and if they do, an unacceptable strength loss in the 

shotcrete may result. 

3. Sampling shotcrete is a problem much different from 

casting standard test cylinders for concrete, and many 

of the problems of shotcrete quality are based upon poor 

sampling technique or misinterpretation of test results. 

4. Due to several factors , shotcrete placed overhead, for 

example in an underground opening, frequently exhibits 

lower strength than that placed on vertical surfaces 

like tunnel sidewalls, or test panels. This factor is 

commonly ignored in sampling. 

5. Equipment and personnel may not be suitable for high 

quality shotcrete placement underground. 

7 • 1 • 3 Shotcrete Quality Control Specifications 

Quality control specifications were primitive for the 

first ci vi 1 application of accelerated-set shotcrete in North 

America, at the Canadian National Railways Burnaby-Vancouver 

Tunnel in British Columbia. However, quality control was main­

tained by testing .three-inch cubes from test panels during pre­

construction testing, and from shotcrete slabs removed from the 

tunnel arch during construction. Since the cube strengths were 

substantially above specified compressive strength of 4,000 psi, 

and far above measured in-situ shotcrete stresses, shotcrete 
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quality was deemed satisfactory and the initial support lining 

was approved to serve as the final lining as well • ..l/ 
Difficulties in achieving specified strengths at the New 

Melones tunnels in California and Nanticoke Cooling Water Tunnel, 

Ontario indicated that producing high quality shotcrete was not a 

simple matter. For the Washington Metropolian Area Transit 

Authority (WMATA), detailed quality control specifications were 

prepared and first used in 1969 on Sections A-4a, and subsequent­

ly on A-4b, and C-5. Preconstruction testing was specified and 

three-inch diameter cores were tested for quality control during 

construction. Statistical requirements for data interpretation, 

from ASTM designation C94, were introduced. 

WMATA Standard SpAcifications, published in 1973, 

offered the alternative of testing three-inch cores or cubes for 

preconstruction testing. In addition, the concept of coefficient 

of variation, and its effect upon required overdesign factors was 

introduced. Due to the statistical variation, core strengths 

exceeding the design strength, f' c, were required for precon­

struction testing. 

The U.S. Bureau of Reclamation followed a course 

parallel to that of WMATA, deriving their own quality control 

specifications from experience gained in a number of tunnels.Y 

In addition, the Bureau performed laboratory and field studies on 

shotcretel/, to enlarge its knowledge of shotcrete properties. 

It is standard Bureau quality control practice to utilize either 

Y E. E. Mason, "The Function of Shotcrete in Support and Lining 
of the Vancouver Railway Tunnel;" in Rapid Excavation, Problems 
and Progress, edited by Donald M. Yardley, The American Institute 
of Mining Metalurgica! and Petroleum Engineers, Inc., 1970. 
y U.S. Bureau of Reclamation, Engineering and Research Center, 
"Use of shotcrete for tunnel lining"; Contract Report S-76-4, 
State-of-the-Art Review on Shotcrete, Published by U.S. Army 
Engineer Waterways Experiment Station, 1976. 

11 T. Rutenbeck, "Shotcrete Strength Testing - Comparing Results 
of Various Specimens" in Shotcrete for Ground Support, ACI 
Publication SP-54, Engineering Foundation Conference, 1976. 
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4-i nch cubes or 2-1 /8-i nch cores from test panels for precon­

structi on testing, and 2-1/8-inch cores from in-place shotcrete 

for testing during construction. 

The American Concrete Institute ( ACI) also recommends 

preconstructi on testing in their latest standard specification, 

ACI 506. 2-77, by testing 3-i nch di a meter cores or 3-i nch cubes. 

Testing during construction may be of cores taken from in-place 

shotcrete, or from test panels, as determined necessary by the 

Engineer. In ACI 506. 2-77, recommended preconstruction testing 

includes submittal of cube or core samples from one test panel 

per mix. Average core strengths for preconstruction testing must 

equal f'c. ACI 506.2-77 specifications apply to all forms of 

shotcreting, but contain the disclaimer that they may not be 

applicable to shotcrete used for underground structural support. 

The MARTA Peachtree Center Station CN120 contract, in 

which the Atlanta Research Cavern is included, contains a number 

of innovations in shotcrete specifications which were also 

included in the revised WMATA Standard Specifications for Section 

A-11 b, in 1977. The procedure outlined for shotcrete precon-

struction testing includes a test for cement and aggregate 

quality, utilizing standard concrete cylinders, and a statis-

ti cally meaningful series of core testing from test panels. 

Other requirements, such as closely specified compatibility set­

ting times, were introduced in the CN120 specifications. The 

required core strength for samples taken during construction is 

less than the design strength f'c, in accordance with ACI 

Standard 318-71, updated for shotcrete in ACI 506.2-77. The 

CN120 specifications for shotcrete are included in the Appendix. 

7. 1 • 4 Purpose of Conventional Shotcrete Testing 

in the Atlanta Research Chamber 

From the foregoing section on quality control specifica­

tions, it may be apparent that there are important differences in 

quality control procedures among different agencies. The result 
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is that at the present time test results, or quality standards, 

are not comparable from project to project. One of the purposes 

of the present research effort is to test the practicality and 

effectiveness of existing specifications and quality control pro­

cedures and to recommend changes which would improve their effec­

tiveness. 

For the Atlanta Research Chamber, a full preconstruction 

test program was undertaken, and shotcrete placed in the Research 

Chamber walls and arch under realistic underground construction 

conditions. Test cores taken from the Research Chamber walls and 

arch duplicate those removed in normal construction conditions. 

For high quality shotcrete, organic accelerators have 

been claimed to eliminate the 28-day strength loss incurred by 

conventional inorganic accelerators. To test this fairly new 

product under controlled field conditions, an organic accelerator 

was used on a portion of the shotcrete placed in the Research 

Chamber. In addition, this organic accelerator was included 

throughout the preconstruction testing sequence. 

7.2 BACKGROUND INFORMATION 

7 .2 .1 Testing of Shotcrete 

Due to its manner of placement and the common use of an 

accelerator, shotcrete presents problems in sampling that are 

unique and separate from those related to cast concrete. 

Generally, structural requirements demand an in-situ shotcrete 

strength equivalent to that of concrete whose standard test 

cylinders meet requirements for specified design strengths, f'c, 

such as 5,000 psi. The actual test values of shotcrete samples 

would be quite different from the compressive strengths of 

complying standard concrete cylinders. This difference is 

outlined below: 

1. The design strength, f'c, is used as a basis of design, 

by which some fraction of f'c is utilized to carry an 

assumed loading condition. 
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2. For cast-in-place concrete, the in-situ concrete is said 

to meet or exceed the design strength if samples separ­

ately cast and cured in a standardized manner comply 

with given requirements. For preconstruction testing, 

the average of standard cylinder compressive tests must 

generally exceed the specified strength by an amount 

depending on the number of samples taken and the va ri­

a bi li ty of concrete production. The variability of the 

concrete production, or coef fi ci ent of variation, 

depends on uniformity of rraterials, precision of batch­

ing, quality of mixing and placement. The larger the 

sample size or number of cylinders tested, and the lower 

the coefficient of variation or greater uniformity of 

production, the nearer the average strength of samples 

can be to f'c and still comply with requirements. 

3. Standard cast cylinders are 6 inches diameter and 12 

inches high made to specified ASTM requirements. If 

cylinders of less than 12 inches height are tested, 

these vary in strength from the standard sized cylinders 

in accordance with the length to diameter ratio (L/D). 

4. Shotcrete is ioost effectively and conveniently sampled 

by either removing drilled cores or sawn cubes from test 

panels or insitu. 

been shown to 

However, drilled concrete cores have 

exhibit lower strengths than cast 

cylinders because of internal damage incurred during 

coring, and because of sample size differences. Sawn 

cubes exhibit different strengths from cores and cast 

cylinders because of their different configuration. 

5. If shotcrete cores are used for sampling, these are gen­

erally of three-inch diameter for minus three-quarter 

inch maximum aggregate size. To obtain cores with a L/D 

ratio of two requires a core longer than six inches, in 

order to permit sawing the ends. Shotcrete of such 

thickness is infrequently used, so commonly shorter 

cores are removed and tested. 
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The result of the foregoing may be illustrated by the 

present formula for shotcrete sampling in WMATA A-11 b. For a 

specified in-situ strength, f'c, of 5,000 psi, preconstruction 

testing of cores must achieve an average compressive strength of 

5,540 psi at 28-day age. This test average includes correction 

factors for comparing cores to cast cylinders, for L/D ratio of 

cores, for sample size, and for an assumed coefficient of varia­

tion. 

The average compressive strength is calculated as 

follows: 

1. Required design in-situ strength is 5,000 psi. 

2. According to ACI 506. 2-77, required core strength for 

acceptance is O. 8 5 of design strength 5,000 psi, or 

4,250 psi for cores with L/D = 2. Use 4,250 psi as f'c 

in equation to follow. 

3. To determine the overdesign factor required, the follow­

ing formula from the proposed revision to ACI 214-6 5 

Title No. 73-22 is utilized. 

f'c 
f = 
er ( 1 - tV) 

where 

fer = average required strength 

f'c = design strength specified 

t = a constant depending upon the proportion of tests 
that may fall below f'c (Table 4.1 ACI 214-65) 

V = forecast value of the coefficient of 
variation expressed as a fraction 

For concrete designed by working stress methods, ACI 214-65 re­

commends six tests be averaged to provide assurance that only two 

percent of the samples will fall below f'c if the mix is designed 

for fer' the average required strength. To comply with the 
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above, six tests or panels, comprised of three cores each, should 

be made and tested, to comply with an assumed fer. To estimate 

the required fer' the above formula may be applied. Utilizing an 

assumed coefficient of variation of 17 percent, "t" is equal to 

0.92 (Table 4, ACI 214-65), and f'c equal to 4,250 psi (0.85 

times 5,000 psi), the average required strength is 5,040 psi, for 

cores corrected for L/D. It should be noted that higher 

strengths would be required for ultimate strength design. 

4. If it is assumed that ASTM C42, Article 5.17 applies to 

shotcrete cores, a correction of O. 91 is used for cor­

rection of L/D. Applying this correction produces an 

average required core strength of 5,540 psi for 3-inch 

diameter, 3-inch long cores. 

Testing of shotcrete during construction for present 

WMATA projects is in accordance with ACI 506.2-77, which requires 

three, 3-inch diameter cores for each sample of the structure in 

question. The average strength of these cores, when corrected 

for L/D, must equal or exceed 85 percent of required strength f'c 

(5,000 psi), with no single core less than 75%. By adjusting 

these values for L/D equal to one, a required average strength of 

3-i nch long 3-i nch di a meter cores is 4,670 psi with 4, 1 20 psi 

minimum strength. 

CN120 specifications take a different approach by re­

quiring a "specified strength" of 4000 psi for shotcrete cores, 

three inches in diameter and three inches long, with L/D correc­

tions applied. By the logic applied above, this would result in 

an in-situ strength at 28 days of 4000 •• 85 = 4706 psi, corres­

ponding to standard cast cylinders. 

CN120 testing of shotcrete during construction specifies 

that 85 percent of the "specified strength" be achieved by three­

by-three-i nch cores· removed from the lining. Apparently a 

strength of 4000 x .85 = 3400 psi is intended. This would, how­

ever, represent an in-situ strength of 4000 psi corresponding to 

standard cast cylinders, not to 4706 psi as calculated above. 
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7.2.2 Necessity for Shotcrete Quality Control 

Shotcrete in tunnels may be used either for initial sup­

port and final lining or as initial support only, with a final 

lining placed inside of the shotcrete layer. In the former case, 

some rational structural design method is frequently used, unless 

the shotcrete has merely a protective rather than structural 

role. If a structural design is utilized, the designer must use 

some portion of the ultimate shotcrete strength, f'c, as an 

allowable stress. He therefore must be assured that field shot­

crete strengths will not fall below assumed ultimate stress, 

within the limits of statistical probability. For permanent 

structures in public use, such as subway stations, this assurance 

is essential. 

On the other hand, the U.S. contractual climate favors 

the use of shotcrete for initial support only, to be installed at 

the contractor's option, and at his discretion. If such is the 

case, it may be counterproductive to the owner's interests to in­

sist upon complying with stringent preconstruction testing and 

quality control specifications. A prudent contractor might 

decide to avoid such inconvenience and utilize more expensive 

steel rib supports, to neither party's advantage. In any case, 

the contractor is responsible for the safety of his work, so the 

quality of shotcrete used for initial support may not be of 

critical concern to the owner. 

In other cases, shotcrete may be used as a protective 

and semi-structural final lining, for which a rational structural 

calculation is difficult to justify. In shotcrete-lined water, 

utility and hydroelectric diversion tunnels, for example, high 

compressive strengths may be unimportant. In such cases, overall 

quality of workmanship may be of greater importance, to minimize 

construction defects where local failure could occur. Quality 

control specifications should therefore reflect the need for pro­

duct uniformity. 

The differing needs of shotcrete applications explains 

the widely varying specifications but should not deter their 
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rational conformance. For semi-structural linings, for example, 

product uniformity is required, and can be monitored by statis­

tical sampling similar to that required for a structural design. 

7.3 PRECONSTRUCTION TESTING FOR THE ATLANTA RESEARCH CHAMBER 

7. 3. 1 Intent 

The purpose of the preconstruction testing was twofold: 

firstly, to ensure that shotcrete made with different additives 

placed in the Atlanta Research Chamber was of specified quality; 

and secondly, to field test the logic, assumed overdesign 

factors, and restrict ions contained in the CN1 20 project 

specifications. As previously described, some of the 

requirements contained in that document were also included in 

WMATA A-11b specifications. 

Following analysis of the preconstruction testing re­

sults, and of results from testing during construction of the 

Research Chamber, it was hoped that improved, verified and 

simplified specifications could be suggested. 

Preconstruction testing was performed in three consecu­

tive stages: laboratory testing, trial mix cylinder testing, and 

field testing of equipment, materials and personnel by spraying 

test panels, both in vertical and horizontal overhead orienta­

tions. 

7.3.2 Cement - Accelerator Compatibility Tests 

Cement-admixture set time compatibility tests were per­

formed as described in "Shotcrete Practice in Underground Con­

struction, Section 0.1 • ..!; Two different accelerators, the Sika 

Dryshot organic product, and Sika Sigunit inorganic accelerator 

were tested. Numbers included in brackets following the nam'= 

.!/ Mahar et al, "Shotcrete Practice in Underground 
Construction," USDOT Report, FRA-OR&D 75-90, 1976. 
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Signal Mountain Type I 

TABLE VII-1 

TIME OF SET DETERMINATION 
ATLANTA RESEARCH CHAMBER 

Cement 
Sikaset Dryshot (7005) Accelerator 

Water: Cement Dosage Initial Set Final Set 
Ratio Percent Min:Sec Min:Sec 

0.40 3 1:20 >10:00 
0.40 6 1:30 >15:00 

0.35 3 0:50 >10:00 
0.35 6 1:05 9:00 
0.35 1 3:45 >30:00 
0.35 2 4: 15 17:30 
0.35 3 2:30 12:00 
0.35 4 3:00 10:15 

0.33 6 1:05 9:00 

0.30 3 0:30 8:00 
0.30 6 0:35 6:00 
0.30 1 2:35 12:30 
0.30 2 3:40 12:30 
0.30 3 3:15 10:00 
0.30 4 4:45 9:00 

0.30 3 1:10 2:00 
0.35 3 1:00 3:10 

0.32 1 1:50 38:00 
0.32 2 0:50 13:00 
0.32 3 0:40 7:00 
0.32 4 0:35 4:30 

WP-H-139-VII* 

Testing 

LETCO - 5/1/78 
LETCO - 5/1/78 

LETCO - 5/1/78 
LETCO - 5/1/78 
LETCO - 6/2/78 
LETCO - 6/2/78 
LETCO - 6/2/78 
LETCO - 6/2/78 

LETCO - 5/1/78 

LETCO - 5/1/78 
LETCO - 5/1/78 
LETCO - 6/1/78 
LETCO - 6/1/78 
LETCO - 6/1/78 
LETCO - 6/1/78 

SIKA - 03/1/78 
SIKA - 4/26/78 

BLANCK - 5/12/78 
BLANCK - 5/12/78 
BLANCK - 5/12/78 
BLANCK - 5/12/78 



Signal Mountain Type I 

Table VII-2 
TIME OF SET DETERMINATIONS 

ATLANTA RESEARCH CHAMBER 

Cement 
Sigunit (8010) Accelerator 

Water: Cement Dosage Initial Set Final Set 
Ratio Percent Min:Sec Min:Sec 

0.40 3 1:45 150:00 
0.40 6 1:30 115:00 
0.40 6 2:30 120:00 
0.40 3 3:45 30:00 
0:40 4 4:30 30:00 

0.35 3 1:25 36:00 
0.35 3 1:30 9:00 
0.35 3 1:20 12:00 
0.35 6 1:40 6:00 
0.35 6 2:00 8:00 
0.35 2 2:30 30:00 
0.35 3 2:45 30:00 
0.35 4 4:05 30:00 
0.35 5 3:45 28:00 
0.35 6 3:30 16:45 

0.30 3 0:15 

0.35 2 1:05 2:35 
0.35 3 1:05 2:10 
0.35 3 1:00 3:10 

0.40 2 4:30 60:00 
0.40 3 1:00 15:00 
0.40 4 0:50 4:30 

WP-H-139-VII* 

Testing 

LETCO - 5/1/78 
LETCO - 5/1/78 
LETCO - 5/1/78 
LETCO - 6/1/78 
LETCO - 6/1/78 

LETCO - 5/1/78 
LETCO - 5/1/78 
LETCO - 5/1/78 
LETCO - 5/1/78 
LETCO - 5/1/78 
LETCO - 6/1/78 
LETCO - 6/1/78 
LETCO - 6/1/78 
LETCO - 6/1/78 
LETCO - 6/1/78 

LETCO - 5/1/78 

SIKA - 3/1/78 
SIKA - 3/1/78 
SIKA - 4/26/78 

BLANCK - 5/12/78 
BLANCK - 5/12/78 
BLANCK - 5/12/78 



Medusa Type I Cement 

Table VII-3 
TIME OF SET DETERMINATIONS 

ATLANTA RESEARCH CHAMBER 

Sikaset Dryshot (7005) Accelerator 

Water: Cement Dosage Initial Set Final Set 
Ratio Percent llin:Sec Min:Sec 

0.35 3 2:00 710:00 

0.30 3 1:20 5:30 
0.30 1 8:30 730:00 
0.30 2 2:15 38:00 
0.30 3 2:30 28:00 
0.30 4 2:30 21:00 

0.30 3 1:05 1:05 
0.35 3 2:45 4:20 

0.30 1 3:30 10:30 
0.30 2 0:50 8:00 
0.30 3 0:40 3:10 
0.30 4 0:35 2:10 

WP-H-139-VII* 

Testing 

LETOO - 05/1/78 

LETCO - 05/1/78 
LETOO - 3/27/78 
LETCO - 3/27/78 
LETOO - 3/27/78 
LETCO - 3/27/78 

SI.KA - 03/1/78 
SIKA - 4/26/78 

BLANCK - 5/12/78 
BLANCK - 5/12/78 
BLANCK - 5/12/78 
BLANCK - 5/12/78 



Medusa Type I Cement 

Table VII-4 
TIME OF SET DETERMINATIONS 

ATLANTA RESEARCH CHAMBER 

Sigunit (8010) Accelerator 

Water: Cement Dosage Initial Set Final Set 
Ratio Percent Min:Sec Min:Sec 

0.40 6 2:00 >8:00 

0.35 3 1:45 >8:00 
0.35 6 1:30 >8:00 

0.30 3 1:30 >8:00 

0.35 2 2:15 4: 15 
0.35 3 2:15 4:00 
0.35 3 3:10 5:40 

0.38 2 3:15 >60:00 
0.38 3 1:30 55:00 
0.38 4 1:10 16:00 

WP-H-139-VII* 

Testing 

LETCO - 5/1/78 

LETCO - 5/1/78 
LETCO - 5/1/78 

LETCO - 5/1/78 

SIKA - 03/1/78 
SIKA - 03/1/78 
SIKA - 4/26/78 

BLANCK - 5/12/78 
BLANCK - 5/12/78 
BLANCK - - 5/12/78 
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refer to the batch designation. Tests were performed with two 

cements, Medusa I, and Signal Mountain I. 

by CN120 specifications were sought. 

requires: 

Time of set and initial setting 

Time for final setting 

Setting times required 

CN120 clause 1.01.c.2 

90 second minimum 

5 minutes maximum 

12 minutes minimum 

20 minutes maximum 

Current WMATA compatibility test requirements have been 

successfully utilized for several projects. Test results were 

also reviewed in accordance with them as follows: 

Time of initial setting 

Time for final setting 

3 minutes maximum 

12 minutes maximum 

The time of setting is determined in accordance with 

ASTM C266, modified to adapt the standard to shotcrete require­

ments. (The major difference between this specification and that 

referenced in CN120 is that the latter requires the use of a 

special mixing bowl apparatus to facilitate testing.) 

The objective of this test is to eliminate cement and 

accelerator combinations which may not produce required initial 

and final sets. A summary of test results is given in Tables 

VII-1 to VII-4. Testing was performed by three parties: Law 

Engineering Testing Company ( LET CO), Blanck-Alvarez Co. , Inc. 

(Blanck) and Sika Chemical Corporation (Sika). 

7.3.3 Aggregate Gradation 

Since the CN120 specifications require that shotcrete 

aggregates have a gradation as specified therein, available ag­

gregate sources were tested, and a number of different mixes de­

veloped. For purposes of the Research Chamber, aggregate grad-
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ation was unspecified, in line with the logic developed for WMATA 

A-11 b specifications. These specifications based acceptance on 

performance, without limiting the Contractor in aggregate grada­

tion, but only quality as verified by the concrete cylinder test. 

Three coarse aggregates were tested: Consolidated 

crushed #67 stone, Consolidated crushed #7 stone, and natural pea 

gravel. Two fine aggregates were also tested: Consolidated 

manufactured sand and Waugh natural sand. Gradations of the five 

aggregates are shown in Figure VII-2. 

A mix of 50: 50 Consolidated #67 stone and manufactured 

sand was found to comply with CN 120 requirements, and concrete 

cylinder tests (described further below) verified the aggregate 

quality. However, the Contractor requested permission to use pea 

gravel or Consolidated No. 7 stone instead of No. 67, to 

facilitate shotcrete placement. Since shotcrete containing steel 

fiber was also to be placed in the Research Chamber, and the 

presence of smaller coarse aggregate apparently reduces pumping 

difficulties with fiber, the No. 7 stone was selected. 

A preconstruction program of spraying test panels was 

undertaken in June 1978, using 42:58 mixes of No. 7 stone or pea 

gravel, combined with Consolidated manufactured sand (Figure VII-

3). A further test panel program was performed in November 1978, 

and Waugh sand was unknowingly substituted for Consolidated 

manufactured sand in a ratio of 42 parts Consolidated #7 stone to 

58 of sand. Results of screen analysis of sand and stone are 

shown in Figure VII-4. 

7.3.4 Standard Concrete Cylinders 

Standard concrete cylinders were prepared using the pro­

posed aggregate sources and gradation, with enriched eight and 

nine sack cement content, but without accelerators. Cements 

tested were those proposed for shotcrete, and water/cement ratios 

were made as close to 0. 4 as possible. When made, cured and 

tested in accordance with ASTM C31 and C39, the average of three 

cylinders of the same rnix should meet or exceed the required 

strength by at least 40 percent. The use of high cement content 
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attempts to duplicate shotcrete applied in place, which is 

naturally cement-enriched due to the rebound of mostly aggregate 

particles. 

The objective of this test is to eliminate trial mixes 

of materials which do not comfortably exceed the requirements for 

shotcrete strength. The 40 percent overdesign factor is an em­

pirical one, designed to compensate for the common decrease of 

28-day shotcrete strength when using inorganic accelerators. If 

a low slump, high-cement concrete mix achieves only 5,000 psi, a 

similar accelerated shotcrete mix (with inorganic accelerator) 

would probably suffer a 20 to 30 percent apparent strength loss, 

or give results of 4,000 to 3,500 psi, respectively, at 28 days, 

provided an identical test procedure was used. 

Results of concrete cylinder tests for various aggre­

gates are given in Table VII-5. 

Table VII-5 

STANDARD CONCRETE CYLINDER COMPRESSIVE STRENGTHS 

ATLANTA RESEARCH CHAMBER 

28 day 

Strength 

Ratio Stone Sand Sacks Cement (psi) 

50:50 #67 manufactured 7.4 Signal Mtn. I 6210 

50:50 #7 manufactured 7.8 Signal Mtn. I 6660 

50:50 pea gravel manufactured 7.8 Signal Mtn. I 6070 

50:50 #67 manufactured 9.0 Medusa I 8430 

50:50 #67 manufactured 9.0 Signal Mtn. I 8780 

7.3.5 Shotcrete Test Panels 

Shotcrete test panels were prepared using ingredients 

which passed the above tests. The panels were eighteen by eigh­

teen by four inches deep, mounted horizontally for overhead test­

ing and vertically for wall samples. Ambient and material tern-
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TABLE VII-6 

COMPRESSIVE STRENGTH RESULTS OF SHOTCRETE PANELS, MIX 1 
(47 STONE, MANUFACTURED SAND, SIGUNIT ACCELERATOR) 

Average Compressive Strength (psi) 
Panel Designation 

CS 3V A 

CS 3H A 

Orientation 

vertical 

horizontal 

8 - 12 hr 3 day 28 day 

2085 (6) 

1800 (2) 

TABLE VII-7 

3100 (0) 

2980 (4) 

4360 (6) 

2900 (2) 

COMPRESSIVE STRENGTH RESULTS OF SHOTCRETE PANELS, MIX II 
(PEA GRAVEL, MANUFACTURED SAND, SIGUNIT ACCELERATOR) 

Panel Designation 

SlVB 

SlHA 

Orientation 

vertical 

horizontal 

Average Compressive Strength (psi) 
8 - 12 hr 3 day 28 day 

1700 (6) 

2050 (5) 

4685 (6) 

2750 (4) 

5470 (6) 

3520 (5) 

TABLE VII-8 

COMPRESSIVE STRENGTH RESULTS OF SHOTCRETE PANELS, MIX III 
(PEA GRAVEL, MANUFACTURED SAND, DRY SHOT ACCELERATOR) 

Average Compressive Strength (psi) 
Panel Designation Orientation 8 - 12 hr 3 day 28 day 

DlVB vertical 1565 ( 4) 5415 (6) 6240 (6) 

D2VB vertical 2215 (6) 5370 ( 6) 6820 (6) 

D2HA horizontal 2520 ( 3 ) 5390 (3) 
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TABLE VII-9 

COMPRESSIVE STRENGTH RESULTS OF SHOTCRETE PANELS, MIX IV 
(#7 STONE, MANUFACTURED SAND, DRYSHOT ACCELERATOR) 

Average Compressive Strength (psi) 
Panel Designation 

CD3VA 

Orientation 

vertical 

horizontal 

8 - 12 hr 3 day 28 day 

CD3HA 

3165 (6) 

3600 (3) 

TABLE VII-10 

5410 (6) 

6000 (3) 

COMPRESSIVE STRENGTH RESULTS OF SHOTCRETE PANELS, MIX V 
(#7 STONE, WAUGH SAND, SIGUNIT ACCELERATOR) 

6400 (6) 

7420 (3) 

Average Compressive Strength (psi) 
Panel Designation Orientation 8 - 12 hr 3 day 28 day 

S161W vertical 1445 ( 3 ) 6330 ( 3 ) 7400 ( 3 ) 

S162W vertical 1630 ( 3) 2850 ( 3) 3520 ( 3) 

S163W vertical 1210 ( 3 ) 2810 ( 3 ) 3730 ( 3 ) 

S161OH horizontal 1465 ( 3) 2400 ( 3) 3605 ( 3) 

S162OH horizontal 1730 ( 3 ) 2530 ( 3 ) 2920 ( 3 ) 

S163OH horizontal 161 0 ( 3) 
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TABLE VII-11 

COMPRESSIVE STRENGTH RESULTS OF SHOTCRETE PANELS, MIX VI 
(#7 STONE, WAUGH SAND, DRYSHOT ACCELERATOR-POWDER) 

Average Compressive Strength (psi) 
Panel Designation Orientation 8 - 12 hr 3 day 

DS1W 

DS2W 

DS3W 

vertical 3730(3) 

vertical 5680 ( 3) 

vertical 5430 ( 3 ) 

TABLE VII-12 

COMPRESSIVE STRENGTH RESULTS OF SHOTCRETE PANELS, MIX VII 
(i7 STONE, WAUGH SAND, DRYSHOT ACCELERATOR-LIQUID) 

28 day 

4440 ( 3 ) 

7595 ( 3) 

7340 ( 3) 

Average Compressive Strength (psi) 
Panel Designation Orientation 8 - 12 hr 3 day 28 day 

SDSlW vertical 3820 ( 3 ) 6990 ( 3) 

SDS2W vertical 3330 ( 3 ) 6090 ( 3 ) 

SDS3W vertical 3900 ( 3) 7230 ( 3 ) 

SDS20H horizonta_l 5240 ( 3) 8030 ( 3 ) 

SDS30H horizontal 4720 ( 3) 8030 ( 3 ) 

SDS40H horizontal 4980 ( 3) 7620 ( 3 ) 
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per a tures duplicated as closely as possible those to be anti ci­

pated underground. 

Test panels were sprayed on two separate occasions, in 

June and November 1978. The purpose of the November test program 

was to resolve difficulties of spraying overhead test panels of 

shotcrete utilizing Dryshot organic accelerator, so as to permit 

its use in the Research Chamber. During the November test period 

Dryshot was tested dissolved in water, instead of being added in 

powder form to the dry mix. Dissolving the Dryshot in the water 

was successful and was also adopted for the Research Chamber con­

struction. 

Cores were removed from the test panels and tested at 8 

to 11 hours, 3 and 28 day ages. Test results are given in Tables 

VII-6 through VII-12. During the June 1978 test, cores with an 

L/D of greater than one were tested and corrections were made to 

correspond to an L/D of two. To comply with CN120 specifications 

and June testing, the November test results have been adjusted to 

conform with an L/D of two. 

7.4 TESTING DURING CONSTRUCTION OF THE RESEARCH CHAMBER 

On March 22-24, 1979 shotcrete was placed in the Re-

search Chamber, and two test panels were also sprayed. In addi-

tion, aggregate gradation and standard cylinder tests were per­

formed. 

7. 4 • 1 Research Chamber Construction Plan 

Testing of conventional shotcrete was performed in 

Panels 7 and 5 of the Research Chamber. Panel 7 was sprayed with 

a thickness of 4 inches of shotcrete containing Sigunit inorganic 

accelerator, and Panel 5 with a similar thickness but using 

Dryshot organic accelerator; both accelerators are manufactured 

by Sika Chemical Corporation (see above). Composition of 

materials was approximately as shown in Table VII-13. 
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TABLE VII-13 

COMPOSITION OF RESEARCH CHAMBER SHOTCRETE 

Signal Mountain Type I Cement 

Consolidated Crushed #7 Stone 

Consolidated Manufactured Sand 

660 lb. 

1,300 lb. 

1,790 lb. 

The gradation of combined aggregates is shown on Figure 

VII- and compared with CN120 Specifications. Accelerator per­

centa ges of cement weight ranged from 1 .5 percent on sidewalls 

and test panel, to 3 percent in the tunnel arch for Sigunit; and 

4 percent on sidewalls and test panel, to 6 percent in the arch 

for Dryshot. Sigunit was added in powder form to the volumetric 

batcher mixing auger, and Dryshot powder was mixed with water and 

fed by gravity to the shotcrete nozzle. The shotcrete pump and 

volumetric batcher were located at the ground surface adjacent to 

the access shaft, and shotcrete was pumped through 200 feet of 

hose 80 feet vertically down the shaft to the Research Chamber. 

Shotcrete was placed in the Research Chamber from portable scaf­

folding. A 10-foot long nozzle was used for the Sigunit mix 

panel and a 3-foot nozzle for the Dryshot mix. Ground surface 

weather conditions varied from warm and clear to cool and rain­

ing, the latter condition causing some minor equipment operation 

difficulties. Ground surface temperatures varied from approxi­

mately 45 to 70 degrees Fahrenheit. Air and water were supplied 

from the site facilities. 

·since the shelf life of the Sigunit 8010 and Dryshot 

7005 used for preconstruction testing was exceeded, more recent 

batches, Sigunit 8123 and Dryshot 8011, were used for construc­

tion of the Research Chamber. Unlike Sigunit 8010, the 8123 

batch was not specially formulated to match Signal Mountain 

Type I cement. 

Two groups of three cores each were removed from the 

sidewall, and two groups from the Chamber arch, for each panel. 

A total of 24 cores from Panels 5 and 7 were cut to three inch 
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lengths and tested in compression at 28-day age. The purpose of 

these tests was to simulate normal testing during construction, 

with duplicate groups taken to improve sampling population. The 

three cores per group were derived from the ACI 506.2-77 require­

ment described in Section 7.2. 

To provide early-age strengths for the two Sigunit and 

Dryshot mixes, one 18-inch by 18-inch test panel was sprayed for 

each mix. The test panels were sprayed in vertical position for 

convenience, and 8-hour, 3- and 28-day cores were removed and 

tested. The test panels were made while spraying the Research 

Chamber sidewalls, with no change in procedure. 

7.4.2 Test Results 

To confirm the quality of the basic ingredients, three 

standard concrete cylinders were cast with the following propor­

tions: 

TABLE VII-14 

COMPOSITION OF RESEARCH CHAMBER CONCRETE CYLINDERS 

Signal Mountain Type I Cement 

Consolidated Crushed #7 Stone 

Consolidated Manufactured Sand 

Water (added) 

Wt. ( 1 bs. ) 

25.0 

34.4 

47.5 

10.5 

Computed water to cement ratio with an assumed 4 percent 

sand moisture was 0.45. The mix contained approximately nine 

bags of cement per cubic yard, to duplicate an in-place shotcrete 

enriched by rebound of mainly coarse aggregate. 

Standard concrete cylinders achieved an average 28-day 

compressive strength of 6120 psi or 153 percent of the required 

4,000 psi. 
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The two vertical test panels achieved results as des­

cribed below: 

Panel 
Designation 

SIG 

DS 

TABLE VII-15 

VERTICAL TEST PANEL RESULTS 

Accelerator 

Sigunit 

Dryshot 

Average Compressive 
Strength (psi) 

9-11 hrs 3 days 28 days 

1550(4) 

880(4) 

5210(3) 6030(4) 

6320(3) 8090(3) 

Unit Wt. 
pcf 

143.0(4) 

142.6(2) 

Average compressive strengths are for three-inch dia­

meter cores three inches long, corrected for L/D = 1. Numbers of 

samples for test are shown in brackets. 

Shotcrete cores taken from the Research Chamber Panels 5 

and 7 are described in Table VII-16 below. Due to operational 

difficulties, the number of tests and ages of the cores did not 

meet planning requirements. However, the results obtained i ndi­

cate the shotcrete quality of the two panels. 

These samples had an L/D of 0 .96 to 1 .02, and the 

strengths given are uncorrected. 

Cores were removed immediately prior to testing, so that 

early-age curing duplicated nornal underground construction con­

ditions; that is, no curing was performed. 

During placement, some diffi cul·ty was experienced in 

applying the overhead shotcrete with 3 percent Dryshot accelera­

tor, in that the layer sometimes sloughed and fell. With a 

dosage of 6 percent, no difficulties were experienced, although 

the final thickness was deficient in some areas. 
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TABLE VII-16 

SHOT CRETE CORES FROM RESEARCH CHAMBER 

Avg. 
Age, Strength, Strength Unit Wt. 

Panel Location Accelerator Days esi esi pcf 

5 West Sidewall Dryshot 28 8244 143.5 
5 West Sidewall Dryshot 32 7535 142.6 
5 West Sidewall Dryshot 32 6595 7460 142.5 

5 West Sidewall Dryshot 32 6954 140.6 
5 West Sidewall Dryshot 32 7599 143.4 
5 West Sidewall Dryshot 32 7386 7480 142.8 

7 East Sidewall Sigunit 29 4660 139.0 
7 East Sidewall Sigunit 29 5001 140.9 
7 East Sidewall Sigunit 29 5520 5060 142.8 

7 West Sidewall Sigunit 29 8029 141 • 9 
7 West Sidewall Sigunit 29 4874 139.4 
7 West Sidewall Sigunit 29 5592 140.6 
7 West Sidewall Sigunit 29 6595 6270 140.8 

7 Arch Sigunit 32 5018 140.0 
7 Arch Sigunit 32 5377 14 2. 1 
7 Arch Sigunit 32 4302 4900 141 • 2 
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7.5 DISCUSSION OF FINDINGS 

7. 5. 1 Cement-Accelerator Compatibility Tests 

Compatibility test results were compared with the CN120 

specification requiring initial set within 1.5 to 5 minutes and 

final set 12 to 20 minutes. In addition, the current WMATA 

requirement of initial set of 3 minutes maximum and final set 

within 12 minutes was applied, for comparison purposes. 

Observations from the testing program are outlined 

below: 

1. Tests with Dryshot 7005 accelerator and Signal Mountain 

Type I cement were able to comply with CN120 specifica­

tions for minimum and maximum initial and final setting 

times, albeit by varying the dosage rate. · CN120 specif­

ications do not indicate if varying the rate is permiss­

ible. The accelerator-cement combination also complied 

with the comparison requirement of 3 minutes maximum 

initial and 12 minutes final setting times (WMATA). 

2. Tests with Sigunit 8010 and Signal Mountain Type I 

cement also complied with both requirements, a 1 though 

results from two testing periods had to be combined to 

give required results. 

3. Reproducibility of test results is poor. LETCO performed 

tests on several occasions, trying to achieve results or 

even reproduce results reported by Sika and Blanck. 

Despite their duplicating conditions to match those of 

other testers, they were unable to achieve similar 

results. (See Tables VII-1 to VII-4). 

4. Given the reported poor reproducibility of compatibility 

testing, the philosophy of requiring field dosages to 

comply with those derived from laboratory testing seems 

to be unfounded. 

5. The CN120 setting time specification appears to have a 

number of disadvantages. 
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a. It is difficult to make the accelerator cement fit 

between the specified limits, even by varying accel­

erator dosage rate. Poor reproducibility of results 

aggravates this difficulty. 

b. The setting time limits in CN120 and all previous 

specifications are arbitrary, and have not been 

demonstrated to correspond to field conditions, 

where cement, accelerator and water are subjected to 

instantaneous mixing. Therefore, it seems unwise to 

impose further restrictions on specified setting 

times. In addition, the CN120 specifications permit 

maximum setting times greater than previous specifi­

cations by others, i.e., 5 and 20 minutes in place 

of 3 and 12 minutes. While there is no known basis 

for accepting the latter specification, it at least 

has the advantage of having been utilized a number 

of times without apparent difficulty. Without sub­

stantiating evidence it may be undesirable to 

specify the greater setting times. 

6. For compatibility testing the water/cement ratio (W/C) 

appears to be a critical factor. 

tions do not fix the required W/C. 

Existing speci fica-

a. CN120 specifications refer to procedures described 

in DOT Report FRA-OR&D 75-90 (Mahar et al, 1976).i./, 

which specifies using W/C of 0.43 or duplicating the 

W/C of in-place shotcrete. 

b. Another DOT report performed by the same re­

searchers, FRA-OR&D 76-06, (Parker et al, 1975)2./, 

reports an average measured W/C of shotcrete to be 

0.31, utilizing conventional inorganic accelerators. 

21 Parker et al, "Field-Oriented Investigation of Conventional 
and Experimental Shotcrete for Tunnels", USDOT Report FRA-OR&D-
76-06, 1975. 
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c. An original proponent of the compatibility test for 

pre-construction testing, Blanck, specifies a W/C of 

0.40 in his paper "Shotcrete Durability and 

Strength - A Practical Viewpoint" {Blanck, 1974)~/. 

However, in tests performed for the Atlanta Research 

Chamber he utilized a W/C of 0.30 to 0.40. 

d. Dryshot organic accelerator acts as a water-reducing 

agent by improving workability. Therefore, it is 

reasonable to assume that a lower W/C could be uti­

lized to produce a mix of equivalent workability. 

The proper W/C of shotcrete using Dryshot acceler­

ator is unknown. 

7. Overhead panels of shotcrete containing both Dryshot and 

Sigunit were successfully placed during preconstruction 

testing, albeit with some difficulties. It therefore 

may be inferred that initial and final set ti mes for 

these mixes were adequate for practical purposes. 

7.5.2 Aggregate Gradations 

None of the shotcrete placed for the Atlanta Research 

Chamber program complied with CN120 specification regarding maxi­

mum aggregate size. CN120 requires 93 to 98 percent of the com­

bined aggregates to pass 3/4-inch mesh, or, conversely, 2 to 7 

percent must be retained on 3/ 4-i nch mesh. All of the mixes 

utilized for pre construction testing and Research Chamber con­

struction contained No. 7 stone or smaller maximum size. The No. 

7 stone utilized had no particles retained on a 3/4-inch mesh, 

i.e., the aggregate actually used in the Research Chamber was 

finer than that specified for the MARTA Peachtree Center Station 

and Tunnels in Contract CN120. 

!/ Jan A. Blanck, "Shotcrete Dura bi li ty and Strength - A 
Practical Viewpoint", Use of Shotcrete for Underground Structural 
Support, ASCE ACI Publication SP045 (1974), pp 320-329. 
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Apart from the maximum particle size requirement, the 

mix used for the Research Chamber construction ( shown on Figure 

VII-3'), complied with the CN120 gradation specification. On the 

other hand, some good quality shotcrete was placed during the 

November, 1978 session which, due to inadvertent use of a differ­

ent fine aggregate, exhibited a gradation largely outside of the 

specified limits. This gradation is shown in Figure VII-4. 

Aggregate gradations 

specified to improve quality 

for cast-in-place 

and workabi 1 i ty of 

concrete are 

the material. 

In-place shotcrete, however, does not contain the same aggregate 

gradation as the mixed ingredients due to the sorting action of 

application and rebound. For this reason, specifying gradation 

of aggregates may reduce rebound ouanti ty, but may not 

necessarily affect in-place quality. If the Owner does not pay 

for shotcrete rebound, as is commonly the case, there seems 

little advantage to specifying aggregate gradation, particularly 

as this is frequently changed in the field. 

Results from pre-construction testing and Atlanta 

Research Chamber construction indicate that shotcrete quality, as 

demonstrated by compressive strength, was excellent, although not 

entirely consistent. The aggregate quality, as demonstrated by 

the standard cylinder tests, was excellent, but the aggregate 

gradation was poor compared to CN120 specifications. 

It may be premature to judge that it is unnecessary to 

specify aggregate gradation limits to produce quality shotcrete, 

but some credence is lent to the performance specification 

approach, which does not mention gradation. 

7.5.3 Concrete Cylinder Testing 

The CN120 specification requires that standard concrete 

cylinders with cement-enriched mix must achieve 140 percent of 

the required shotcrete compressive strength. Since no conversion 

of equivalent cylinder values to cores is suggested, it is 

assumed that 140 percent of 4000 psi, or 5600 psi is the intended 

requirement. All of the cement and aggregate mixes tested 
exceeded 5600 psi. 
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The WMATA specification requires cylinder strengths of 

7000 psi, for a required in-situ strength of 5000 psi. The 

equivalent requirement for CN120 may be calculated as follows: 

Required f'c = 4000 7 0.85 

= 4710 psi 

where 0.85 is the ACI 506.2-77 requirement for cores. 

Research Chamber, the required cylinder strength would be 

(7000 • 5000) X 4710 = 6590 psi, 

which would be in accordance with WMATA criteria. 

For the 

While the mix used for the Research Chamber construction 

did not achieve 6590 psi in cylinders, previous mixes using dif­

ferent gradation and maximum particle size exceeded 8000 psi. 

Some of the shotcrete core samples also exceeded 8000 psi, which 

i ndi cat es that the Research Chamber construction mix cylinders 

may not have been representative. However, the tests do indicate 

excellent quality of materials. 

The CN120 specifications require an overdesign factor of 

140 percent of the specified core strength. However, due to the 

difference in sampling cores and cast cylinders, the overdesign 

factor is less than 140 percent, 4000 psi cores with L/D = 2 are 

equivalent to in-situ or cylinder strength of: 

4000 . 0.85 = 4710 psi. 

Therefore the actual overdesign factor is: 

5600 4710 = 119 percent. 

A factor of 119 percent is insufficient to compensate 

for the anticipated strength loss due to the use of inorganic 

accelerators. - The test program results do not clarify this situ­

ation. 
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7.5.4 Preconstruction Test Panels 

CN1 20 specifications require that the average strength 

of all cores taken from a test panel shall test at least 110 per­

cent of the strength specified for each age. The origin of this 

110 percent is not stated, but since six cores are required for 

three ages ( 8-hour, 3- and 28-days), presumably two cores for 

each age are intended. The specification goes on to say that 

test reports shal 1 contain unit strength at failure "with and 

without correction for L/D ratio and statistical quantity 

adjustment". The statistical quantity adjustment presumably 

refers to the 110 percent requirement, as it is not referenced 

elsewhere. 

The A-11b WMATA specification requires a factor of over­

design of approximately 110 percent (5540 psi for a required f'c 

of 5000 psi) but this factor is related to comparison of cores to 

cylinders, L/D ratio, and statistical quantity adjustment or 

overdesign, as described in Section 7.2.1. The correction, how­

ever, applies to three test cores per sample. If two cores per 

sample are used, as inferred for CN120, the overdesign should be 

greater, as the reliability of sampling is lower. 

Observations regarding preconstruction test panels are 

discussed below: 

1. All of the mixes tested were placed successfully on ver­

tical and overhead panels. Mixes using Dryshot acceler­

ator were more difficult to place on overhead panels due 

to their greater tendancy to slough off compared to 

mixes using Sigunit. Mixing Dryshot powder with the 

nozzle water instead of adding powder to the dry mix re­

duced this problem. 

2. Al 1 of the mixes utilized were successfully cored and 

tested in compression at an age of from 8 to 12 hours. 

Those mixes successfully tested achieved compressive 

strengths greatly exceeding the required strength. How-
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ever, during the November 1978 testing programs, plywood 

panels using Dryshot were not successfully cored at this 

age. The two major differences between June 1978 and 

November 1978 plywood panel tests of Dryshot and crushed 

stone mix are that Waugh sand was used in November 

instead of manufactured Consolidated sand, and the 

Dryshot accelerator was of increased age. The Dryshot 

was manufactured in 1977, and although properly stored, 

may not have had adequate reactivity to produce required 

early strength. The different sand probably did not 

affect the early shotcrete strength. 

3. Of all the mixes tested, Mix IV containing Dryshot, 

crushed stone and manufactured sand was the only one to 

achieve specified strengths. However, due to the diffi­

culty in placing overhead panels, cores with L/D less 

than one were tested; this brought the results into 

question. The specified number of panels and cores was 

not tested. 

4. All mixes containing Sigunit produced high early 

strength shotcrete, but 28-day strengths were below 

specified quality. Since these mixes were identical in 

all other ways to mixes using Dryshot, it appears that 

the lower 28-day strengths are due to the accelerator. 

This strength loss is in the range of 32 to 61 percent 

for vertical and overhead panels containing crushed 

stone and manufactured sand, and 16 to 35 percent . for 

panels containing pea gravel and manufactured sand. The 

higher strength losses for each mix are for overhead 

placement. Strength losses of greater than 30 percent 

indicate cement-accelerator compatibility problems. 

5. For mixes containing Sigunit, vertical panels exhibited 

higher strengths than did horizontal overhead panels. 

This appears to be due primarily to the increased 

strength loss of higher accelerator dosage. Mixes 

containing Dryshot did not exhibit any marked difference 

whether placed on vertical or overhead panels, and in 

fact the same dosages are reported. 
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6. There was no important difference in shotcrete strength 

between panels using crushed stone or natural pea 

gravel. 

7. None of the test panels failed to comply with the 3-day 

strength requirement. In our experience, this is gener­

ally the case. Therefore, it may be appropriate to 

examine the usefulness of specifying 3-day tests; 

perhaps these could be eliminated. WMATA A-11b 

specifications require testing only at 3- and 28-day 

ages, not at an earlier age. From the Atlanta Research 

Chamber test program, it could be concluded that 8- or 

12-hour tests might be of greater importance than 3-day 

tests. 

8. June 1978 plywood panel test cores were trimmed to var­

ious lengths and corrections made in ·accordance with 

ASTM C42. November 1978 tests were made as required by 

CN120 specifications, that is, three-inch diameter cores 

three inches long, corrected for L/D. By contrast, the 

intent of WMATA A-11b specifications is to eliminate the 

need for making L/D corrections and to simplify adjust­

ment of the required compressive strength of three-inch 

long cores. 

7.5.5 Testing During Construction 

Two plywood test panels were shotcreted during under­

ground shotcrete construction of the Atlanta Research Chamber, as 

described below: 

1. The test panel containing Sigunit exceeded CN120 precon­

struction testing strength requirements for all three 

ages. However, the panel was sprayed in the vertical 

position and thus does not represent the most critical 

(overhead) circumstance. Strengths at 28 days were 

similar to those of sidewall in-situ cores. 
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2. The test panel utilizing Dryshot was difficult to core 

at 9 to 11 hour ages due to slower hardening than 

Siguni t samples. Considerable wash-out of material at 

the cored surface was noted. Strength at 28 days 

appeared similar to sidewall in-situ cores. 

3. Test panels for both accelerators exhibited generally 

higher strengths than those previously tested in June 

and November 1978. For November tests, a different sand 

was utilized, but no reason for the improvements over 

June samples was identified. Equipment operation condi­

tions appear to be identical or slightly superior during 

June testing, as shorter hoses were utilized. 

A total of 16 cores was removed from the Research Cham­

ber and tested at 28 to 32 days age. All of the cores exceeded 

the strengths specified by CN120. However, only 3 of the cores 

were taken from the cavern arch, where strengths might be lower 

than in the sidewalls. Results and their possible interpretation 

are described below: 

1. Compressive strengths of samples taken from the arch of 

Panel 7 (Sigunit) averaged 14 percent lower than a 

combined average of all sidewall samples. 

2. Compressive strengths of sidewall samples of Panel 7 

(Sigunit) were 24 percent lower than those removed from 

Panel 5 (Dryshot). 

3. The Sigunit panel test results were substantially better 

than were indicated by preconstruction testing. No 

definitive reason for this improvement, particularly 

during June preconstruction testing when an identical 

mix was used, was noted. One possible improvement was 

the use of a 10-foot long nozzle for the Atlanta 

Research Chamber placement of the Siguni t panel. 

However, high quality shotcrete was placed with a short 

nozzle using Dryshot accelerator, immediately after the 

application of the Sigunit shotcrete. Another 
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possibility is the difference in 

standard product being used for 

than the special formulation 

preconstruction testing. 

the Siguni t itself, a 

construction, rather 

tested earlier in 

4. Problems indicated in preconstruction testing, such as 

the di ffi cul ty of overhead placement of Dryshot shot-

crete, followed through during construction. Use of a 

higher than normal accelerator content minimized this 

problem for placement in the Research Chamber. 

5. Reference to Table VII-16 demonstrates the fairly large 

variation between samples within each grouping of 3 or 4 

cores. For the west sidewall of Panel 7, the uncor­

rected compressive strength varied from 4 8 7 0 to 8 0 30 

psi. This variation indicates the poor reproducibility 

of testing for even immediately adjacent core samples. 

Moreover, it i ndi ca tes that a sing le core sample as 

specified in CN1 20 may not represent a given area of 

completed work. 

6. The behavior of the Dry shot shotcrete seemed somewhat 

contradictory. It had a very fast compa ti bi li ty test 

setting time (and appearance), while the early age 

strength at 8 to 12 hours was lower than exhibited by 

S iguni t samples. In addition, some problems were en­

countered of overhead layers of Dryshot shotcrete fall­

ing off at an age of several minutes. 

7.6 RECOMMENDED SPECIFICATION CHANGES 

One of the purposes of this test program was to analyze 

existing shotcrete specifications to seek improvements in quality 

control requirements. One of the most current set of 

specifications, the MARTA CN1 20 document was chosen because of 

its direct applicability to the Atlanta Research Chamber. 

Therefore, recommendations for improvement are based upon those 

specifications, with some reference to the WMATA A-11b 

document. Recommendations are discussed below: 
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1. Cement-Accelerator Compatibility Tests. The referenced 

test procedure from DOT Report FRA-OR&D 75-90 appears to 

be an improvement over the previously specified ASTM 

Standard C266, as it facilitates performance of the 

test. However, a water/cement ratio should be specified 

to avoid the inherent setting time variation. Tests 

performed for this study indicate that a specified 

water/cement ratio of 0.35 would be appropriate. 

2. Results from this test program indicate that the speci ­

fied setting ti mes should be three and twelve minutes 

maximum, respectively, for initial and final set, rather 

than the more complicated ranges specified in CN120. 

3. The standard cylinder test specification should be 

changed to 165 percent of 4000 psi, to give the required 

overdesign factor. 

4. Aggregate gradation specifications should be deleted (as 

they have been for WMATA A-11b). 

5. The specified strengths and required test results should 

be rationalized. Assuming that an in-situ strength 

(f'c) of 4000 psi is required, application of the logic 

described in 7.2.1 would produce the following criteria: 

a. Shotcrete test panels should be prepared, using 

ingredients which have passed the compatibility and 

test cylinder criteria, and various accelerator 

dosages as required. Te-st panels should be 18" x 

18" x 4" deep and should be mounted vertically for 

wa 11 samples and overhead for hor i zonta 1 samples. 

Three-inch diameter cores should be removed after 

seven hours, cut to three-inch lengths and tested in 

compression at 8 hours, 3 days, and 28 days. Cores 

should be cured and tested as per ASTM C31 and C42 

but not soaked for 48 hours, and no L/D corrections 
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should be made in reporting results. For a ppr ova 1 

of a mix, nine cores each from six test panels 

should be submitted. Three of the panels should be 
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shot overhead. Three samples from each panel for 

each required age should be averaged, and these 

averages combined to give an overall average. For 

compliance, the overall averages should be 885 psi 

in 8 hours, 3300 psi in 3 days, and 4430 psi in 28 

days (in the case of an in-situ f'c of 4000 psi). 

b. For testing during construction, three cores should 

be taken from the area sprayed, for every 250 square 

feet of shotcrete placed. All three cores in each 

set should come from the same area (sidewall, quar­

ter arch, and crown), and the average of each set of 

three cores tabulated separately. Cores should be 

cut to three-inch lengths and should not include 

embedded wire mesh or severe laminations between 

layers. Cores should be taken no more than three 

days before testing, and stored in a standard moist 

room as indicated by ASTM C31 until tested. 

Average, uncorrected core strengths should be 37 40 

psi at 28 days for three cores from each location. 

The 28-day strength given is equivalent to 3400 psi 

on cores whose L/D equals two. Minimum core 

strength should be 3300 psi. All tests should be 

performed parallel to the direction of shooting. 

6. For testing during construction, three cores should be 

removed from the same area to represent the test des­

cribed in ACI 503.2-77, and tested for compliance. The 

average of the three samples must exceed 85 percent of 

the required in-situ strength, f' c, and none of the 

three should be less than seventy-five percent. Arch as 

well as sidewall sampling areas must be tested. 
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APPENDICES 

A. CN120 Specifications for Shotcrete. 

B. Blanck-Alvarez Shotcrete Equipment. 
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SECTION 03YT - SHOTCRETE 

PART 1 - GENERAL 

1.01 DESCRIPI'ION. 

~. The work specified in this s~ction consists of the aprlication of 
shotcrete to the specified thickness at the locations indicated, and 
furnishing of materials, equipment, tools and labor neceFsary to perfo~m 
the preparation, application and the clean-up pertaining thereto. · 
Shotcrete may also be applied locally at the contractor's opti~n to 
facilitate operations under this Contract. 

B. At the option of the contractor, shotcrete may be applied by either the 
dry-mix process or wet-mix process provided all requirements here are 
met. 

c. Definitioos. 

1. shotcrete, for the purpose of this work, is defined as a Portland 
Cement Concrete, containing aggregate up to one inch in size, with 
an approved accelerator, if required, applied from a spray nozzle by 
means of compressed air. Shotcrete shall attain quick set and high 
early strengths as specified herein. 

2. The dry-mix process, means thoroughly mixing the solid materials, 
feeding these materials into a special mechanical feeder or gun, 
carrying the materials by compressed air to a special nozzle, 
introducing the water and intimately mixing it with the other 
ingredients at the nO'Zzle. ~he mixture is then jetted from the 
nozzle at high velocity onto the surface to receive the shotcrete. 

3. The wet-mix process, means thoroughly mixing all the ingredients 
except the accelerator but including the mixing water, introducing 
the mixture into the delivery equipment and delivering it by 
positive displacement or compressed air to the nozzle. The mixe1 
shotcrete shall be air-jetted from the nozzle at high velocity onto 
the surface in the same manner as for the dry-mix process. The 
accelerator for the wet-mix process shall be added to the shotcrete 
mixture in such a way that the quantity can be proP4!rly regulated 
and the material uniformly dispersed throughout the shotcrete when 
it is applied. 

1.02 QUALITY ~SURANCE. 

CN120 

A. Nozzlemen shall have had previous satisfactory experience 1n the 
application of coarse aggregate shotcrete on at least two projects of 
comparable nature, or shall work under the immediate supervision of a 
foreman or instructor with at least five years of such experience. Each 
crew shall demonstrate, to the satisfaction of the Engineer, acceptable 
proficiency in the application of shotcrete of Field Trial quality to 
vertical and overhead test panels before beginning production work. 

B. Allowable Tolerance. Thickness of individual layers and tolerances 
shall be as indicated. 

c. Mix Design Criteria. 

1. The shotcrete mix shall be developed by laboratory tests and field 
trials as indicated herein at least 30 days prior to the actual 
application of shotcrete to any surface forming a permanent part of 
the "'°rk under this Contract. Laboratory trial mixes shall be made 
with exactly the same ingredients proposed for use in the work. 
Certification that ingredients comply with the specifications shall 
accompany the mix design. The proportions of shotcrete mix shall be 
equivalent to those of a concrete mix having between 6.5 5nd eight 
bags per cubic yard. The proportion of accelerator shall not exceed 
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two percent unless required ty placement conditions; in r.o cas€ 
shall it exceed six percent of the cement weight. 

2. compressive Strength. The mix design shall be such as to dev~lop 
strength progressively as follows: 

Time of set and initial setting 90 seconds minimum, 
5 minutes maximum 

Time for final setting 12 minutes minimum, 
20 minutes maximum 

Compressive strength in 8 hours 800 psi minimum 
Compressive strength in 12 hours 2000 psi minimum 
compressive strength in 28 days 4000 psi minimum 

Strengths stated above are for test specimens having a length to 
diameter ratio (L/D) of two. 

3. Accelerating Admixtures. Accelerating admixture shall be used as 
required to meet the time schedule specified for development of the 
specified progressive strengths. 

4. Laboratory Tests. 

a. Prior to making laboratory tests, a detailed plan shall be 
submitted showing the methods and materials to be use1 in such 
tests. The Engineer reserves the right to witness the tests at 
any time. 

b. Cement-admixture set time compatibility tests should be 
performed as described in Shotcrete Practice in Underground 
Construction - Mahar et al, DO! Report FRA-OR & D 75-90, Section 
D.1, using herein specified setting times. 

c. A trial mix shall be made cf each proposed cement and aggregate 
mix, without accelerator and with sufficient water for a slump 
from one to, not more than two inches. However, to compensate 
for cement enrichment due to rebound, the cement content ir. the 
laboratory test cylinders may exceed that proposed for the 
shotcrete by not more than 20 percent. 

d. Standard six inch by 12 inch cylinders shall be cast from each 
mix and moist cured by standard AS!M procedures for 28 days. 
The cylinders shall then be tested b.y standard ASTM procedures. 
Mixes not testing at least 140 percent of the specified 28 day 
strength shall be rejected. 

e. The compressive strength shall be determined in accordance with 
ASTM C 109. 

5. Implementation. 

a. The Engineer will inform the Contractor, in writing, of his 
acceptance of mixes which meet the requirements. No sh~tcrete 
mix shall be used in field trials that has not been accepted by 
the Engineer. 

b. The exact proportions of ingredients determined on the basis of 
trial mixes shall be used in the actual application of shotcrete 
and shall not be varied without the written approval of the 
Engineer. 

o. Job Mock-up and Field Trials. 

1. After completion of the laboratory tests ar,d their acceptance, fiel:3 
trials shall be made using a~proved mixes acceptable to the Engineer 
to demonstrate capability of equipment, workmanship, and materials 
under fiel.d conditions at least 30 days prior to actual application 
of shotcrete in permanent work. !he mixes selected for field trials 
shall be confined to those approved by the Engineer following the 
laboratory testing. 
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2. The field application of each mix selected for field trial shall be 
made on horizontal and vertical teat panels to simulate constru=tion 
conditions. Teat panels shall be made on wood forms and shall 
measure not less than 20 inch hy 20 inch by four inches. T~st 
panels shall be cured in acccrdance vith ASTM C31, except that test 
panels shall not be immersed. 

3. Six, three inch diameter cores shall be taken from each overhea1 
horizontal and each vertical test panel. Their ends shall be 
tri111111e1 to provide cylindera three inches high. Except for cores 
for th• eight-hour strength test, the cores shall be taken two 1ays 
after shooting, moist cured, but not illl'llersed, and shall be tested 
according to ASTM C42. The average strength of all cores from a 
test panel ehall test at least 110 percent of the strength specifiej 
for each age strength. Mixes failing to meet this requirement shall 
be rejected. 

4. All p,ases of field trial vork shall be performed in the presence of 
a representative of the Engineer. Upon completion, submit ~t least 
36 core specimens of each mix froposed for use in the work together 
vith all relevar.t data which demonstrates conformance to the 
specifications in all respects. The speci.-ns will be tested by the 
Engineer at various etag•s of curing ages t o verify c onformance with 
these specifications • . 

s. All test reports shall contain the unit strength at failure «ith and 
without correction for L/0 ratio and statistical quantity 
adjustment. 

1.03 SUBMITTALS. The following shall be submitted in accordance with th~ SH~P 
DRAWINGS, PRODUCT DATA, AND SAMPLES section prior to proceeding with 
preliminary testing: 

A. Specification for and description cf proposed equipment for mixing and 
application of shotcrete; 

B. Proposed proportions of shotcrete ingredients: 

c. Proposed method of application of shotcrete: 

D. Certification of epecified materials to the referenced standards; 

E. Sar.plea of shotcrete ingredient•: 

F. Evidence of applicators• qu~lifications. 

1.04 JOB CONDITIONS 

A. Pe1"111anent drainage ehall be -installed where directed and in manner 
indicated. Such drainage will include pipes through the shotcrete. 

B. Safety Measures. In applying shotcrete containing toxic admixtures, the 
nozalemen and helpers shall wear appropriate hood• aupplied with 
filtered air free of toxic or objection&bl• material. Gloves and 
necesaary protective clothing alee shall be vorn to protect against 
dermatitis. 

c. In addition to the lighting and ventilation requirEd by OSHA for 
tuMeling operations, are•• to receive shotcrete shall be lighted by 
additional flood light■ and additional exhaust ducte shall be installed 
and connected to the ventilation eyatem. 

1 • OS MEASUREMENT. 
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A. Shotcrete will be measured by the square foot on the A line for the 
nominal thickness installed except that in eubway line tunnels, 
ahotcrete vill not be meaaured for pay11ent. 

1977 03YT-3 



B. Welded wire fabric will be measured in accordance with the CO~CRETE 
REINFORCEMENT section. 

c. seepage Collector drains will be measured by the lin~ar foot installed 
including both drain and lateral piping. 

1.06 PAYMENT 

A. Shotcrete, except in subway line tunnels and where used in the 
Contractor's safety operations, will be paid for at the contract unit 
Frices per square foot for SHO~C~E1E CAVERN. 

B. The costs shall include all labor, equipment and materials, rtquired for 
development of trial mixes and their testing, test specimens, measuring 
pins, testing, and curing. No separate measurement will be made of 
shotcrete us~d to fill overbreak, nor for shotcrete wasted or rejected 
for any purpose, nor to frefill irregularities in surfaces to be 
shotcrete-1. 

c. Welded wire fabric will be paid for in accordance with tt,e CONCRETE 
FEINFORCEMENT section. . 

D. Shotcrete lining for subway line tunnels will be paid for as part of the 
contract unit price per linear foot for LINE TUNNEL TYPE c. 

E. Seepage collector drains, including connections, will be paid for at the 
Contract unit price per linear foot for SEEPAGE COLLECTOF DRAINS. 

F. Shotcrete used for the Contractor's safety, shall be furnished and 
placed at no additional expense to the Authority. 

PART 2 - PRODUCTS 

2.01 CF.MENT. Cement shall conform to ASTM c 150, Type I. Type III cement may be 
used, if accepted by the Engineer, at no additional expense to the 
Authority. 

2.02 AGGREGATE. Fine and coarse aggregate shall conform to the requirements of 
the PORTLAND CEMENT CONCRETE section except as hereinafter specified. The 
gradation of the combined coarse and fine aggregate mixture shall conform to 
the following limits: 

u.s. Standard 
Sieve Size 

1 inch 
3/4 inch 
1/2 inch 
3/8 inch 
No. 4 
No. 8 
No. 16 
No. 3 0 
No. 50 
No. 10 0 
No. 20 0 

Percent Passing 
Gradation 

100 
9 3- 98 
80- 9 5 
65- 85 
50- 70 
3~- 56 
22- 43 
12- 32 
5- 20 
2- 10 
o- 5 

All aggregates shall be uniformly well graded and shall not exhibit extremes 
of variation. The maximum size of the aggregate may be varied subject to 
acceptance of the Enginee~. 

2. 03 A[~IXTURES 

A. Accelerating Admixture for use in the dry or wet mix process shall not 
contain chlorides or materials corrosive to steel and shall not entail 
other detrimental effects such as cracking and spalling. The use of any 
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particular brand or type of admixture shall be subject to approval of 
the Engineer. 

B. Water reducing and accelerating additives for use in the Wet Mix Process 
shall conform to ASTM C lt94 Type E. 

2,04 WATER. Water for shotcrete shall ccnform to the requirements of the 
PORTLAND CEMENT CONCRETE section. 

2.05 WELDED WIRE FABRIC. Welded wire fabric shall conform to the requirements of 
the CO?CR!:TE REINFORCEMENT eeetion. 

PAFT 3 - EXECUTION 

3.01 PROPORTIONING AND MIXING. 

A. Proportioning of aggregate and cement ehall be accomplished o~ a weight 
or volumetric basis by a suitatle batching plant. The batching plant 
and proportioning devices shall conform to the applicable provisions of 
the PORTLAND CEMENT CONCRETE section. 

B. The moisture content of the collll:lined aggregate at the time of mixing 
with cement shall be in th• range of three percent to ■ix percent of the 
oven-dry weight of the aggregate for aggregate used in the dry-mix 
process. 

c. Cement and aggregates shall be brought to the shotcreting site 
separately and mixed at the site. 

D. 'Ihe accelerating additive shall be added immediately prior to final 
mixing, or if in liquid fom and for the dry-mix process, shall be 
accurately proportioned into the water supply by metering at the 
application nozzle. Dry additive whether powder or finely ground from a 
solid at the mixer shall be accurately proportioned by mechanical means 
and shall be thoroughly mized with the other ingredients. All additives 
shall be added by ••chanical means. The dry process shall have the 
power additive■ propcrtioned bJ 11echanical •an• at the mizer; liquid, 
froportionsd by metering at the nozzle. 

3,02 PLACING EQUIPMENT. 
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A. Dry Mix Process, Placing equi~ment •hall consist of a spray nozzle 
providing for ejection of Nterial• and water in an intima t£ mixtun, 
separate hoses to deliver dry saterial ■ and water to the nozzle, a 
suitable machine to introduce the dry Nterial• to the delivery hose 
under air pressure, and air and water supply eystem. The water supply 
system •hall con•i•t of a local nNrvoir and a positive displacement 
p.1mp capable of eupplying .ater through a regulating valve, easily and 
accurately controllable by the noaaleman, in sufficient amount and at 
pressure recommended by th• unufaet:urer of the delivery machine. The 
entire system ehall be so arnn9~ that the noszle111&n Ny use air and 
water in any combination to prepare surface• on which shotcrete will be 
applied. 

B. W9t Mix Process. Placing aquipnent for wet-mix process shall be capable 
of handling and applying shotcrete containing the specified maximum size 
aggregate and accelerating and hardening admirtare. 

c. Both Processes. 

1. The air supply system shall be capable of supplying the delivery 
machine and hose with air at the pressures and volumes recommended 
by the ~anufacturer of th• 111achine. No air supply system ehall be 
used that delivers air contuinated by oil or that is incapsble of 
maintaining constant i:re••are. 
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2. The delivery machine shall be capable of introducing materials to 
the delivery hose at a unifcrm rate, with ejection from the nozzle 
at velocities that will afford adherence of material to the treated 
surface with a minimum rebound and maximum adherence and density. 

3. A separate air hose and blow pipe shall be available to remove dust 
and rebound during shotcrete application. 

4. The equipment shall be maintained in clean and proper opErating 
condition satisfactory to the Engineer. 

3,03 SHOTCREI'E APPLICATION - GENERAL. 

A. surfaces, which are to receive shotcrete whether new or previously 
shotcrated, shall be cleaned of all loose material, mud and other 
foreign matter which is not automatically removed by the shotcreting 
operation and shall be washed with a canbination water and high velocity 
air jet. The surface shall be moist at the tine shotcrete is applied. 
The nozzle shall be held at a predetermined distance and position so 
that the stream of flowing material shall impinge as nearly as possible 
at right angles to the surface to be covered. Shotcrete of the approved 
mix design shall be applied in a circular fashion to build up the · 
required thickness of layer. Equipment shall be provided to allow 
application of shotcrete to surfaces at an approximat.E range of 3 1/2 
feet to five feet from the nozzle. The surface of each shotcrete layer 
shall be uniform and free of sags, drips, or runs. 

B. Prior to application of shotcrete, approved measuring pins shall be 
furnished and installed on the surfaces to be treated for the purpose of 
indicating the thickness of shotcrete layers. 

c. Pins shall be noncorrosive and so designed as not to cause infiltration 
of water through the shotcrete. Pins shall be installed on five foot 
centers in longitudinal and transverse directions, and at other 
locations as directed by the Engineer. 

o. Rock reinforcement shall be installed prior to applying the first full 
layer of shotcrete in accordance with the ROC~ REINFORCEMENT Section 
except between station NR 28+00 and NR 29+10 and in other, localized 
areas where, in the opinion of the Contractor and the Engineer an 
immediate application is required for safety. Unless indicated 
otherwise, all laitance, loose material and rebound shall be removed and 
the surface layer sounded with a hammer for voids, rebound or aggregate 
pockets, and unbonded areas. Defective areas shall be removed and 
replaced. shotcrete shall b~ built up in individual layers not more 
than four inches thick. 

3.04 SHOTCRETE APPLICATION. Between approximately Station NR 28+40 and Station 
NR 29+10 the roof of each drift shall te shotcreted individually at the 
heading. 

3.05 FIELD QUALITY CONI'ROL. 

A. Inspectim. The Engineer will insfect each shotcrete layer visually and 
by sounding with a hammer. "Crummy" sounding shotcrete shall be 
considered as defective shotcrete. 

B. Test cores. 

1. The El'lgineer shall be provided with one core, each three inches in 
diameter taken from each 250 square feet of arch shotcreted. 

2. If any cores taken fail to show adequate bond with the rock or show 
obvious defects, two additicnal cores shall be taken within approxi­
mately five feet of the unsatisfactory core. If either of these 
fail to show adequate bond with the rock or show obvious defects, an 
area of shotcrete surrounding the unsatisfactory cores of the size 

CN120 
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determined by the Engineer shall be removed and replaced with r,ew 
shotcrete. 

3. Additional specimens may be required at any time by the EngineEr. 
Should additional specimens show acceptable strength, the Contractor 
will be reimbursed for the cost of obtaining such additional cores. 
Should these specimens fail, the cost cf additional specimens shall 
be at no additional expense to the Authority. 

4. All core holes shall be carefully plugged with shotcrete. 

c. Testing. The Shotcrete cores shall be tested in accordar.ce with /I.ST~ 
C42. Cores with obvious defects shall not be testec; additional cores 
shall be taken as required. If the average strength of each se~ of 
these cores is less than 85 percent of the specified 28 day strength 
(97.5 percent when adjusted for a length: diameter ratio of 1), remedial 
work shall be performed, including application of additional thickness 
of shotcrete or removal and replacement of the defective shotcrete. 
Such remedial work shall be performed at no additional expense to the 
Authority. 

o. If the shotcreting system selected by the contractor fails to provi1e 
satisfactory in place shotcrete in accordance with these specifica~ions, 
as determined by the Engineer, the Contractor shall be require1 to 
change to another system of either of the two process~s. 

3.06 PLACING OF WIRE FABRIC. Welded wire fabric shall be placed as indicated. 
Adjacent lengths of fabric shall be lapped not less than eight inches and 
the laps wired together. 

3.07 DEFECTIVE SHCYI'CREl'E. Shotcrete which lacks uniformity, exhibits 
segregation, h;Jneycombing, lamination, shows cracking, lacks water­
tightness, or is "drummy" shall be regarded as defective shotcrete. The 
Engineer reserves the right to order removal of defective shotcrete and its 
replacement with acceptable shotcrete without additional cost to the 
Authority. Any remedial measure ordered by the Engineer to correct 
defective shotcrete shall be at the expense of the Contractor. 

CN120 
1977 
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BLANCK - ALVAREZ 

SHOTCRETE EQUIPMENT 

4 C.Y. VOLUIVIETRIC BATCHER-MIXER 

SPECIFICATIONS: 

BIN CAPACITIES SAND 100 cu. FT. 
ROCK 72 cu. FT. 
CEMENT 35 cu. FT. 
ADDITIVE 1 cu. FT. 

DI IVIENSI O NS LENGTH 10 FT. 8 IN. 
WIDTH 6 FT. 2 IN. 
HEIGHT 5 FT. 0 IN. 

OVERALL DIMENSIONS LENGTH 19 FT. 6 IN. 
( TRAILER MOUNTED) WIDTH 7 FT. 0 IN. 

HEIGHT 7 FT. 6 IN. 
WEIGHT APP. 4,500 LBS. 

DELIVERY CAPACITY VARIABLE UP TO 18 CU. YD. 
PER HR. 

7000 KINGFISHER LANE - LANHAM, MD. 20801 (301) 552-1934 



TECHNICAL1 

AUGERS 
AGGREGATES 

MIX AUGER 

CEMENT 

IB.IVES 
AGGREGATES 

MIX AUGER 

CEMENT 

2 EA. 8 1/2" x 6 1 O" 
3/8" THICK FLIGHTING 

8 1/2 11 X 8 1 0 11 

3/8 11 THICK FLIGHTING 

CENTER FEED 6'' x 6' o" 
1/4" THICK FLIGHTING 

WINSMITH/RELIANCE TEFC 5 H.P. 
RIGHT ANGLE GEAR REDUCER 

FALK/RELIANCE TEFC 5 H.P. 
SCREW CONVEYOR DRIVE 

DAYTON TEFC 2 H.P. ADJUSTABLE 
SPEED GEARMOTOR 

*NOTE1 ALL MOTORS 230/460 V, 3 PHASE, UNLESS 
OTHERWISE SPECIFIED. 

7000 KINGFISHER LANE - LANHAM, MD, 20801 ( 301) 552-19.34 



SPECIFICATIONS: 

HOPPER 

DRIVE 

CAPACITY 

10 

9 

8 

7 
\.!) 
z 
~ 6 
l:: 

BLANCK - ALVAREZ 

SHOTCRETE EQUIPMENT 
POWDER ADDITIVE FEEDER MODEL 771 

VOLUME 

DIMENSIONS 

1/2 H.P. ELECTRIC 
CONSTANT TORQUE, 
TOTALLY ENCLOSED 
ADJUSTABLE SPEED 
GEARMOTOR 

80 - 400 LBS. PER HR. 
20 - 110 RPM 

1 CUBIC FOOT 

LENGTH 
WIDTH 
HEIGHT 
WEIGHT 

30 IN. 
15 IN. 
15 IN. 
85 LBS. 

115/230 V OR 
200/230/460 V 

~ 5 

~ 4 ;S 
A 

3 

2 

1 

0 100 200 300 400 
POUNDS P1.R HOUR 

7000 KINGFISHER LANE - LANHAM, MD, 20801 (301) 552-1934 
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CHAPTER VIII 

STEEL-FIBER-REINFORCED SHOTCRETE 

8. 1 INTRODUCTION AND SUMMARY 

This chapter summarizes the results obtained from field shot­

crete tests carried out at the Atlanta Research Chamber. Al­

though the structural behavior of conventional shotcrete is also 

reported in this chapter, emphasis is given to results obtained 

with steel-fiber-reinforced shotcrete. 

Preconstruction testing was carried out in two stages during 

June 1978 and November 1978. The primary emphasis of the precon­

struction program was on determining the compressive strength 

variation with time through an age of 28 days, and then comparing 

the strength variations of various mixes. 

Testing in the Research Chamber was carried out in March 1979 

with the primary objective of determining the structural behavior 

of conventional and fiber-reinforced shotcrete placed in situ 

under conditions closely representing actual construction condi­

tions. 

In summary, it was found that for young shotcrete (8-12 

hours), the compressive strength of steel-£ i ber-rei nforced shot­

crete was very similar to that of corresponding conventional 

shotcrete. At 8 to 12 hours, samples of steel-£ i ber-rei nforced 

shotcrete with a new organic accelerator ( Dry shot) could not be 

obtained; but sampling was achieved when conventional (Sigunit) 

inorganic accelerator was used. Variations in water content and 

admixture dosage produced significant variations in compressive 

strength. 
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For intermediate-age shotcrete (3 days), the compressive 

strength of steel-fiber-reinforced shotcrete was lower than for 

the corresponding conventional shotcrete. 

At 28 days, Dryshot mixes in general had higher strength than 

Sig unit mixes. The compressive str~ngth of steel-fiber­

rei nforced shotcrete was generally lower than for corresponding 

conventional shotcrete. 

Compressive strengths for wall samples were higher than for 

overhead samples. Addition of fibers added ductility to the 

shotcrete, as shown by field pulldown tests. Adhesion of all 

shotcrete to the rock was greater than adhesion to laboratory 

surfaces; conventional shotcrete had a slightly greater adhesive 

strength than steel-fiber-reinforced shotcrete. Rebound was 

measured to be 22%, for steel-fiber-reinforced shotcrete placed 

in the Atlanta Research Chamber. (See the Monograph by Tom 

Buchanan which discusses the successful use of this steel-fiber­

rei nf orced shotcrete for final lining of one of the twin Running 

Tunnels on the MARTA CN120 contract.) 

8.2 DESCRIPTION OF TESTING PROGRAM 

8.2.1 General Objectives of the Test Program 

The data collected in the field tests were intended to 

provide information regarding the mix design, shooting procedure 

and structural behavior of both conventional and fiber shotcrete 

under conditions closely representing actual field environment. 

The following aspects were studied: 

a. Whether the basic components (aggregates and cement) 

had the potential to produce a high quality shotcrete or not. 

b. The cement-accelerator compatibility to produce the de-

sired initial set under field conditions without damaging the 

long-term strength of the shotcrete material. 

c. The batching and mixing of steel fibers with the other 

shotcrete aggregates, as well as their effect in the strength of 

the shotcrete materials. 

WP-H-139-VIII* VIII - 2 



Figure VIII-1: ICOMA Volumetric Batcher-Mixer Unit 
with Fiber Feeder. 

Figure VIII-3: Coring of Shotcrete Samples. 



FIGURE VIII-2a 
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Oriented Investigation of Conven­
tional and Experimental Shotcrete 
for Tunnels, DOT Report No. FRA­
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d. The rebound rate ratio of fiber shotcrete and the char-

acteristics of the rebound material. 

e. The feasibility of the coring and testing techniques 

proposed for the measurement of the adhesion strength between the 

shotcrete and natural rock sufaces, as well as the values of this 

adhesion strength. 

f. The structural behavior of the in-situ shotcrete liners 

with geometrical configurations similar to those tested earlier 

in the large scale model tests at the University of Illinois._!/ 

8.2.2 Test Sites 

The first series of shotcrete preconstruction tests 

were performed during June 27-29, 1978 at the ground surface in a 

spot located approximately 100 ft. east of the south access shaft 

of the Peachtree Center Station, Atlanta. During November 16-18, 

1978 a second series of preconstruction tests were performed at 

the bottom of the Luckie Street shaft. Finally, during March 

22-24, 1979 shotcrete testing was performed in the Atlanta 

Research Chamber. 

8.2.3 Shotcrete Equipment 

The shotcrete equipment used in the tests was a 4 cubic 

yard, self-contained ICOMA unit shown in Figure VIII-1. In this 

self-contained unit the batching, mixing and gunning equipment 

are at one location. The batching, mixing, and conveyance of 

materials to the machine are all done automatically by means of a 

set of controls on the platform. Batching is done volumetrically 

with chains or belts located beneath the storage hoppers. Mater­

ials were batched almost instantaneously and thus there was lit­

tle chance for prehydration or for waste of large volumes of 

batched materials. The batching equipment was checked periodi­

cally to insure that the materials were being supplied in the 

newly specified proportions. 

_!/ Fernandez, G. , J. W. Mahar, and H. W. Parker, "Structura 1 
Behavior of Thin Shotcrete Liners Obtained from Large Scale 
Tests," Shotcrete for Ground Support, ASCE and ACI SP-54 
( 1976), pp. 399-442. 
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Mixing of the shotcrete materials was done with an 

auger that conveys the materials from the batching system to the 

shotcrete machine. The mixing ti me required for proper blending 

of the small volume of materials in the auger is very short, gen­

erally less than one minute. The powder accelerators were added 

and mixed with the materials at a small storage hopper located on 

the top of the auger. Liquid accelerators were gravity fed to 

the nozzle. The prepared materials were fed directly into the 

hopper of the shotcrete machine (see Figure VIII-19). 

8.2.4 Materials 

a. Cement and Accelerator 

The cement used in these tests was SIGNAL MOUNTAIN 

CEMENT TYPE I. Two accelerating set admixtures were used: Sika 

Sigunit and Sikaset Dryshot. 

b. Aggregates 

The aggregate material was stockpiled in the construc­

tion site in a nearby area and was conveyed to the shooting unit 

by a front-loader vehicle. Two different types of coarse aggre-

gates were used in these tests. A natural, round, "pea" gravel 

with a maximum diameter of 1/2 inch and a crushed stone aggregate 

(No. 7 instead of the initially planned coarser size No. 67) with 

a maximum size of 3/8 inch. The fine aggregate, sand, basically 

fell between the No. 4 and No. 200 sieves. The grain size dis­

tribution of these aggregates is shown in Chapter VII. A more 

detailed description of the aggregates used and their propor­

tioning is given in Chapter VII. 

c. Fibers 

The fibers used in this shotcrete work were circular in 

cross section, 0.025 cm ( .01 inch) in diameter, and have an ap­

proximate length of 2. 54 cm ( 1. 0 inch). These fibers ( shown in 

Figure VIII-2) are made by U.S. Steel Company and are designated 

as U • S • f i be rs • 
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d. Mix Design 

The standard mix in the tests corresponded to a 7 bag 

(658 lbs. per cubic yard) mix. The batch proportions, per cubic 

yard, are given in Table VIII-1. 

Table VIII-1 

STANDARD MIXES USED IN TESTS 

Cement 

Standard Conventional 
Shotcrete Batch 
Weights (lbs) 

660 

Fine Aggregate 1790 

Coarse Aggregate 1300 

Fibers 

Total 3750 

Standard Steel-fiber­
reinforced Shotcrete Batch 

Weights (lbs) 

660 

1790 

1300 

1 1 5 

3865 

the fine As indicated in Table VIII-1, and coarse 

aggregate proportions in both the conventional and the steel 

fiber shotcretes in the tests were equal to 60 and 40 percent 

respectively. The weights given in Table VIII-1 include the 

moisture in the aggregate material which ranged between 5 to 8% 

in the sand and 1.5 to 2% in the gravel. 

8.3 PRELIMINARY TESTING 

8.3.1 Standard Cylinder Testing 

Standard compression cylinders were cast in June 1978 

using the sand and crushed-stone aggregate i ni ti ally proposed 

with eight to nine sacks cement content. This high cement con­

tent attempts to duplicate the in-place cement-enriched shotcrete 

due to the higher aggregate rebound rates. The mix was designed 

to have a water/cement ratio of 0.45. A series of cylinders were 

cast using different dosages of the proposed acceleraters. 
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Compressive strength results obtained from these stan­

dard cylinders indicated that the proposed aggregate (No. 67) and 

cement mix meet the requirements of the CN 120 specifications. 

On November 22, 1978, three standard compression cylin­

ders were cast using the cement, sand and aggregate used in the 

shotcrete preconstruction testing. During casting, additional 

water (beyond that corresponding to the W/C ratio of 0.45) was 

added to cylinders #2 and #3 to produce a 2-inch slump. Test 

results did not satisfy the 140% of the specified 28-day strength 

required by the CN 120 specifications. 

Three standard cylinders were cast and tested in March 

1979 with the materials to be used in the construction testing. 

These test results met the required 28-day strength (see Chapter 

VII). 

8.3.2 Cement Accelerator Compatibility Tests 

The basic cement-accelerator combination to be used was 

selected based on results obtained from the cement-accelerator 

compatibility tests (Gillmore Needle tests, see Chapter VII) 

which yielded initial and final set times between the recommended 

(Blanck, 1974 )Y 3 to 13 minutes range. The accelerator dosage 

was varied for some tests in order to fi 11 overhead panels and 

reduce lamination. (See Chapter VII, Section 7.3.2 for details.) 

Y Blanck, J. A. ( 1974), "Shotcrete Dura bi li ty and Strength - A 
Practical Viewpoint," Use of Shotcrete for Underground 
Structural Support, ASCE and ACI SP-45, pp. 320-329. 
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8.4 SHOOTING PROGRAM 

The test program consisted of three separate series of 

wood panel shoot i ng listed in Table VIII-2. 

Series 

2 

3 

Table VIII-2 

DATES OF SHOOTING 

Day 1 
Day 2 
Day 3 

June 
June 
June 

27, 
28, 
29, 

Day 4 
Day 5 

November 

Day 6 
Day 7 
Day 8 

November 

March 22, 
March 23, 
March 24, 

1978 
1978 
1978 

1 6 , 1978 
1 8 , 1978 

1979 
1979 
1979 

For ease of reference, they will be referred to in this 

report as shooting day 1 to 8. Speci fie goals were established 

for each day. Mix characteristics and corresponding panels shot 

in each day are given in Table VIII-3. 
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Table VIII-3 

MIX CHARACTERISTICS AND CORRESPONDING WOOD PANELS SHOT 

MIX CHARACTERISTICS NUMBER OF PANELS 

Coarse Dosage Fiber Vertical Overhead 
Day Aggregate Admixture % % No. Code No. Code Total 

natural SIGUNIT 2 2 S-1-V 2 S-1-H 4 

natural DRYSHOT 2 2 D-1-V 0 D-I-H 2 

2 natural DRYSHOT 3 2 D-2-V 1 D-2-H 3 

2 natural SIGUNIT 2 3 2 S-2-F-V S-2-F-H 3 

3 crushed SIGUNIT 2 2 CS-3-V 2 CS-3-H 4 

3 crushed DRYSHOT 1. 3 2 CD-3-V 1 CD-3-H 3 

4 crushed SIGUNIT 2.5 3 CS-4-V 3 S-4-H 6 

4 crushed DRYSHOT 2.5 3 CD-4-V 0 3 

4 crushed SIGUNIT 2.5 3 2 CS-4-F-V 1 CS-4-F-H 3 

5 crushed DRYSHOT* 3.0 3 CD-5-V 4 CD-5-H 7 

5 crushed DRYSHOT* 3.0 3 2 CD-5-F-V 0 2 

6 crushed SIGUNIT 1.5 CS-6-V 0 

7 crushed DRYSHOT* 4.0 CD-7-V 0 

8 crushed SIGUNIT 1. 5 3 3 CS-8-F-V 0 3 

* Accelerator premixed with water. 

Explanation of the panel mix designation code is given in 

Table VIII-4. 
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8.5 

Table VIII-4 

EXPLANATION OF PANEL-MIX DESIGNATION 

V = Panel shooting position (vertical= V; 
horizontal= H) 

F = Fiber mix ( in conventional mixes the 
dropped) 

2 = Day of shooting 

letter 

s = Admixture type (S for Sigunit; D for Dryshot) 

C = Type of coarse aggregate* 

F 

* C indicates crushed stone mixes; the letter C was dropped 
for mixes in which natural gravel was used. 

COMPRESSIVE STRENGTH OF FIBER SHOTCRETE FROM WOOD 

PANELS 

is 

program 

The primary emphasis of 

was on the determination 

this portion of the testing 

of the compressive strength-

variation with time through an age of 28 days and the comparison 

of these strength variations between different steel-fiber-rein­

forced mixes. The earliest compressive strength was obtained at 

an age of 9 hours. 

8.5.1 Test Procedures 

Where possible, the applicable portions of the ASTM 

test methods (C39, C49 and C116) were followed. The methods were 

modified only as necessary to accommodate the type of specimen 

obtained in these programs. The specimens were three-inch 

diameter cylinders, ranging from 2.5 to 4.0 inches long. They 

were cored from the panels with the coring bit shown in Figure 

VIII-3. The cylinder axis was perpendicular to the surface of 

the panel, so that the back of the panel provided a smooth side 

at the bottom of the core. The other rough end of the core was 

trimmed off but no more than necessary to provide a smooth side 
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parallel to the back. Before testing, the dimensions and weight 

of the specimens were determined. Each specimen was capped with 

a thin layer of sulphur-based capping compound that hardened to a 

compressive strength in excess of the strength of the 

shotcrete. An effort was made to center and align the specimen 

in the testing machine. Finally, the load was applied at a rate 

within the range specified by ASTM C39, until the load applied 

exceeded the maximum resistance of the specimen. 

The maximum compressive stress (compressive strength) 

was computed by dividing the maximum load by the average cross 

sectional area of the specimen. Shotcrete compressive strengths 

reported herein are not corrected for L/D. 

8.5.2 Compressive Strength Testing 

The testing schedule followed in this program is shown 

in Table VIII-5; see the Appendices for details. 

In the subsequent sections, the results of the early 

tests (9 to 11 hours) will be evaluated first. Next the 3-day 

results will be treated and finally the 28-day results will be 

discussed. 

Mix-Code 

S-2-F-V 

S-2-F-H 

CS-4-F-V 

CS-4-F-H 

CD-5-F-V 

CS-8-F-V 

WP-H-139-VIII* 

Table VIII-5 

COMPRESSIVE STRENGTH TESTING PROGRAM 
STEEL-FIBER-REINFORCED SHOTCRETE 

Quantity of Core Samples Tested At: 

8-12 hours 3 days 28 days 

6 6 6 

3 3 3 

6 6 6 

0 3 3 

0 6 6 

3 ' 3 3 

VIII - 10 

Total 

18 

9 

18 

6 

12 

9 



8.5.3 Evaluation of Compressive Strength Results of Young 

Shotcrete 

Si nee the variation in strength from sample to sample 

within each panel was very small, the average compressive 

strength measured in each panel, given in Table VIII-6, can be 

used to evaluate and compare the different steel-fiber-reinforced 

mixes shot. In general, as indicated in Table VIII-6, all mixes 

exhibited a high 8 to 12 hour compressive strength, ranging from 

1150 to 2090 psi. As expected, the compressive strength of the 

fibrous shotcrete mixes was very similar to the compressive 

strength exhibited by corresponding conventional mixes. 

Table VIII-6 

AVERAGE COMPRESSIVE STRENGTH OF FIBER-REINFORCED SHOTCRETE 
AT 8 to 1 2 HOURS 

Averaqe 
Compressive Standard 

Panel Age No. of Strength Deviation 
Mix Hours Specimens f'c <:esi) (psi) 

S-2-F-V 8.6 6 1760 270 

S-2-F-H 8.4 2 2090 110 

CS-4-F-V 10 6 2030 620 

CS-8-F-V 12 3 1150 110 

Young samples, 8 to 12 hours, 

could not be obtained in this 

of Dryshot fiber-reinforced mixes 

testing program. This indicates 

that, at early ages, steel-fiber-reinforced mixes with Sigunit 

admixtures would provide a better and sounder in-situ shotcrete 

material. 

Reductions in the Siqunit admixture dosage from 2% on 

the second day to 1-1 /2% on the eighth day, resulted in a sub­

stantial, approximately 33%, reduction in the average compressive 

strength of the fiber mix; see Table VIII-3 and Table VIII-6. 

Variations in the amount of water added at the nozzle resulted in 

considerable va ri a ti ons in the average compressive strength of 

the fiber mixes shot on the fourth day as indicated by the stan-
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dard deviation given in Table VIII-6. Careful examination of the 

shotcrete samples before and after testing indicated slight to no 

lamination in the shotcrete filling the panels. However, in some 

cases, lamination, usually located 3/4 to 1-1/4 inches from the 

back of the panel, was so pronounced in the overhead panels that 

samples broke at this lamination plane during the coring process. 

8.5.4 Evaluation of Intermediate, 3 Days, Shotcrete Strength 

Similar to the early compressive strength values, 

intermediate, (3 day) compressive strength also exhibited very 

small variation among samples of the same panel. Therefore, 

average compressive strengths, shown in Table VIII-7, could be 

used to eva 1 ua te the strength/ti me rel a ti onshi p for ea ch mix as 

well as to compare strength/time relationships between mixes. As 

indicated in Table VIII-7, the intermediate (3 day) compressive 

strength of the shotcrete varied between 2890 and 6130 psi for 

all the mixes. 

As previously observed in the early strength samples, a 

higher lamination potential was observed in the samples taken 

from overhead panels. Slight to moderate lamination was present 

in most of the samples obtained from overhead panels. Therefore 

for most mixes, samples taken from vertical panels exhibited, re­

gardless of the admixture type or dosage, higher compressive 

strengths than those measured in corresponding samples taken from 

the horizontal (overhead) panels. Higher average compressive 

strengths measured in overhead panels marked with an asterisk in 

Table VIII-7 correspond to cases where samples broke along lami­

nation during the coring process and only the intact portion of 

the shotcrete core was tested. 

Variations in the amount of water added to the nozzle 

produced considerable variations in the average compressive 

strength between panels of the same mix as indicated by the high 

standard deviations of mix CD-5-F-V in Table VIII-7. 
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Table VIII-7 

AVERAGE COMPRESSIVE STRENGTH OF FIBER-REINFORCED SHOT CRETE 
AT 3 DAYS 

Average Standard 
Age No. of Compressive Deviation 

Mix Days Specimens Strength (psi) (psi) 

S-2-F-V 3 6 2890 293 

S-2-F-H 3 3 3670* 204 

CS-4-F-V 3 6 6130 199 

CS-4-F-H 3 3 3160 14 8 

CD-5-F-V 3 6 5330 1390 

CS-8-F-V 3 3 4600 122 

* Sample broke along lamination during coring. 

In general, intermediate compressive strengths of fib­

rous shotcrete were lower than the strengths measured in corres­

ponding conventional mixes. However, their absolute value was 

still high enough to satisfy the 60 percent f'c required at 

3 days. 

8.5.5 Evaluation of 28 Days Shotcrete Strength 

As in the previous cases, there was a very small varia­

tion in the compressive strength among the samples of a given 

panel. Therefore, average compressive strengths, given in Table 

VIII-8, were used to evaluate the strength/time relationship for 

each mix as well as to compare this strength/time relationship 

between mixes. 

The 28-day compressive strength varied between 3600 and 

8660 psi for all mixes. The highest strength was measured in 

samples obtained from mixes containing 2.7 percent Dryshot. All 

samples from vertical panels exhibited larger strength than the 

corresponding samples from horizontal (overhead) panels; only 

short horizontal samples separated through pronounced lamination 
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yielded compressive strengths higher than those obtained from 

corresponding vertical samples. Dryshot mixes in general exhi­

bited 28 days compressive strengths higher than those exhibited 

by Sigunit mixes, regardless of the type of coarse aggregate and 

percentage of additive used. 

Again, variations in the amount of water added at the 

nozzle (in this case affecting the admixture percentage, si nee 

Dry shot was premixed with water) were reflected in considerable 

variations in the compressive strength of mix CD-5-F-V as indi­

cated by the high standard deviation in Table VIII-8. 

As for the intermediate (3 days) compressive strength, 

the 28 days compressive strengths of fibrous shotcrete were gen­

erally lower than the strengths measured in the corresponding 

conventional mixes. However, the compressive strength of all 

fibrous mixes, except during the first trial in June 1978 when an 

appropriate fiber mixer was not available, satisfy the required 

4000 psi f'c at 28 days. 

Table VIII-8 

AVERAGE COMPRESSIVE STRENGTH OF FIBER-REINFORCED SHOTCRETE 
AT 28 DAYS 

Average Standard 
No. of Compressive Deviation 

Mix Specimens Strength ( psi ) (psi) 

S - 2-F-V 6 3910 350 

S- 2-F-H 3 3600 470 

CS-4-F-V 6 7100 780 

CS-4-F-H 3 4250 510 

CD-5-F-V 6 8660 1800 

CS-8-F-V 3 6480 390 
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8.5.6 Conclusions 

Compressive strengths of steel-fiber-reinforced shot­

crete with Siguni t and Dryshot admixtures are plotted with re­

spect to time in Figures VIII-4 and VIII-5. 

As indicated in Figure VIII-4, fibrous shotcrete with 

normal 1.5 percent to 3 percent Sigunit dosages appeared to set 

quickly enough and gained considerable strength in the first 8-10 

hours. The earliest compressive tests conducted on fibrous 

shotcrete with about 3 percent Sigunit resulted in an average f'c 

of 1500 psi at an age of 8 hours. Lower compressive strengths 

values about 1050 psi, were measured in slightly older samples 

{12 hours) with a reduced 1.5 percent Sigunit dosage. Except for 

the compressive strength of the earlier samples shot in the first 

preconstruction test of June 1978 when an adequate fiber feeder 

was not available {hatched area in Figure VIII-4), fiber­

reinforced Sigunit mixes show a gain of strength with time that 

satisfies standard specifications. 

Considerable variation in the strength of the shotcrete 

material was obtained at all times. There are many reasons why 

shotcrete under routine construction conditions of placement is a 

variable material. Some of the reasons for the variability 

are: 1) improper and inadequate blending of the accelerator 

before it reaches the wall, 2) the pulsatory nature of the mater­

ial coming through the line, 3) the variations in the dry mix 

itself, 4) the variations that occur at the nozzle and at the 

wall during impact, and 5) the many variable factors associated 

with the nozzleman, although in this testing program the same 

excellent nozzleman, Mr. Warren Alvarez, performed all shooting. 

Further differences in the laminar buildup of the shot­

crete at different locations of the panel and the nor ma 1 va ri a­

bility of water, cement and aggregates contents are also respon­

sible for some of the differences in strength within panels of 

the same mix. Slight differences in nozzle distance and angle or 
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variations in the material delivery rate are also responsible for 

some of the observed s~ltter. 

Despite all the scatter observed in this testing pro­

gram the coefficient of variation in the average compressive 

strength of the mixes was low; it varied from 5 to 15% for most 

mixes except for those where substantial variations in the water 

added at the nozzle took place. A coefficient of variation of 

10% is considered good for results of field tests of 6 11 by 12 11 

cylinders of ordinary concrete at 28 days (Troxell, et al., 

1968)l/. Thus, the panels shot in this program compare favorably 

as far as the variation of strength tests is concerned. Compres­

sive strength values, at different times, obtained from fiber 

reinfoI" ced Dryshot mixes are shown in Figure VIII-5. As indi­

cated in this figure, compressive strength values were not 

measured at early ages because samples were impossible to obtain. 

After 1 or 2 days of curing, Dryshot samples exhibited a consid­

erable gain in strength; Dryshot mixes exhibited compressive 

strength values at 3 and 28 days considerably higher than those 

of corresponding Sigunit mixes. Scatter in the compressive 

strength values obtained from Dryshot samples is similar to that 

observed where Sigunit admixture was used. 

Results indicate that in those situations where shot­

crete for temporary support requires the highest strength attain­

able as early as possible, consistent with long-term strength 

requirements, the Sigunit mixes would be preferable to those 

where Dryshot is used. 

8.6 FLEXURAL STRENGTH 

The compressive strength program was complimented with flex­

ural strength determination on beams sawed from fi ber-shotcrete 

panels. 

ll Troxell, G.E., H.E. Davis, J.W. Kelly (1968), Composition and 
Properties of Concrete, Second Edition, McGraw-Hill, pp. 513. 
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8.6.1 Details of Testing 

The applicable portions of ASTM C78-64, Standard Method 

of Test for Flexural Strength of Concrete (Using Simple Beam with 

Third-Point Loading), were followed as closely as possible. 

a. Preparation of Specimens 

The specimens usually were 3 by 3 inches (7.6 x 7.6 cm) 

in cross section ranging from 14 to 19 inches (35.6 to 48.3 cm) 

long. They were sawed from test panels, and, in all cases, the 

orientation of the specimen was preserved so that bending was 

either in or out of the plane of the panel. The outer surface of 

all specimens older than 7 days was trimmed. Capping compounds 

or special cushions were used to provide full uni form contact 

between the loading points and rough surfaces. The dimensions of 

the specimen and its weight were recorded before testing. 

b. Test Procedure 

All specimens were tested for flexural strength using 

third-point-loading as illustrated schematically in Fig. 

VIII-6. To simulate field conditions, either the front or the 

back of the beam was on the tension side. 

c. Calculation of Strength Parameters 

The maximum flexural stress, or the modulus of rupture 

was calculated with the formula: 

where: 

of = flexural stress (modulus of rupture) 
p = maximum applied load .... 

R, = span length 

b = average width of specimen at the failure section 

d = average depth of specimen at the failure section 
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8.6.2 Results of Flexural Tests 

Results of flexural tests carried out in this program 

are given in Table VIII-9. As indicated in this table, the 28-

day flexural strength of the mix with a 2.5% Sigunit dosage is 

about 23% higher than that of the mix with a 1.5% Sigunit 

dosage. These results are consistent with the compressive 

strengths developed by these two mixes. 

There is almost no increase of flexural strength 

between 3 days and 28 days in the mix with 1.5% Sigunit. This 

has been observed in other tests (Parker, et al. , 19 7 5 ).!/, and 

reflects the fact that the largest increase in flexural strength 

takes place very rapidly in the first days after shooting. 

8.6.3 Relationship Between Flexural and Compressive Strength 

Flexural strength is plotted against compressive 

strength in Fig. VIII-7 to illustrate the general nature of the 

relationship between these strengths. Also shown in Figure VIII-

7 is a line corresponding to a flexural ratio Of/Oc = 0.19, which 

has usually been found reasonably helpful (Parker et al., 1975) 

in averaging data obtained from previous field tests. 

A plot of the flexural ratio, of, versus the compres­

sive strength o c for the mixes tested is shown in Fig. VI II-8. 

As indicated in this figure, at approximately one month the of/Oc 

ratio for the mixes tested was O. 13 and O. 17. The ratio for 

ordinary concrete with similar compressive 

between 0.11 and 0.14 (Troxell et al., 1968). 

be explained by the higher cement content 

shotcrete. 

strength ranges 

The difference may 

of the in-situ 

Si mi lar field tests carried out previously (Parker, et 

al, 1975) indicate a tendency for the flexural ratio to decrease 

.!/ Parker, H. W., G. Fernandez, and L. J. Lorig, "Field Oriented 
Investigation of Conventional and Experimental Shotcrete for 
Tunnels," DOT Report FRA OR&D 76-06, August 1975. 
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TABLE VIII-9 
FLEXURAL STRENGTH OF FIBER REINFORCED SHOTCRETE 

Mix Designation 
and Age at Testing (days) 

CS-4-F-H CS-8-F-V 

28-day 3-dai 10-day 28-day 

Flexural 1005 
Strength 742 705 714 861 

af 1241 881 839 871 
(psi) 1257 

Average Compressive 
Strength, f' 

C 
(psi) 6150 4600 6000* 6480 

Flexural 0 .16 
Ratio= af/f'c 0.12 0.15 0.12 0 .13 

0.20 0.19 0.14 0.13 
0.20 

* Value interpolated from compressive strength tests at 3 days 
and 28 days. 
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with ti me, Figure VI I I-8. Results from the few flexural test 

carried out in this program (circular points in Figure VIII-8), 

seem to confirm this tendency. It should be pointed out, as 

shown in Figure VIII-8, that flexural ratios of young shotcrete 

( 8 to 12 hours old) could be as much as twice as high as older 

cured shotcrete. 

8.6.4 Effect of Steel Fiber on Flexural Strength 

Although no flexural tests were carried out for mixes 

without fiber, previous tests performed by the University of 

Illinois have shown that fiber shotcrete has a peak flexural 

strength comparable to that of conventional shotcrete as shown in 

Figure VIII-9. However, conventional shotcrete has a brittle 

behavior in bending, whereas fiber shotcrete develops a substan­

tial ductility. This particular property of fiber-reinforced 

shotcrete makes it very advantageous in the support of temporary 

loads, especially in the case of loosening ground. 

8.7 STRUCTURAL BEHAVIOR OF SHOTCRETE 

Four tests were carried out to evaluate the capacity of the 

shotcrete placed in-situ. For each test, a 2-foot x 2-foot x 2-

inch thick steel plate was placed in contact with the rock and 

covered with a layer of shotcrete slightly wider than 2 feet and 

extending some 8 feet away from each side of the plate. After 

the shotcrete had set, the plates were pulled at their center 

with a hydraulic jack and the load measured with a load cell. 

Figure VIII-10 shows the test set-up. 

Two plates were covered with conventional shotcrete and two 

with fiber shotcrete. The geometrical configuration of the 

tested layers was made as similar as possible to some of the sim­

ple geometrical configurations tested in the large-scale tests of 

thin shotcrete liners performed at the University of I lli noi s 

(Fernandez, et al., 1976). Figure VIII-11 shows the geometrical 

configuration of the tested layers. They were selected so that 
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for each shotcrete mix tested (conventional and fiber shotcrete) 

a flat and an arch configuration were obtained. The results are 

summarized in Table VIII-10. 

Shotcrete layers in flat configuration failed by adhesion and 

developed higher adhesive strengths between the shotcrete and the 

rock, a 0 , than those observed in the laboratory (a0 varied from 

0.07 fc for Test No. 4, to 0.15 fc for Test No. 2, which exhi­

bited slight curvature; values of a 0 = 0.05 fc had been obtained 

in the planar laboratory tests). Both the 4-inch and 8-inch thick 

shotcrete layers with arched configurations failed in shear; 

shear strength values, fa, equal to 0.1 fc, consistent with the 

laboratory test results, were exhibited by the arch-shaped sur­

faces. However, the results indicate that the adhesive strength 

required for shear failure to develop was considerably higher 

than that measured in the laboratory. Test No. 1 on the 8-inch 

layer indicates that the adhesive strength for the good quality, 

rough-surfaced gneiss in the arch configuration may be as great 

as 0. 4 fc ( 540 psi) , as compared with 0. 1 fc for the laboratory 

tests on concrete surfaces. 

The results from all tests suggest that natural irregulari­

ties in a dry and clean rock surface can increase the adhesive 

strength several times beyond the values measured in the labora­

tory where shotcrete was applied over a concrete surface. The 

increase is larger for layers in arch configuration because com­

pressive stresses tend to develop at the i rregulari ti es; thus, 

failure occurs not strictly in adhesion at the shotcrete rock 

interface, but in shear through and around irregularities in the 

rock and through the irregularities in the shotcrete. Figure 

VIII-12 summarizes the capacities of these layers and compares 

these test results with the laboratory results. 

The addition of fiber reinforcement increased the ductility 

of the layers, but it did not increase their capacity. Visual 

observations during the tests demonstrated that the flat shot-
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TABLE VIII-10 

Surrnary of Shotcrete Capacity Tests. Atlanta Researdl Clamber. 

Test Configuration Shotcrete Reinforcement Failure Capacity f' Thickness Capacity 
No. PJ;Je M:lde 

C 

psi in. lb 

1 Arch 10 hr. None Shear P = fa • H • 2L 1400 8 52,000 

2 Flat 24 hr. None .Adhesion P = 2 ao. 2L 3500 8 50,000 

3 Arch 7 hr. Fiber (3%) Shear P = fa • h • 2L 400 4.5 7,000 

4 Flat 11 hr. Fiber (3%) .Adhesion P = 2 ao. 2L 900 4.5 6,000 

f'c = compressive strength of the shotcrete, measurerl in prisnatic, 3 in. x 3 in. x 6 in. sarrples. 

fa = shear strength developed along the shotcrete layer. 

a
0 

= adhesive strength developerl between the shotcrete layer arrl the rock. 

L = width of the shotcrete layer (24 in.) 

H = thickness of the shotcrete layer. 

WP- H-139-VIII* 

Shear .Adhesive 
Strength Strength 

fa ao 

0.10f'c 

- 0.15 f'c 

0.08 f'c 

- 0.07 f'c 
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crete layer with fiber reinforcement developed a series of visi­

ble cracks and moved 1 inch to 2 inches before failure, whereas 

the flat shotcrete layer without fiber reinforcement was brittle 

and failed with little warning (see Figure VIII-13). 

8.8 REBOUND TEST 

8.8.1 Test Procedure 

The rebound test consisted of shooting fiber shotcrete 

from mix CS-8-F against the rock surface for a period of 10 min­

utes. A 6 foot wide and 10 foot high strip of rock in panel 

number 3 on the east side of the Atlanta Research Chamber was 

covered with an average thickness of 3 inches of steel-fiber­

rei nforced shotcrete. 

Before shooting began, a clean tarpaulin was assembled 

and placed on the ground in front of the test panel. Care was 

taken that the tarp was large enough to make possible the 

recovery of essentially all the rebound. At all times during 

shooting the nozzle was kept perpendicular to the rock wall at a 

distance of between 3 feet to 5 feet from it. 

Immediately following the completion of shooting, the 

rebound on each of the small, square tarps was weighed and sam­

ples of the rebound material were coll.ected in bottles. 

8.8.2 Results of Rebound Test 

During the rebound test, a total 2530 pounds of dry mix 

with fiber were shot in 10 minutes. The rebound obtained on the 

tarpulins weighed 553 pounds. Thus the average rebound was 

( 553/2530) x 100 = 22% and the material deli very rate was 253 

lb/min. 

Most of the steel fibers in the rebound material were 

as straight after shooting as before. A measurement of the 

weight of fibers in the mix before shooting, and in the rebound 
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material, indicated that the fiber content was 3.3% (by weight of 

dry mix) before shooting and 4.6% in the rebound material. 

The gradation curves of the shotcrete mix and the re­

bound material are shown in Figure VIII-14. A comparison of 

these curves indicates that the rebound has more gravel than the 

mix (70% as compared to 60% for the mix). 

A sample of the dry mix and a sample of the rebound 

were obtained to determine their water and cement contents. 

Although no reliable quantitative data could be obtained from the 

small amount sampled, the results show that the cement content of 

the rebound was considerably less as compared to the dry mix, and 

the water content in the rebound material was substantially 

larger than that of the mix. 

Results from a comprehensive series of field rebound 

tests on 27 different mixes shot under very different conditions 

(Parker, et al., 1975) have shown that the major variable con­

trolling the average rebound is the total thickness of the shot­

crete layer placed in that lift. The relationship between aver­

age rebound, rebound rate, and thickness, based on data from 

those tests, is illustrated in Figure VIII-15. The rate of 

rebound, shown by the shaded bar graph, drops as soon as an 

initial critical thickness is established (Phase 1) and then (in 

Phase 2) , is more or less constant with thickness. However, 

average rebound (the total weight rebounded divided by total 

weight shot) reduces slowly and at a rate that depends on the 

magnitude of the initial losses. For the test conditions, it was 

not unti 1 a thickness of about 4 inches ( 10 cm) had been shot 

that the change in average rebound curve was not dominated by the 

high losses during Phase 1. The result from the rebound test 

carried out in this program (circular point in Figure VIII-15) 

agrees with the deviation observed in the field test carried out 

by Parker, et al. 
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8.9 PULL OUT TESTS 

These tests were designed to measure the adhesion strength 

between the shotcrete and the rock surface. 

In this test a 3-inch diameter cylinder was isolated from the 

remaining shotcrete by drilling through it and into the rock with 

a 3-inch diameter coring bit. A hollow hydraulic jack which 

reacted on a steel frame attached to the rock was used to pull 

the shotcrete cylinder from a 3/8-inch stud which had previously 

been grouted in a hole at the center of the cylinder. 

8.9.1 Test Procedure 

Before shooting, a light frame which supported six 3/4 

inch diameter and 1 inch long bolts was attached to the rock sur­

face. The bolts were covered with tape to prevent shotcrete from 

adhering to them. 

After shooting to the desired thickness, a 1/2-inch 

diameter hole was drilled at the center of the place where a 

shotcrete cylinder was going to be pulled out. The hole was 

drilled to a depth about 1 inch away from the rock surface using 

a hand held concrete driller. A 3/8-inch diameter threaded steel 

stud was placed in the hole and grouted with Hydrocal. 

In order to drill the shotcrete cylinder, the drilling 

equipment was fastened to the 3/4-inch diameter bolts. The 

alignment · of the drilling bit was kept with a 3-inch diameter 

centralizing steel cylinder which could rotate freely on the cen­

ter stud. 

When drilling was completed, a steel frame was fastened 

to the 3/4-inch diameter bolts as shown in Figure VIII-16, and 

the hollow hydraulic jack was secured to this frame. Through the 

center hole of the jack, an extension stud and bolt were attached 

to the central stud, and a load cell was placed at the outer end 
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of this assembly. Figure VIII-17 shows the test set-up. The 

load was increased slowly up to failure. Figure VIII-18 shows a 

cylinder of shotcrete after failure in a pull-out test in the 

laboratory. 

8.9.2 Test Results 

Only a few pull-out tests at 28 days were successfully 

carried out in the field. No reliable test data was collected at 

earlier ages (i.e., 7 hours, 3 days and 7 days) because the shot­

crete cylinder tended to break off the rock wall due to vi bra­

tions of the drilling equipment during the coring procedure. 

The results of these few tests are shown in Table VIII-

11 . As i ndi ca ted by this Table, the adhesive strength of the 

steel-fiber-reinforced shotcrete was 0.02 fc and that of the con­

ventional (non-fibrous) shotcrete ranged from 0.03 fc to 0.05 fc. 

The same range of adhesive strengths was measured in a 

similar testing program carried out in the laboratory where the 

shotcrete was shot against a concrete wall. 

8.9.3 Conclusion 

These test results tend 

shotcrete has a slightly lower 

conventional shotcrete. 

to indicate that 

adhesive strength 

fiber 

than 

The field tests have been instrumental in demonstrating 

the usefulness of the adhesion pull test now being developed by 

the University of Illinois. Careful field observations of rock 

surface properties coupled with adhesive pull tests and struc­

tural tests of the shotcrete should provide basic data to improve 

our understanding of shotcrete behavior under various ground 

conditions. 
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Figure VIII-18: Pull-Out Cylinder of Shotcrete. 



Mix 

D-7 

S-8-F 

WP-H-139 

Test 

No. 

2 

2 

TABLE VIII-11 

PULL OUT TEST AT 28 DAYS 

a
0 

(psi) 

Adhesion 

220 

375 

129 

130 

f' 
C 

(psi) 

7400 

7400 

5900 

5900 

.03 

.05 

.02 

.02 



HANSEN FIBER-METER 

MODEL 200 
(Patent Applied For) 

SPECIFICATIONS 

Height 

Width 

Length 

Hopper: 
Height above base 
Width 
Length 

Fiber Drum: 
Diameter 
Length 
Capacity 

Fiber Discharge Height 

Power 0.5 hp 

Weight 

41 in. 

34.5 in. 

62 in. 

38.5 in. 
13 in. 
26 in. 

24 in. 
23-31 in. 
6-8 cu. ft. 

1 in. 

115v. 

3 71 lb. 

This machine meters steel and stainless steel fibers for concrete, gunite and 
refractory mixes. Fibers are dumped into the hopper and they are discharged 
completely separated at a uniform, predetermined rate (about plus or minus 
1%). 

The r.p.m. of the drum is constant. The rate is adjusted by turning only 4 
nuts to expose more or less of the grate through which the fibers fall. 
Metering rate may vary from Oto about 90 pounds per minute depending upon the 
kind of fibers. 

Fibers can be metered into conveying augers carrying a uniform volume of 
material. Only about 3 feet of auger length is necessary to mix the fibers 
into either a dry mix or a concrete mix. Premixing fibers with sand may be 
done for gunite. When using a drum mixer, the fibers can be spouted into the 
revolving drum. A timer can be used to deliver the correct amount of fibers. 

When it is not possible or desirable to mount the meter so that fibers flow 
into the mix a blower can be used for conveying the fibers from the meter. 

Because fibers will not flow out of a bin it is suggested that a belt conveyor 
be used to load the meter if once-a-day loading is desired. The length and 
speed should be selected for the job. Packages of fibers can be dumped on the 
belt and it can move automatically or by manual control. 

FIGURE VIII-19 
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ADMIXTURE DOSAGE 

Dryshot 1% 

Dryshot 3% 

Dryshot 6% 

TABLE VIII-A-1 
CUBE COMPRESSIVE STRENGTH TESTS 

ATLANTA RESEARCH CHAMBER 
ATLANTA, GEORGIA 

COMPRESSIVE STRENGTH, IN PSI, AT INDICATED AGE 
8 hours 24 hours 3 days 7 days 28 days 

20 90 -- -- 5750 
30 -- -- -- 6120 
30 -- -- -- 6200 

( 30) ( 9 0) -- -- (6020) 

160 220 -- 4710 6550 
160 220 -- 4650 6790 
160 220 -- 4560 6780 

( 160) (220) -- (4640) (6710) 

630 2280 -- 5900 7590 
620 2290 -- 6050 7640 
590 2320 -- 6050 7640 

(610) (2300) -- (5940) (7540) 

None-Control Mix 3160 4190 7390 

NOTES: 

WP-H-139-VIII* 

3160 4360 7200 
3050 4100 7260 

(3120) (4220) (7280) 

All tests run with water-cement ratio of 0. 45. The resulting 
mixture was "dry" and handling difficulty probably caused the 
scatter in strengths. Medusa cement, Type I, coarse aggregate No. 
67 and Waugh sand were used for all mixes. 



TABLE VIII-A-1 (CONTINUED) 
CUBE COMPRESSIVE STRENGTH TESTS 

ATLANTA RESEARCH CHAMBER 
ATLANTA, GEORGIA 

ADMIXTURE DOSAGE COMPRESSIVE STRENGTH, IN PSI, AT INDICATED AGE 
8 hours 24 hours 3 days 7 days 28 days 

Sigunit 

Sigunit 

Sigunit 

None-Control Mix 

NOTES: 

WP-H-139-VIII* 

1% 370 2110 -- 4080 5490 
350 2100 -- 4170 5410 
350 2130 -- 4100 5550 

( 3 60) (2110) -- (4120) (5480) 

3% 360 2090 -- 2870 4150 
350 2110 -- 2830 4150 
370 2080 -- 2970 4000 

( 3 60) (2090) -- (2890) (4100) 

6% 1080 2250 -- 3860 4530 
111 0 2300 -- 4000 4390 
1080 2350 -- 3750 4610 

(1090) (2300) -- (3870) (4510) 

3160 4190 7390 
3160 4360 7200 
3050 4100 7260 

(3120) (4220) (7280) 

All tests run with water-cement ratio of 0.45. The 
resulting mixture was "dry" and handling difficulty 
probably caused the seat ter in strengths. Medusa cement, 
Type I, coarse aggregate No. 67 and Waugh sand were used 
for all mixes. 



APPENDIX VIII-B 

SETTING TIME OF CEMENT AND ACCELERATOR 

The compatibility between the cement and the accelerator 
is often tested by evaluating the initial and final set times for 
different percentages of accelerator by means of the Gillmore 
Needle Test. This test is basically a surface-penetrating 
resistance test that is used to determine arbitrary initial and 
final set times for a cement mortar. The ASTM test procedure 
(C - 266) is usually modified by reducing mixing times to a few 
seconds to account for the fast setting times. Generally, the 
compati bi li ty between cement and accelerator may be considered 
acceptable if the i ni ti al set is less than 3 mi nut es and the 
final set is less than 12 minutes (Blanck, 1974). 
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TABLE VIII-B-1 
TIME OF SET DETERMINATIONS 

ATLANTA RESEARCH CHAMBER 
ATLANTA, GEORGIA 

WATER: CEMENT 
CEMENT TYPE ADMIXTURE DOSAGE RATIO INITIAL SET FINAL SET 

Signal Mountain I Sigunit(8010) 3% 0.40 1m 45s 2h 30m 
Signal Mountain I Sigunit(8010) 3% 0.35 1m 25s 36m 
Signal Mountain I Sigunit(8010) 3% 0.35 1m 30s 9m 
Signal Mountain I Sigunit(8010) 3% 0.35 1m 20s >12m 
Signal Mountain I Sigunit(8010) 3% 0.30 15s 

Signal Mountain I Sigunit(8010) 6% 0.40 1m 30s 1h 55m 
Signal Mountain I Sigunit(8010) 6% 0.40 2m 30s 2h 
Signal Mountain I Sigunit(8010) 6% 0.35 1m 40s 6m 
Signal Mountain I Sigunit(8010) 6% 0.35 2m 8m 

Signal Mountain I Dryshot(7005) 3% 0.40 1m 20s >10m 
Signal Mountain I Dryshot(7005) 3% 0.35 50s >10m 
Signal Mountain I Dryshot(7005) 3% 0.30 30s 8m 

Signal Mountain I Dryshot(7005) 6% 0.40 1m 30s >15m 
Signal Mountain I Dryshot(7005) 6% 0.35 1m 5s 9m 
Signal Mountain I Dryshot(7005) 6% 0.33 1m 5s 9m 
Signal Mountain I Drys hot ( 7 00 5) 6% 0.30 35s 6m 

Medusa I Dryshot(7005) 3% 0.35 1m 45s >8m 
Medusa I Drys hot ( 7 00 5) 3% 0.30 1m 30s >8m 

Medusa I Sigunit(8010) 6% 0.40 2m >8m 
Medusa I Sigunit(8010) 6% 0.35 1m 30s >8m 

Medusa I Sigunit(8010) 3% 0.35 2m >10m 
Medusa I Sigunit(8010) 3% 0.30 1m 20s Sm 30s 
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TABLE VIII-B-1 (CONTINUED) 
TIME OF SET DETERMINATIONS 

ATLANTA RESEARCH CHAMBER 
ATLANTA, GEORGIA 

WATER:CEMENT 
CEMENT TYPE ADMIXTURE DOSAGE RATIO INITIAL SET FINAL SET --

Medusa I Sigunit 1% 0.48 37m 120m 
Medusa I Sigunit 1% 0.48 >20rn 
Medusa I Sigunit 1% 0.43 13 rn >60rn 
Medusa I Sigunit 1 % 0.40 13m >60rn 
Medusa I Sigunit 3% 0.40 4rn30s 60m 
Medusa I Sigunit 6% 0.40 6m 22m 
Medusa I Sigunit 6% 0.40 9rn45s >75rn 

Medusa I Dryshot 1% 0.40 11 rn45s 27m 
Medusa I Dryshot 3% 0.40 7m 14rn30s 
Medusa I Dryshot 3% 0.40 4rn30s 14rn30s 
Medusa I Dryshot 6% 0.40 4rn45s 9rn15s 
Medusa I Dryshot 6% 0.40 4m 9rn30s 

Signal Mtn. I Sigunit 3% 0.40 2rn30s >60rn 
Signal Mtn. I Sigunit 6% 0.40 Sm 15s >60rn 

Gifford Hill III Sigunit 1% 0.4 5rn15s >30rn 
Gifford Hill III Sigunit 3% 0.43 3m >60rn 
Gifford Hill III Sigunit 3% 0.40 90s 45m 
Gifford Hill III Sigunit 6% 0.43 75s 15m 

NOTE: THESE DETERMINATIONS WERE MADE FOR INITIAL SAMPLES OF ADMIXTURES FROM THE SIKA CHEMICAL 
CORPORATION AND CEMENT SAMPLES OBTAINED IN JANUARY AND FEBRUARY, 1978 
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TABLE VIII-C-1 

COMPRESSIVE STRENGTH OF FIBER 
REINFORCED SHOT CRETE AT 8 TO 10 HOURS 

Unit Failure 
Sample Age Weight Stress 
Number Hours (p.c.f.) L/D (psi) 

S-2-F-H-1 8.4 139.8 . 73 2170 
S-2-F-H-2 8.5 143.1 . 82 2010 

S-2-F-V-1 8.5 148.8 . 91 1980 
S-2-F-V-2 8.5 150.7 1. 10 2080 
S-2-F-V-3 8.5 144.7 1. 14 1820 
S-2-F-V-4 8.6 148. 1 1. 32 1790 
S-2-F-V-5 8.6 143.0 1. 14 1400 
S-2-F-V-6 8.7 145.5 1. 14 1490 

S-4-F-V-1 1 0. 1 135.7 1.03 1140 
S-4-F-V-2 10.0 140.3 . 97 1600 
S-4-F-V-3 10.0 136.9 1.03 1750 
S-4-F-V-4 9.6 146.7 1.00 2580 
S-4-F-V-5 9.7 143.7 1. 03 2610 
S-4-F-V-6 9.7 145.6 1.03 2480 

S-8-F-V-1 12 1. 06 1061 
S-8-F-V-2 12 .99 1102 
S-8-F-V-3 12 1. 03 1283 
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TABLE VIII-C-2 

COMPRESSIVE STRENGTH OF FIBER 
REINFORCED SHOTCRETE AT 3 DAYS 

Sample 
Number 

S-2-F-H-1 
S-2-F-H-2 
S-2-F-H-3 

S-2-F-V-1 
S-2-F-V-2 
S-2-F-V-3 
S-2-F-V-4 
S-2-F-V-S 
S-2-F-V-6 

S-4-F-H-1 
S-4-F-H-2 
S-4-F-H-3 

S-4-F-V-1 
S-4-F-V-2 
S-4-F-V-3 
S-4-F-V-4 
S-4-F-V-5 
S-4-F-V-6 

D-5-F-V-1 
D-5-F-V-2 
S-5-F-V-3 
D-5-F-V-4 
D-5-F-V-5 
D-5-F-V-6 

S-8-F-V-1 
S-8-F-V-2 
S-8-F-V-3 

WP-H-139-VIII* 

Unit 
Weight 
(p.c.f.) 

143.8 
145.3 
134.6 

146.6 
144.0 
146.6 
147.2 
146.5 
148.5 

144.4 
146.2 
146.9 
148.6 
148. 1 
147.5 

0.73 
0.79 
0.62 

1. 15 
1. 28 
1. 25 
1. 17 
1. 20 
1. 04 

1. 04 
1. 04 
1. 04 

1. 03 
0.98 
1. 03 
1. 07 
1. 00 
1. 00 

1. 03 
0.97 
1. 00 
1. 00 
1. 02 
1. 00 

0.99 
0.99 
0.99 

Failure 
Stress 

(psi) 

3600 
3510 
3900 

3010 
2570 
2950 
2550 
2920 
3330 

3110 
3325 
3040 

6155 
6225 
6155 
5730 
6225 
6225 

3680 
4385 
4175 
6505 
6580 
6650 

4668 
4668 
4456 



TABLE VIII-C-3 

COMPRESSIVE STRENGTH OF FIBER 
REINFORCED SHOTCRETE AT 28 DAYS 

Unit Failure 
Sample Weight Stress 
Number (p.c.f.) L/D (psi) 

S-2-F-H-1 144.9 1. 33 3170 
S-2-F-H-2 142.2 1. 21 3540 
S-2-F-H-3 144.7 1. 19 4100 

S-2-F-V-1 148.7 1. 09 3700 
S-2-F-V-2 151 • 9 1. 24 3640 
S-2-F-V-3 142.8 0.97 3960 
S-2-F-V-4 150.3 1. 07 4590 
S-2-F-V-5 148.9 1.09 3840 
S-2-F-V-6 155.8 0.90 3750 

S-4-F-H-1 142.9 1. 03 4385 
S-4-F-H-2 14 5. 1 1. 02 3680 
S-4-F-H-3 143.9 1.00 4670 

S-4-F-V-1 149.7 1. 01 6220 
S-4-F-V-2 148.9 1.05 7215 
S-4-F-V-3 145.0 L02 7000 
S-4-F-V-4 1 50. 1 1. 01 7500 
S-4-F-V-5 149.9 1. 00 8345 
S-4-F-V-6 148.7 1. 01 6365 

D-5-F-V-1 14 6. 1 1.02 7780 
D-5-F-V-2 142.9 1. 05 6930 
D-S-F-V-3 14 3. 1 1. 03 6505 
D-S-F-V-4 149.4 1. 01 10115 
D-5-F-V-5 148.2 1. 00 10610 
D-5-F-V-6 148.6 1. 01 10045 

S-8-F-V-1 143.8 0.99 6249 
S-8-F-V-2 14 3. 1 1.00 6258 
S-8-F-V-3 143.7 1.00 6928 
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Summary 

MONOGRAPHS - SUMMARY AND OVERVIEW 

Don Rose 

Supervising Civil Engineer 

Tudor Engineering Company 

San Francisco, California 

During the planning by the Team Members for the tech­

nical studies to be performed in the Atlanta Research Chamber, it 

became quite apparent that the tunneling expertise available 

among the Team Members was unusual. It was agreed with UMTA that 

key Team Members would contribute short papers, or monographs, on 

matters of their choice on the general subject of tunneling, 

especially rapid transit tunneling in hard rock using modern sup­

port methods. 

Subsequently, to balance these predominent ly technical 

monographs, additional experts were requested to contribute their 

ideas on insurance, legal matters, specifications, and so on. 

The resulting collection of monographs on many aspects of tunnel­

ing is found on the following pages. 

Overview papers are first. The first three monographs 

(by Rose, Keusel and O'Rourke) are overview papers by engineers. 

Next in order of presentation are overview papers by owners 

representives (by Kaiser and Gallagher). A labor union monograph 

and equipment dealer monograph follows (by Weather! and Phill­

pott). Four contractors (Burtleson, Jensen, Mccusker and 

Carleton) then express their views, and a brief explanation of a 

new labor training program is presented (by Scott). Legal mat­

ters are covered next (by Max Greenberg), followed by insurance 

(by Novell). 

WP-F-139-1 



Monographs - Summary and Overview 
Don Rose 
Page 2 

A series of generally technical monographs follows the 

overview papers. Modern instrumentation for tunnels is discussed 

( by Weir-Jones), fol lowed by a monoiz;raph on modern blasting (by 

Oriard). Three-dimensional finite element method ( FEM) of com­

puter analysis is the subject of the next two monographs (by 

Azzouz, Einstein and Schwartz; and by Gartung, Bauernfeind and 

Bianchini). The NATM and the state-of-the-art of conventional 

shotcrete design is then discussed (by Golser; and by Fernandez­

Delgado, Cording, Mahar, and Van Sint Jan.) Steel­

fiber-reinforced shotcrete as used in the MARTA Running Tunnels 

is the subject of a case history (by Buchanan) and a letter from 

the Contractor who did the work (Gene Root). The last monograph 

(by Oliveira and Morrison) is on tunnel photography. 

Overview 

The engineers generally deplored the backward state of 

North American design practices; labor and contractors indicated 

a willingness to be innovative in a prudent fashion, and deplored 

unfair and restrictive actions by owners and engineers. The own­

ers, who must live with the completed product, were not so 

attracted to innovation. Legal and . insurance authors seemed in 

favor of new and modern contracting techniques designed to elimi­

nate, or at least minimize, the confrontations between owners, 

engineers and contractors. The technical monographs indicated 

progress in the state-of-the-art of tunneling. 

The technical mono~raphs on NATM anrt the European 

methods of shotcreting (by Golser) and on conventional shotcrete 

design in the USA (by Fernandez-Delgado, et al., of the Univer­

sity of Illinois) brought to light an interesting difference in 

approach. The Fernandez-Delgado approach based in part on 

experience in the Washington D.C. Metro is concerned with large 

blocks of rock which could "punch through" a thin shotcrete lin-

WP-F-139-1 



Monographs - Summary and Overview 
Don Rose 
Page 3 

ing. The European NATM approach, based in part on experience in 

the Alps, is designed for rock masses which may squeeze in, tend­

ing to close the tunnel, but which do not fail in large discrete 

blocks. It is obviously true that both methods are appropriate 

under certain circumstances. 

In overview, it seems to me that monographs by engi­

neers, labor, contractors, legal, and insurance experts all 

expressed optimism in improving North American tunnel practices. 

Owners remain to be convinced that new ideas are better ideas. 

WP-F-139-1 
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Introduction 

AN ENGINEER'S OVERVIEW ON TUNNELING 

Don Rose 

Supervising Civil Engineer 

Tudor Engineering Company 

San Francisco, California 

Harvey o. Banks, head of California's Department of 

Water Resources during the days of the huge multi-billion dollar 

California Water Plan which dammed Northern California rivers and 

conveyed the water 500 miles south to arid Southern California, 

used to say that "a project must be technically feasible, econom­

ically feasible, and politically feasible." Tunneling in the· 

United States, especially for rapid transit systems, is techni­

cally and politically feasible, but is approaching economic 

infeasibility. There are a number of reasons for this. 

Tunnel costs themselves are not yet always so high that 

rapid transit systems are not feasible to build. Large luxurious 

subway stations located along the tunnel lines are, in general, 

the cause of many cost overruns, because the stations represent 

about half of the construction cost of the subway portion of 

rapid transit systems. Smaller stations at longer intervals 

could save millions of dollars. Smaller tunnels, required for 

smaller subway cars, are used in Europe and could be used here. 

A cost reduction could be made where the rock is good by excavat­

ing several miles of tunnel, using moles (tunnel boring machines) 

in one large contract, followed by subway station enlargement on 

separate contracts later • .l/ 

.l/ "Urban Tunnels - An Option for the Transit Crisis" Matt s. 
Walton and Richard J. Proctor, ASCE Transportation Journal, Nov. 
1976. 
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There is no doubt, however, that tunnels themselves are 

expensive. Yet tunnel costs in Europe for the same size tunnel 

in the same type of ground, normalized to account for wage dif­

ferences ( up or down), are about 50 percent lower in cost than 

here in the United States. The reason for this is that although 

the theories explaining behavior are woefully weak on both sides 

of the Atlantic, the Europeans are more realistic than we are, 

and consequently less reluctant to use techniques which work even 

though difficult to quantify theoretically. 

Tunnel Education 

Civil and structural engineers in this country are com­

monly educated for four years or more in statics, dynamics, and 

strength of materials, advancing through structural theory from 

moment distribution to the use of the Finite Element Method (FEM) 

for a lucky few graduate students. More recently, Geological 

Engineering or Engineering Geology has been added to some univer­

sity curricula. All of this education provides tools for logical 

manipulation of basic data in the form of numbers, vectors and 

what not. Gigantic bridges and skyscrapers are built successful­

ly using the tools provided by this education to manipulate num­

bers and thus engineer safe designs. Of course, the basic numer­

ical data input is highly reliable: careful preconstruction test­

ing of steel, concrete and wood guarantees that the materials 

used are uniform in composition throughout the project, and the 

material expected behavior is well-documented by reproducible 

tests. 

WP-F-139-2 



An Engineer's Overview on Tunneling 
Don Rose 
Page 3 

In tunnels, however, there are few or no numbers for ba­

sic data input that are reliable and reproducible along the tun­

nel. Mother Nature created the earth in a very messy and out­

right leaky laboratory, and wind and rain and flood finished off 

the deposition process, in many cases. The resulting soils and 

rocks subsequently have been squeezed, pulled and heaved about 

for millions of years. Although virtually all sound virgin rocks 

far exceed the 3,000 to 5,000 psi compressive strength of manmade 

concrete, real rocks are now so universally broken and fractured 

(i.e., "jointed") that many tunnels even in good rock require 

some kind of support to hold them open. 

If the world were logical, geologists, engineering ge­

ologists and/or geological engineers might be in charge of tunnel 

designs. Because they of ten work outdoors and are intimately 

familiar with Mother Nature's erratic deposits, they should be 

the people who provide both numerical input data and suitable 

theoretical formulas for tunnel behavior. Alas, by some quirk of 

personality, few geologists have been interested in quantifying 

basic data, translating it into functional equations, and subse­

quently manipulating these equations. They describe the rock or 

soil (often using their very own peculiar jargon), but they usu­

ally leave the computations and designs to others who are often 

structural or at least civil engineers. 

How well-qualified are these engineers in tunnel de­

sign? Ralph Peck reported the results of a survey of universi­

ties in the United States and Canada Y that offered mining engi­

neering courses. Replies from university faculty members indica­

ted that "only about twenty percent of the teachers have had even 

a modest exposure to the subject [of tunneling] in their own 

Y "Preliminary Results of Tunneling Education Survey" Ralph 
Peck, Tunneling Technology Newsletter, No. 9, March 1975. 
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background." Further, Peck reports, "Several individual sugges­

tions were also received. Among these, perhaps the most persis­

tant was that there be development of suitable reading material, 

including possibly a textbook." Thus, even among the faculty 

members of mining engineering universities, tunnel education is 

weak. The state of theoretical knowledge among more ordinary 

working tunnel engineers in charge of designs in the real world, 

typically men say 30-50 years old with a bachelor's degree in 

engineering, is no doubt correspondingly lower. In any case, we 

all would agree that a good textbook in tunnel engineering is 

desirable. 

The closest thing to a textbook readily available today 

to North American tunnel engineers, written lucidly by an acknow­

ledged expert, is of course Rock Tunneling with Steel Supports l/ 
published more than 30 years ago by a steel company, with opening 

chapters on theory by the emminent Karl Terzaghi. Terzaghi vis­

ited a large number of real tunnels and noted how unsupported 

rock had tended to fall out of the roof, until a stable arch 

shape was formed in the roof. Then, in the "textbook" he ex­

plained in easy-to-understand language how to estimate the dead 

weight of this rock load which might conceivably loosen over a 

period of time and fall on to the tunnel lining. The steel com­

pany then explained clearly how to install steel supports of the 

proper size to support this dead load. Because the steel sets 

must be ordered and bent to shape far ahead of time, they usually 

do not "fit" in the excavation snugly, and it is customary to use 

timber blocking to transmit the rock load to the steel ribs. 

Since both the timber and the steel may weaken with time, a con­

crete lining of empirical, generous thickness, is conventionally 

lf R. V. Proctor and T. L. White, Rock Tunneling with Steel 
Supports, Youngstown, Ohio, Commercial Shearing and Stamping 
Company, 1968 (Revised Edition), first published in 1946. 
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poured as well in this typical North American approach. Measure­

ments indicate, however, that in most cases the rock never did 

loosen and exert a dead load onto the steel ribs, and that the 

ribs typically took perhaps 20 percent of the design load. Ac­

tually, of course, the timber blocking took some of the rock load 

first, crushing a few wood fibers. The concrete lining takes al­

most no load at all, being poured long after all rock movement 

has ceased. 

It seems clear that a new textbook, describing among 

other things the more economical (European) practices, written by 

an impeccably prominent authority, is badly needed to give the 

ordinary working tunnel engineer an au thori tati ve reference to 

quote when he advocates improved methods. What are these new, 

innovative "improved methods" that modern tunnel engineers should 

be using to design cheaper tunnels in North America? It is eas­

ier to say what they should not be: they should not include a 

primary support system designed to carry a full dead weight 

ground load together with an entire duplicate "secondary" lining 

as though the primary lining didn't ever exist. 

Tunnel Theory 

In any new tunrfel excavated in any ground material, 

Mother Nature tries to close the new void, rapidly at first and 

then slowly. Eventually Mother Nature accepts the new tunnel as 

a fact: the inward movement stops. If Man foolishly attempts to 

prevent the initial part of this inward movement, he finds enor­

mous inward pressures exist which can crush his puny tunnel lin­

ing systems. If, however, a modest initial inward movement is 

permitted to occur, pressures are then considerably reduced and a 

normal tunnel lining system can halt further movement. Any 
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tunnel lining which is placed very late after the opening is made 

is probably just leaning against a perfectly stable unmoving 

ground and does nothing except perhaps provide long-term safety 

by keeping small loose pieces from dropping out of the roof. 

These principles are true for any type of ground and any 

type of tunnel lining. Sufficiently exact numerical input data 

for exact computations on a real job are available for tunnel 

lining materials: shotcrete, concrete, steel ribs, liner plates, 

and so on. However, the sufficiently exact numerical input data 

to describe the ground Mother Nature has so capriciously created, 

is not normally available. Even if it is, one can be sure that 

all computations describing the ground will change a few meters 

further along the tunnel. Therefore it is usually found to be an 

impossible task to attempt a literal and exact computation of 

real ground pressures and displacements on a tunnel lining during 

a real job. It is, however, extremely worthwhile to make a num­

ber of parametric studies on paper which are theoretically cor­

rect, so as to give our tunnel designers a feel for reasonable 

ranges of behavior. 

In the past ten years this has been done frequently by 

Ph.D. students writing thesis papers using the two dimensional 

and three dimensional Finite Element Method ( 2D & 3D FEM) com-

puter techniques. The FEM is so vastly superior to previously 

available tools that many engineers go overboard and try to use 

it literally and exactly without realizing its limitations. 

Foremost among the limitations is the inexactitude of input data 

describing lumpy, impure and fractured ground. Another signifi­

cant problem is that computing the FEM ground stress distribution 

depends upon the original in-situ stress, which is in fact diffi­

cult to determine in the field. Also, the usual FEM studies do 

not account for the bulking and volume changes that sometimes 

occur when tunnels penetrate real sands in soft ground 

tunneling. The figures shown at the end of this monograph are 
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taken from various parametric 2-D and 3-D FEM studies. Some of 

these dramatically indicate how the ideal ground behaves. Other 

figures make it theoretically possible to compute the tunnel lin­

ing required to economically hold an ideal ground stable. 

Broadly speaking, such paiametric studies indicate that 

ALL tunnel linings (even concrete) are "flexible" relative to the 

magnitude of the initial ground loads, and hence ALL tunnel lin­

ings yield enough to permit small displacements and, hence, the 

occurance of a marked reduction in initial ground pressure. 

Hence, no real tunnel lining will ever take the heavy ground 

loads of a perfectly rigid lining, even if it were placed so 

promptly that it held back all of the very first ground displace­

ments. The parametric studies confirm what. the Europeans have 

proved in practice: even bad ground can be supported by re­

markably thin layers of shotcrete or thin liner plates, promptly 

placed close to the face. 

required. 

Heavy steel supports are usually not 

For some lining systems, such as shotcrete or precast 

concrete liner plates, the initial support lining is made of non­

corrosive material which can stay in place and act as the final 

lining as well. The well-known New Austrian Tunnel Method (NATM) 

makes use of careful measurement of inward displacement as tun­

neling proceeds: the thickness of the shotcrete lining in place 

is adjusted to be only just sufficient to stabilize the observed 

inward displacements and no thicker. Thus the exact necessary 

lining thickness, though perhaps difficult to compute even using 

FEM, has been placed in the ground. There is no unnecessary, 

overly conservative thick lining used and paid for. 

However, we must not misunderstand the situation regard­

ing North American tunnel theory. It has its place. There is no 

doubt that Karl Terzaghi's arithmetic was correct. If, in fact, 

the ground over a tunnel vere to actually loosen and fall in 

pieces as dead weight on the tunnel lining, as Terzaghi assumed, 
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then the computations which indicate that thick linings are re­

qui red to hold this load are indeed correct. Should completely 

loose, incoherent blocks of rock, to a depth more than three to 

four feet thick, lie as a massive dead load on a circular twenty­

foot diameter tunnel with four-inch thick shotcrete lining, for 

instance, FEM idealized computations indicate the shotcrete will 

be stressed to its limit in tension and could begin to crack. 

Clearly, the difference in thinking between North American and 

European designers and builders is over the question whether or 

not tunnels be built so that the ground is supported quickly and 

excessive loosening is not permitted. If the only ground loads 

to be supported are those resulting from the first inward dis­

placements, which tend to close the new void, then thin linings 

a re quite sufficient, and the rock never loosens further. If, 

however, local blocks of rock are given an opportunity to weaken 

and move down along joints and finally exert a dead load on the 

lining, the ground is in no way helping to support itself. The 

entire dead weight must be held up by a lining. Clearly, si nee 

dead loads of loose ground or rock blocks more than about one 

meter thick require thicker linings and heavier supports, such a 

loose zone should not be permitted to develop. Thin, flexible 

linings should be installed promptly, before any ground actually 

loosens. 

There are several excellent reports and highly theore­

tical Ph.D. thesis papers which have analyzed the behavior of the 

ground and computed the necessary tunnel lining strength to sta­

bilize the opening. These are all laudable, and some are even 

readable; but the real demonstration of their principles is 

provided by the low-cost successful tunnels built in other 

countries using these principles. Details may vary and tunnel 

theory itself may be incomplete, but North American practice is 

clearly over-conservative and is still overly influenced by our 

single, out-of-date text book. 
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Why Don't Engineers Use Modern Tunnel Designs in North America? 

Why not indeed? We have discussed the significance of 

the lack of good tunnel education to this question. Another 

factor responsible for the typical engineer's conservatism is 

that he fears he might get sued and lose his shirt in court if a 

new method doesn't work well. To be downright frank about it, 

the owners who would benefit most are not providing sufficient 

motivation to the engineer to influence him to learn to use new 

techniques very rapidly. After all, to ask an engineer with a 

bachelor's degree (our average tunnel designer) to absorb a Ph.D. 

thesis based on a 3-D FEM study analyzing a case history in Aus­

tria, and then risk a lawsuit from an owner or the public if the 

new method is not executed perfectly the first time, is not real­

istic. 

Opposed to this pessimistic and cynical view, of course, 

is the natural tendency of all engineers to pursue their life's 

career goal: to design and construct esthetically admirable, 

successful, economical and safe works for the use of the 

public. The engineer is an anonymous personality; almost never 

are the names of individual engineers signed and engraved on 

pl agues on highways or bridges for the public to admire. The 

engineer's satisfaction is internal and comes from knowing that a 

job was well done using his utmost skill. A very large number of 

North American engineers and contractors are not happy at all to 

know that their European counterparts are using modern techniques 

we are not free to use here. North American engineers have plen­

ty of brains and talent; but they need to work in an environment 

conducive to innovation. 

Closure 

Upon reflection, it appears to me that cost cutting must 

originate with policies determined by owners. Owners must recog­

nize that because they are first on the scene, they initially 
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possess all of the risk for any costly construction unknowns and 

for overconservati ve and/or luxurious project concepts. Later, 

owners may attempt to pass some of the risk for costly construc­

tion unknowns to the contractor, who is no fool, and who wil 1 

simply find a way sooner or later to return these costs back to 

the owner by change order, claims, or in the courts. In some 

cases, owners have recently taken to passing some of their risk 

to the engineer, and have taken engineers to court if things have 

not worked out well on innovative systems. None of this is heal­

thy, and an owner should accept the fact that these risks are 

his. It would seem to me that, since 80 percent of rapid transit 

funding is typically from the federal government, the federal 

government has 80 percent of the money to gain in savings by 

promoting innovative engineering and non-luxurious projects. The 

local owner may gain 20 percent of the total savings in transit 

construction savings. The engineer and contractor would gain 

nothing except the personal satisfaction of being associated with 

a technically innovative and non-luxurious project - which is an 

intangible gain valued in different amounts by different people. 

What risks are run with innovative tunnel design? Euro­

pean practice indicates that the costs of such risks are accept­

able. Europeans in fact prefer their innovative designs to North 

American conservative designs. But any innovation entails some 

risk and has negative aspects, in the form of potential 

litigation or 

engineers have 

potential loss. 

other loss, and neither American contractors nor 

any desire to altruistically accept these risks of 

It would seem that the buck must be passed back 

to where it belongs - 20 cents of it to local owners and 80 cents 

of it to the federal government. If these two owners will simply 

insist that the most modern tunneling techniques be used and will 

provide occasional additional funds when necessary to implement 

the introduction of the new methods; and wil 1, simultaneously, 

hold engineers and contractors harmless from unwarranted or 
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capricious or third-party lawsuit; then, it is my view that the 

human desire to do a job well will be sufficient motivation to 

ensure innovative design and construction. I think that in such 

a case total costs will be promptly lowered to levels comparable 

to those accomplished by the Europeans. Should local owners and 

the federal government actually decide upon a policy to share 

some of the resulting savings with engineers and contractors, I 

expect North American costs would be rapidly reduced below costs 

found anywhere else in the world. 
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4 cm (displacement) ---
DISPLACEMENT BY 3-D FEM (NUREMBURG SUBWAY) STUDY 

The 3-D FEM program includes step-by-step study of top 
heading and bench excavation. Visco-plastic ground 
properties are used as input data. 

FIGURE 1 

After Gartung, 1979 
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DISPLACEMENT TRAJECTORIES BY 2-D FEM (NUREMBURG SUBWAY) 

While prompt roof support is clearly required, this 2-D 
FEM study shows the importance of concrete in the invert, 
which receives much attention in European tunnels. 

After GartW1g, 1978 
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PLASTIC YIELD ZONE AROUND ADVANCING TUNNEL BY 3-D FEM 

This axisyrnmetric - ring FEM study is in effect a 3-D _study. 
Note how prompt lining of the tunnel reduces the extent of the 
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DISTRIBUTIONS OF LINER THRUSTS, MOMENTS AND RADIAL DISPLACEMENTS 

2-D stress contours are strongly dependent upon Ko, the 
ratio of horizontal: vertical in-situ stress. Without 
accurate data on the real in-situ stress ratio, analysis 
of specific real jobs may be significantly in error. 

After Ranken et al 1978 
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IDEALIZATION OF THE LOCALIZED GRAVITY LOADING GROUND-LINER INTER!\CTION PROBLEM 

"Gravity Loading" is the term used here for a loosened 
ground load acting as a dead weight on the lining. This 
is the typical North American method, based on Teizazhi and 
"Rock Tunneling with Steel Supports." After Ranken et a l 1978 
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LOADS ON LINING BY 2-D FEM 

These curves permit a comparison between "Excavation 
Loading" occurring if the ground is not permitted to 
loosen; and "Gravity Loading" if the ground is loose 
and lies dead weight on the tunnel lining. 

Example: For clayey soil (E = 30,000 psi) and for concrete lining 
(E = 3,000,000 psi), the ra~io E /E

1 
= 0.01 and the curve above 

sh~ws the stress in a circular liWing. For a 4" shotcrete lining, 
in a 20' diameter tunnel, a/t = 30. For depth H = 100', from the 
curve it can be seen that excavation loads are about cr = 1 H20 
= (150 pcf) (100 ft.) (20) = 300,000 psf = 2083 psi, well within the 
compressive strength of shotcrete. However a gravity load, due to 
loose blocks 3' thick, exerts a tensile stress of cf = (P) (-80) = 

g 
3' x 10' x 150 pcf (-80) = 36,000 psf = 250 psi. 

10' 

Caution: These curves are only valid for E /E
1 

= 0.01 and 
other curves (not shown) must be used for otiWer values of Em/E 1 . 
In general, as EIJI/E

1 
increases(stronger ground) the lining load 

decreases, and vice versa. 
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ON HARD ROCK AND HARD PROGRESS 
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Senior Vice President 
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New York, New York 

The concept of rock, in its natural, in-place condi­

tion, as a structural material is both very old and very new. 

Petra and Abu Simbel are wondrous examples of ancient architec­

ture. They are also examples of the intuitive structural sense 

of their builders, who needed neither computers nor building 

codes to tell them that sound rock, properly shaped, would hold 

itself up for thousands of years. 

Closer to our own time, many early canal and railroad 

tunnels were unlined, except for the portal zones, and some have 

survived in this condition for over 100 years. The Wawona Tunne l 

at the entrance to Yosemite Valley in California is an example of 

a highway tunnel that has stood for 40 years with a large portion 

unlined. In all these unlined tunnels, the only structural ma­

terial used was natural, in-place rock. 

Until comparatively recently, the "design" of rock tun­

nels was intuitive, based on precedent and experience rather than 

rational analysis. The first serious attempt to rationalize rock 

tunnel design was Terzaghi's classification of types of tunneling 

ground, for which -he established in the 1940 's proportions of a 

"loosened rock zone" which might be expected to develop above the 

tunnel crown. This classification was based largely on exper­

ience derived in construction of relatively narrow tunnels in the 
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Alps, for single-track railroads and water power projects. (Ter­

zaghi's qualitative descriptions of rock behavior are among the 

best ever written, and even today offer some of the best guidance 

available to the designers of rock tunnels.) 

Unfortunately, Terzaghi's monograph was perverted into 

a cookbook by a generation of building designers who were assign­

ed to design tunnels, and who seized on the only available text 

on the matter as their manual. Where Terzaghi tried to describe 

the configuation of a stable arch formed of natural rock, these 

"designers" saw in his paper only formulas for calculating the 

weight of .loose rock below the stable arch, which would have to 

be carried on structural supports. Rock came to be regarded as a 

load rather than as a structural material. Regardless of geolog­

ical conditions, rock quality, or rock structure, the "standard" 

U.S. design for rock tunnels became: 

a. Provide a "temporary" lining composed of steel arch 

ribs, proportioned to carry the weight of a height of 

rock equal to some arbitrary fraction of the tunnel 

width. 

b. Provide a "permanent" lining of concrete, with a thick­

ness of one inch per foot of tunnel width. 

c. Make the contractor responsible for all ground condi­

tions, and let the lawyers handle the claims. 

The best that can be said for these tunnel "designs" is 

that very few of them collapsed. 

As the size of underground openings increased, the old 

rules-of-thumb (based on narrow tunnel experience) became unwiel­

dy and obviously expensive. The designers of large hydroelectric 

power projects needed better criteria and better concepts, par-
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ticularly for the large underground powerhouse caverns that 

started to proliferate in the 1950's. This generated the concept 

of "rock reinforcement", in which the old intuitive sense was ra­

tionalized. New aims were to prevent the loosening of the na-

tural arch, 

the rock as 

to repair defects in the rock structure, and to use 

a structural material, rather than to accept the 

loosening as inevitable, and to regard the loosened rock as so 

much liquid dead weight. 

Some of the earliest applications of the new concept of 

rock reinforcement in the U.S. were to the hardened underground 

defense centers constructed in the 1950's, designed to resist the 

effects of nuclear weapons. The development resulted primarily, 

however, from the growth of hydroelectric power projects, in the 

U.S., Canada, and Australia, where the use of rock bolts and 

shotcrete as rock reinforcement for both temporary and permanent 

conditions became virtually a new "standard" by the 1970's. 

While not devoid of theoretical support, the design of 

American rock reinforcement developed largely on an empirical ba­

sis, drawing heavily on the experience gained in the construction 

of instrumented test chambers. As a sufficient body of construc­

tion records accumulated, it became possible to document and cor­

relate the degree of reinforcement by bolts and shotcrete that 

had been demonstrated to give satisfactory performance in a wide 

range 'of tunnel and cavern sizes and geological conditions. The 

American theoretical development has been strongly influenced by 

rationalization of this performance record. 

Simultaneously, a parallel development of rock rein­

forcement concepts has occurred in Europe, stimulated both by the 

proliferation of hydroelectric power caverns and by the growth of 

larger diameter highway tunnels in the Alps and transit construc­

tion in Scandinavia. As might be expected from European tradi­

tions, their development has had a much stronger and more de­

tailed mathematical component, and the elaboration of theoretical 
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behavior of rock structures has reached astonishing propor­

tions. Nonetheless, the marriage of mathematical theory with 

construction practice has been successful, and has produced an 

optimized system (for the geological conditions encountered) in 

which the loosening and yielding of the rock structure is encour­

aged and controlled, so as to require the minimum amount of 

internal support. This development has been widely publicized as 

the "New Austrian Tunneling Method" (NATM). It depends heavily 

on interactive instrumentation -- field measurements of rock de­

formation and movement, which form the basis for field modifica­

tions of construction procedures and of the timing and extent of 

support installation. 

It should be noted that the mathematical development of 

NATM has been principally applied to shallow subway construction, 

and that its application to deep lying tunnels is still largely 

empirical. It should also be noted that British, Swiss, and 

Scandinavian tunnelers have developed similar "yielding ground" 

systems, but have been less successful in publicizing trade names 

for them. 

Superficially, the American system of rock reinforce­

ment aims at preventing rock movements to retain the strength of 

the intact rock, while the European system encourages controlled 

movement as a method of mobilizing the maximum strength of the 

rock and minimizing the supplemental support required. In fact, 

the two concepts are not in conflict, but represent opposite ends 

of a spectrum. American work has largely been constructed in 

hard, elastic rocks where maximum natural strength is best devel­

oped by minimizing rock loosening, while the European work has 

had to encompass plastic rock conditions and squeezing ground, 

where the prevention of all movement would require excessive sup­

port, and the beneficial effects of controlled movement may be 

substantial. 

WP-F-139-3 



On Hard Rock and Hard Progress 
T. R. Kuesel 
Page 5 

The foregoing brief summary gives a general view of the 

present state of technical knowledge and experience. In the 

field of hydroelectric power, advanced rock reinforcement tech­

niques are being applied as a matter of course. Unfortunately, 

the same cannot be said for transportation tunnels and caverns 

( such as subway stations) . The reasons for this technological 

lag are of some interest. 

First is habit. It is still the practice in some jur­

isdictions to design a "temporary" lining of steel sets to carry 

the full weight of overburden (regardless of whether it is rock, 

soil, or water), and to add a separate "permanent" concrete lin­

ing designed to carry the same load "because the steel may rust 

away." When this concept was originally applied to single-track 

running tunnels, it yielded nominal 6-inch ribs, which made the 

tunnel excavation crews comfortable, and a lining as thin as 

could be practically poured. (This was really not a bad design 

for the rock conditions encountered.) The fact that applying the 

same concept to a SO-foot wide station cavern yields 24-inch ribs 

and four foot thick walls has for some reason not caused the de-

signers to question the basis for the concept. But now the ex-

cessive cost involved is significant. 

Second is precedent. It is generally recognized that 

successful underground construction depends more on experience 

than mathematical analysis, and that the variables of geology 

(and geohydrology) make the performance of underground structures 

less predictable than that of buildings or bridges. In these 

circumstances there is a strong prudent tendency to seek con­

cepts, methods, and details that have worked satisfactorily on 

past similar projects and under similar conditions. This by it­

self is healthy, but unfortunately the range of acceptable pre-

cedents tends to be narrow. In the agencies that fund the design 
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and construction of transportation tunnels, "precedent" tends to 

be confined to transportation projects, if not projects of that 

particular agency, and what has become common practice in hydro­

electric power projects is deemed irrelevant. 

The third reason for technological lag is government 

practice in the procurement of engineering services. It is 

obviously cheaper to design tunnels by rule of thumb than by 

rational analysis. All agencies currently procuring design 

services have an absorbing interest in reducing the cost of such 

services as an end in itself. Very few agencies are willing to 

pay extra for sophisticated design in order to secure what seems 

to them to be a speculative reduction in construction cost. The 

basic problem is that the cost of design services is interminably 

audi table as a negotiated contract and so is highly sensitive, 

while the cost of construction obtained by competitive bid is not 

audited. The additional cost of design can therefore be 

"proved", while the saving in construction cost (or the 

opportunity for saving that is foregone if the design effort is 

curtailed) is a matter of opinion. It takes a strong agency 

director to justify spending hard design dollars by his opinion 

that he is going to save construction dollars later on. 

Fourth is the splintering of the design/construction 

team. There is a disturbing tendency in some government and pri­

vate agencies to compartmentalize their engineering forces. An 

agency may engage different firms to serve as General Engineering 

Consultant, General Soils Consultant, Section Designer, and Con­

struction Manager. The scopes of services of these separate con­

sul tan ts are carefully drawn to ensure that there is no over­

lap. Unfortunately, this usually means there is also no communi-

cation. Rock reinforcement concepts require close coordination 

of site investigation, preparation of plans and specifications, 
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field instrumentation, and construction contract administra­

tion. When this coordination is hampered by artificial contract­

ing strictures, the opportunities for securing the benefits and 

cost savings of modern rock construction practice become dim. 

Finally, overriding all these constraints in intensity 

is the fear of liability. In these days when no turn remains un­

stoned, the incentives for innovation are minimal and the 

penal ties for transgression severe. The threat of censure and 

litigation oppresses every departure from demonstrable precedent, 

and the criterion for judging every progressive idea is not 

whether it will work in the tunnel but whether it can be defended 

in court. This is a sorry climate in which to attempt to improve 

the state of the art. 

Nonetheless, a few attempts have been made and are wor­

thy of brief note. When the first mined rock cavern stations for 

the Washington Metro were designed, they represented a pioneering 

venture for transit tunnels, and the design was cautiously con­

servative. Instrumentation and observation of the construction 

behavior of these first stations provided data from which criter­

ia for reduced design loadings were developed for subsequent 

stations. While rock reinforcement (bolts and shotcrete, supple­

mented with some steel ribs) has been adopted for some WMATA 

running tunnels, the stations still require primary steel ribs, 

supplemented with either poured concrete or massive shotcrete. 

By European or hydropower standards, even WMATA's improved 

designs would be regarded as heavy structural support. ( It 

should be noted that the geology of Washington, D.C. contains ex­

tensive shear zones, which pass diagonally through many of the 

station sites). 

Atlanta's MARTA transit system includes a mined hard 

rock station beneath Peachtree Center in the city's central busi­

ness district. Preliminary investigations indicated unusually 

sound rock, and a pilot tunnel disclosed no serious rock defects 
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and only six significant rock joints in a length of 600 feet, 

which encompassed the bulk of the station cavern. On the basis 

of this evidence of unusual rock quality ( it was dubbed "nice 

gneiss") it was decided to eliminate the steel ribs entirely, and 

to utilize untensioned grouted rock dowels and rock bolts for 

construction support. Primary reliance was placed on using the 

inplace rock as a structural arch, with the dowels and bolts ser­

ving to knit the rock structure together across joints, and to 

preclude loosening of slabs between joints. From a structural 

viewpoint, a permanent thin shotcrete skin was considered ade­

quate for additional permanent support, and was initially recom­

mended. However, uncertainty regarding the long term durability 

of thin shotcrete in public areas ( how can you prove it in 

court?) eventually resulted in a decision to include a relatively 

thin 41 centimeter (16-inch) minimum poured concrete arch lining 

over all public areas. The lining is designed primarily to sup­

port the pressure of the contact grout between the lining and the 

rock. The majority of the station walls will be left as exposed 

rock, which is used as an architectural material in the station 

finish design. 

It is of interest to note that Dr. Rabcewicz, the prin­

cipal developer and exponent of the NATM in Europe, encountered 

similar hesitancy in the adoption of shotcrete for permanent roof 

support. In his article in Water Power (August, 1969, page 300), 

in discussing the Kops underground powerhouse project in Austria, 

he states: 

.•. although the owner preferred to insert 

a relatively thin concrete roof arch in 

addition (to the rock bolts and s hot­

crete, subsequent stress measurements 

showed) that the share of the rock load 

taken by the concrete arch was close to 

zero. 
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In conjunction with the MARTA Peachtree Center Station 

construction, UMTA sponsored the Atlanta Research Chamber in 

which a portion of the original Pilot Tunnel has been instrumen­

ted and enlarged, to provide data on the behavior of the Research 

Chamber while the twin Running Tunnels are excavated beneath 

it. The project is also providing demonstrations and field tests 

of installations of several forms of shotcrete construction. It 

is intended that the results of this test program will provide a 

basis for improved design criteria for future projects. 

Finally, for the Pittsburg light rail transit project, 

on which final design is just starting (Spring 1979), UMTA is 

funding a full-scale demonstration of NATM. For the Mt. Lebanon 

Tunnel, comprising twin single-track bores each about 3,000 feet 

long, a complete separate NATM design will be prepared for bid­

ding as an alternate to the "standard" design. The cost of the 

additional design and construction inspection attributable to the 

NATM concept is borne by the UMTA R&D grant, with any savings in 

bid construction cost accruing to the project owner ( the Port 

Authority of Allegheny County), and indirectly to UMTA through 

reduction in their Capital Construction grant to the project. 

Over the past 10 years, since the start of major under­

ground construction on the Washington Metro, there has been great 

movement at the forward edge of American design practice for 

transportation tunnels. Unfortunately the bulk of the glacier 

lags behind its leading edge. The ability of tunnel constructors 

to chew through hard rock has greatly outpaced the ability of 

tunnel designers to beat their way through the institutional and 

emotional barriers to improved rock tunnel designs. Hard rock 

excavation is a challenge that constructors have largely sur­

mounted; hard rock design progress remains a challenge to the de­

sign profession. 
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Professor T. D. O'Rourke 
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Introduction 

The past decade has been a time of immense activity in 

rapid transit tunneling. In the United States, rapid transit 

systems have been developed for San Francisco, Washington, D.C., 

Atlanta, Baltimore, and Buffalo as well as major extensions un­

dertaken for the New York City and Boston subways. In western 

Europe over twenty different metro systems either have been ini­

tiated or expanded as part of an effort to develop urban rapid 

transportation. A substantial part of the construction has been 

performed underground, often in central business districts where 

heavy congestion has led to special constraints on the work and 

where the proximity of large, sensitive structures has required 

care regarding stability and ground movements. 

The recent construction activity has been accompanied 

by substantial escalations in cost. As a consequence, funding 

for transportation tunneling has been subject to increasingly 

severe scrutiny by federal and local governments. In some 

instances, pointed cri ti ci sm has been directed against current 

construction procedures l/. 

1/ - J. w. Fondahl, B. C. Paulson 
Costs in Urban Transportation 
Div., ASCE, Vol. 105, No. C01, 
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Construction costs have varied widely both within and 

among the countries engaged in major urban tunneling. Although 

cost differences are likely to reflect different ground condi­

tions, variations in expense also are linked closely with differ­

ences in planning, work organization, and applied construction 

technology. Despite the great number of recent tunneling pro­

jects, there has been very little explicit information on con­

struction expense. 

Construction practices in different countries often re­

flect special attitudes and local customs in interpretation of 

con tracts and engineering authority. What is useful practice, 

therefore, in some locales may not be appropriate for other sys­

tems. More broadly speaking, however, a comparative survey of 

construction practice not only uncovers different technologies, 

but reveals different ways of implementing the technologies at 

hand. A comparative view of rapid transit tunneling can show 

alternative approaches to planning and construction and suggest 

improvements for some systems. 

This paper examines underground construction costs for 

several European rapid transit systems. Much of the data has 

been condensed from a larger work by the ·writer Y, and reference 

to this should be made for further information. Comparisons are 

drawn between tunneling costs in the United States and Europe. 

Recommendations for improving tunneling practice are made. 

YT. D. O'Rourke, (1978) "Tunneling for Urban Transportation: A 
Review of European Construction Practice", Report No. UMTA 
IL-06-0041-78-1, prepared for the u. s. Department of 
Transportation, Urban Mass Transportation Administration, 
Washington, D. C. 20590. 
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Underground Construction Costs 

As Gi rnau has pointed out 3/ - , costs within the same 

city can vary from line to line and even from contract to con­

tract. Furthermore, the cost of an underground project will stem 

directly from the objectives fixed for its eventual operation. 

In many instances, these objectives are coordinated either within 

the regional organization of transportation facilities or a pat­

tern of urban renewal. This latter aspect has been emphasized by 

Lupiac .!/ in his discussion of expenses related to underground 

constructions in Paris. 

A summary of tunneling expenses among different cities 

must therefore be judged in light of the wide variation in fac­

tors affecting the cost. Comparisons among the different expen­

ses must be made with an appreciation for the size, overall or­

ganization of the systems, and especially for the geotechnical 

constraints imposed by the ground conditions. 

For this paper construction cost is defined as the ex­

pense of the excavation and subsequent placement of the structure 

in the ground. It includes the costs of ground water control, 

excavation, temporary support, ouilding the final structure, and 

site supervision associated with the work. It also includes the 

costs of diversion and reinstatement of roads, pipelines, and ca­

bles. The construction cost does not include the expenses of 

electrification, signaling, track, ventilation (although ventila­

tion shafts are included), rolling stock or land acquisition. 

For the European transit systems summarized in this paper, it 

does not include the cost of underpinning adjacent structures. 

llG. Girnau, (1978) "Lining and Waterproofing Techniques in 
Germany", Tunnels and Tunneling, Vol. 10, April, pp. 36-45. 

YL. Lupiac, ( 1978) "The Paris Conference Organized by AFTES", 
Tunnels and Tunneling, Vol. 10, January/February, pp. 27-28. 
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All costs reflect price levels for 1975-1976, which are 

chosen as the base comparison years for this paper. Where the 

available cost information was referenced to a year previous to 

the base comparison years, this cost was adjusted to a 1976 level 

by using inflation indices provided by either the British Depart­

ment of Environment or the Organization for Economic Cooperation 

and Development. Adjustments of this type were made for the Lyon 

Metro and the North-South Line of the Tyne and Wear Metro. All 

national currencies with which the costs were originally quoted 

have been converted to U.S. dollars as per the exchange rates 

prevalent during the base comparison years. 

Summary of Construction Costs 

Figure 1 shows a bar graph of unit construction costs 

associated with six European Metro systems. The costs related to 

construction in soil and rock have been separated. Al 1 unit 

costs are expressed in terms of U.S. dollars per double track 

mile or foot. The costs have been determined by dividing the to­

tal construction cost for a given distance of line by the length 

of line under study. Hence, the unit costs include the expenses 

of building both stations and running tunnel. All costs have 

been abstracted from portions of rapid transit systems that have 

been constructed almost entirely underground. Sections of sur-

face line, which may be included in the unit costs, are so small 

relative to the subsurface work that they have very little influ­

ence on the prices quoted. 

Table 1 summarizes basic information regarding the sec­

tions of rapid tranportation systems referred to in Fig. 1. The 

table contains information on the average depth, dimensions of 

both running tunnel and stations, distance of line per station, 

and approximate geology. The distance of line per station refers 

to the total length of metro line for which each cost applied is 

divided by the number of stations included in the cost. This 
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provides an index of station density and allows the unit costs to 

be judged in light of the relative number of stations covered by 

the costs. 

The unit costs of construction in soil vary through a 

wide range. For example, there is a substantial difference in 

cost between twin tunnel sections of the London Underground and 

the Tyne and Wear Metro. The main reason for the large differ­

ence is that the number of stations included in the unit cost for 

the Tyne and Wear Metro is nearly three times larger than the 

corresponding number for the London Underground. As the stations 

are major sources of expense, the unit construction costs of the 

metros increase in proportion to increases in station density. 

With the exception of the London Underground, the distance of 

line per station for the reported construction in soil and rock 

fall within very narrow bounds. 

An additional reason for the difference in cost between 

the twin tunnel sections of the London Underground and the Tyne 

and Wear Metro is the difference in tunnel diameter and type of 

lining used for the systems. The tunnels for the London Under-

ground are 3.8 meters internal diameter and were constructed with 

expanded concrete rings. The tunnels for the Tyne and Wear Metro 

are 4.8 meters internal diameter, of which approximately 60 per­

cent were constructed with bolted iron segments and 40 percent 

were constructed with bolted concrete segments. In addition, ap­

proximately 60 percent of the tunnels were driven under 

compressed air for the Tyne and Wear system. 

Components of Construction Cost 

Figure 2 provides a bar graph showing the percentage of 

the total construction cost that was taken up by station con-

struction for several metro 1 ines. For the London Underground 

extension to Heathrow Airport, 40 percent of the construction 

cost can be attributed to building the stations. This is 
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consistent with previous cost experience during tunneling for the 

Victoria Line of the London Underground. The percentage also 

compares well with a similar analysis of both the Lyon and the 

Tyne and Wear Metros. 

On the Scandinavian metros, station construction 

accounts for an extremely large proportion of the construction 

cost. The main reason for the apparently high price of station 

construction is the relatively low cost of building the running 

tunnels. Rock excavation, rock bolt support, and grouting varied 

in expense between $730-880 per foot and $590 per foot for 

double-track tunnel route on the Stockholm and Helsinki systems, 

respectively. Al though there are notable exceptions, transit 

tunnels in Stockholm and Helsinki were often advanced with drill 

and blast rounds of 2.5 meters for single track tunnels, approxi­

mately 25 square meters in cross-sectional area, and permanently 

supported by an 8 centimeter thick shotcrete arch in the crown 

with rock bolts as required. In contrast, the construction cost 

of double-track running tunnel in rock on the Tyne and Wear Metro 

was priced at approximately $3100 per foot. The rock tunnel for 

this system was advanced in approximately 1-meter lengths with a 

heavy road-header-type excavator. Ste~l arches were erected for 

temporary support and concrete was poured for the final tunnel 

lining. 

It is interesting to note that the station dimensions 

in Scandanavia are relatively large. Station platform lengths of 

590 feet for the Stockholm Underground are the largest in Western 

Europe and, in comparison world-wide, are only smaller than those 

for the San Francisco, Washington, D.C., and Atlanta Metros. 

Comparison of U.S. and European Costs 

Two U.S. metros, in Washington, D.C. and Baltimore, 

were chosen to represent U.S. rapid transit construction. The 

costs, quoted for each system are derived from their initial con-
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struction stages. Unit costs are defined and computed exactly as 

they are for the European systems with the exception that the 

cost of underpinning adjacent structures also is covered in the 

unit price. Costs for the Washington, D.C. Metro are based on 

contract awards made between 1969 and 1971, which have been ad­

justed for inflation !i../ to 1975 price levels. Additional cost 

adjustments have been made for claims approved as of January, 

1977. The costs for the Baltimore Metro are based on contract 

awards made during 1977. A detailed breakdown of the project 

costs contributing to the unit expense of each system has been 

performed elsewhere~- Table 2 summarizes information for each 

metro on the average depth, dimensions of both running tunnel and 

stations, distance of line per station, and approximate geology. 

The sections of the U.S. metros examined in this paper have 

station densities, expressed as di stance of line per station, 

that are C.:) nsi stent with the bulk of the European metros that 

have been analyzed. 

Figure 3 compares the underground construction costs 

for U.S. and European metros in the form of a bar chart. All 

unit costs are for urban underground construction in soi 1. On 

the basis of the information summarized, U.S. costs are substan­

tially in excess of European costs. 

In some cases, it would be misleading to make direct 

comparisons among the costs of metro systems. For example, the 

number of stations included in the unit prices of the U.S. metros 

!i...lu. S. Department of Labor, Bureau of Labor Statistics 
"Handbook of Labor Statistics, 1977", Bulletin 1966, 
Government Printing Office, Washington, D. C. 20402. 

(1977), 
u. s. 

6/T. D. O'Rourke, (1978) "Tunneling for Urban Transportation: A 
Review of European Construction Practice", Report No. UMTA 
IL-06-0041-78-1, prepared for the u. S. Department of 
Transportation, Urban Mass Transportation Administration, 
Washington, D. C. 20590. 

WP-F-139-4 



TUNNEL DISTANCE: 
AVRG. CROSS STATION OF LINE 

RAPID TRANSIT DEPTH SECTION OIMENSlc».IS PER STATlc».I APPROX. 
SYSTEM (FT) (FT) (FT) (Mil GEOLOGY 

WASHINGTON I o.c. 
PLATFORM DENSE SAND 

METRO: 55-60 12 x30 0 .51 BELOW WATE DUPONT CIRCLE TO LE~TH=600 
LEVEL UNION STATION 

R 

BALTIMORE METRO: DENSE SANO CHARLES CENTER 60-70 I.O. 17.9 PLATF~ 0.65 BELOW WATER TO BOLT~ Hill ... ENGTH=45C LEVEL STATION 

Table 2. Summary of Information for United States Metros 

EUROPEAN 
UNDERGROUND 
METRO 
CONSTRUCT ION 

U.S. UNDERGROUND 
METRO 
CONSTRUCT ION 

0 10 

CONSTRUCTION COST 

20 30 40 

LONDON UNDERGROUND 

LYON METRO 

(U .S. DOLLARS/MILE x 106 ) 

50 60 70 80 

METRO 

TYNE 6 WEAR METRO 

WASH ING TON D.C. METRO 

Figure 3. Unit Construction Costs for United States and European Metros 

90 



Comparative View of Rapid Transit Tunneling 
Professor T. D. O'Rourke 
Page 8 

is approximately twice the number for the London Underground. 

Furthermore, the ground conditions under which the London tunnels 

were driven cannot be equated with the waterbeari ng sands and 

silts in which the Washington, D.C. and Baltimore Metros were 

constructed. 

On an over a 11 basis, the unit costs for the European 

metros cover a variety of ground conditions, some of which are 

similar to those prevalent for the U.S. metros. Approximately 60 

percent of the soi 1 tunnels on the Tyne and Wear Metro, for ex­

ample, were driven under conditions regui ring compressed air. 

Cut-and-cover construction for the Brussels Metro was typically 

extended to depths of 18 meters through sands and i nterbedded 

clay below the water table. Furthermore, the number of stations 

per mile on several of the European metros exceeds the correspon­

ding number on the U.S. metros. 

Cost of Labor 

A detailed study of labor costs is beyond the scope of 

this paper. It is recognized, however, that some indication of 

relative labor costs would be useful when judging the constituent 

expenses related to metro construction in different countries. 

Tunnelers' wages in Europe during the base comparison 

years were similar to those in the U.S. In some countries, such 

as Norway and Belgium, tunnelers' wages were as high as $500 to 

$600 per 40-hr. week, which was considerably higher than U.S. 

wages for similar working conditions. Furthermore, bonuses for 

European tunnelers, as a production incentive, frequently are 

included within the contract package. Such practice is common­

place in Britain, Belgium and Norway. 

Crew sizes are smaller in Europe. For example, single 

track tunnels on the London Undergr,ound were driven with crews 

approximately half as large as those used for U.S. rapid transit 
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tunnels. However, it must be recognized that the internal di-

ameter of tunnels on the London Underground is only 3.8 meters as 

opposed to 5.5 meters for tunnels on U.S. systems. 

Recommendations 

An overview of existing tunneling practice shows sever­

al areas where a clearer understanding of alternative measures 

could 

areas, 

lead to immediate improvements 

in particular, are emphasized 

in some systems. Five 

in this paper. They in-

cl ude: 1 ) the size of metro structures, 2) elimination of redun­

dant support, 3) specialty methods of construction, 4) consolida­

tion of technical judgments and services, and 5) reduction of 

risk. Recommendations are made for each of these areas under the 

following headings: 

1. Size of Metro Structures: Metro stations are a key item 

contributing to the cost of a given system. In Europe 

metro stations account for between 40 and 85 percent of 

the construction cost of an underground line. In the 

United States it is not uncommon for individual stations 

to cost in excess of $30 million. Estimates by O'Neil 

at al 1J have shown that station expense tends to in­

crease linearly by as much as 25 percent as the station 

length is increased from 122 to 183 meters for under­

ground work in the United States. 

On a comparative basis, metro stations in the United 

States are large. For example, the station platforms on 

llR. S. O'Neil, J. S. Worrell, P. Hopkinson, and R.H. Henderson 
(1977), "Study of Subway Station Design and Construction", Report 
No. UMTA MA-06-0025-77-6, prepared for U. s. Department of 
Transportation, Urban Mass Transportation Administration, 
Washington, D. C. 20590. 
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the Atlanta and Washington, D.C. Metros are 183 meters 

long. In contrast, station platforms on the London 

Underground and Paris Metro are approximately 131 and 

105 meters long, respectively. If the comparison is ex­

tended to areas of similar but smaller population, plat­

form lengths of 137 meters for the Baltimore Metro are 

considerably larger than the 95 meters long platforms 

used on the Brussels and Tyne and Wear Metros. 

Platform length affects the hourly passenger capacity of 

a system, which also is strongly influenced by the head­

way, or time interval between trains. Even when allow­

ances are made for the shorter headways on some European 

metros, the line-haul capacities of recent U.S. metros 

are large with respect to those of European metros ser­

vicing areas of similar population density. There is a 

crucial link between initial system planning and large 

station size. Judgments made at the planning stage re­

garding peak demand, service level, and station archi­

tecture will have substantial ramifications in cost. 

Occasionally, architectural concepts may call for large 

openings to create a monumental effect. Under these 

circumstances, expansion in scale might be limited to a 

small number of stations so that the bulk of the line is 

constructed with smaller, less costly stations, while 

the system can still benefit from the "showcase" struc­

tures that are available from all parts of the system. 

Furthermore it should be recognized that lighting and 

color of ten can be used in 1 ieu of increased size to 

create similar effects. 
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2. 

3. 

4. 

A comparative analysis of tunneling practice points to 

the need at the planning stage for a greater apprecia­

tion of how size variation will affect system cost. 

Elimination of Redundant Support: Cut-and-cover tunnels 

are frequently supported on a temporary basis with more 

sturdy pile-and-lagging or sheet pi le walls. In many 

instances, concrete diaphragm walls are used for tempo­

rary support primarily to take advantage of their inher­

ent stiffness and the associated relaxation of dewater­

ing requirements. When the permanent underground struc­

ture is built within temporary bracing, the cost of the 

project must absorb two systems of support. Recent 

design practice in Europe, as is evidenced by the Brus­

sels Metro, London Underground and Tyne and Wear Metro, 

have used concrete diaphragm walls as the permanent 

walls of the structure. 

ated with this practice 

jects. 

The savings in expense associ­

recommends it for other pro-

Specialty Methods of Construction: In Europe, certain 

specialty methods of construction are widely used. In 

particular, the development of and experience gained 

with soil grouting and diaphragm wall construction re­

commend these methods for consideration elsewhere. Al­

though the use of a specialty technique does not guaran­

tee savings in cost, familiarity with and willingness to 

use the methods do provide a greater baseline of options 

with which to approach different tunneling problems. 

Consolidation of Technical Judgments and Services: The 

complexity of large-scale urban construction points to­

ward consolidation of services rather than greater di-
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versity. Often, conservatism is amplified by separating 

responsibilities. For example, when section design and 

construction management are performed by different agen­

cies, the design engineer must deal with uncertainties 

in site inspection and construction quality over which 

he has no direct control. His assumptions, correspon­

dingly, are likely to reflect these uncertainties in an 

effort to cover a wide range of contingencies and pro­

tect himself from future litigation. 

Underground construction requires judgments of a techni­

cal nature for which there are no adequate substitutes 

in managerial or legal consultation. The work for urban 

underground projects must be organized so that engineer­

ing decisions can be made swiftly and with authority. 

Reduction of Risk: Underground construction carries an 

inherent uncertainty about the ground conditions that, 

by nature, generates a higher level of risk for tunnel­

ing than for other civil engineering enterprises. Fur­

thermore, the risks are amplified in urban settings ow­

ing to the potential for damage or disruption to build-

ings and public facilities. Engineers who make j udg-

ments under these circumstances are vulnerable not only 

for their own errors and omissions, but are vulnerable 

for the mistakes made by others. Under conditions of 

vigorous legal activity, engineers may be named as third 

parties in law suits initiated by either the owner or 

the contractor. It is not surprising, therefore, that 

engineering judgments are often deeply conservative and 

that responsibilities for decisions are distributed 

through various review and regulatory channels. 
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Reducing conservatism and encouraging new construction 

techniques may require changes in the traditional procedures for 

assigning risk and awarding contracts. 

European metro authorities award contracts on a selec­

tive basis by either prequalifying bidders or by letting con­

tracts without being obligated to the lowest bidder. It seems 

reasonable, given the immense emphasis on experience for special­

ty construction methods, that relatively strict controls on con­

tract award should be exercised when techniques such as concrete 

diaphragm wall construction or soil grouting are among the op­

tions for a given underground project. Furthermore, greater 

flexibility in negotiating contract arrangements for changed 

ground conditions or quantity variations would help to offset 

claims and recurrent high bidding. 

In some instances, it may be appropriate for the owner 

to share the risk of introducing new construction methods or mak­

ing cost-saving modifications in design. Federal government 

agencies and municipal authorities are often in an advantageous 

position to share the financial risk of an engineering judgment, 

particularly if the judgment results in diminished expense. 
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The Atlanta Research Chamber is representative of re­

search and development projects in general. They can be of great 

value in the development of new design methods and/or construc­

tion techniques. However, if the practical value of a test is to 

be optimized, it must be oriented with consideration for the 

needs and wants of affected parties. 

The concerns of the · owner of an underground public 

facility are, in order: 

1. Is it safe and will it continue to be so? 

2. Does it adequately perform the function for which it was 

intended? 

3. Was it purchased for a reasonable price? 

All of these concerns are directly related to the de­

sign and/or construction processes themselves, and, because of 

this, future owners of underground public facilities want those 

facilities to reflect prudently most current design and construc­

tion concepts. 

Unfortunately, the growth of the scope of innovation in 

underground design and construction has been much slower than has 

been the increase of knowledge in some other areas. Th is can 

both reasonably and naturally be attributed to the following: 
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1. A structural failure could be singularly catastrophic. 

Consequently, more conservative designs are favored, 

quite often at the expense of innovative approaches. 

2. A collapse during construction could have tragic re­

sults. This acknowledged fact presses constructors into 

utilizing "tried and true" methods. 

3. Natural conditions and materials can be measured, cali­

brated and assessed, but the resultant findings cannot 

be applied to either design or construction without a 

considerable allowance for variation. 

An examination of the owner's primary concerns in view 

of the historic considerations for the design and construction of 

underground facilities indicates concurrence in most areas. It 

is only in the area of economy that the owner's concerns are not 

echoed by traditional considerations. However, it is in the 

realms of design and construction economy that the owner is most 

vulnerable. 

A qualified engineering firm will address the needs and 

wants of an owner-client with consideration for good design prac­

tice. It will do this with concern for both structural require­

ments and economy. However, the bases for its engineering deci­

sions will be its own past design experience or the past design 

experience of other engineering firms in which it has 

confidence. Generally, the owner-client is comfortable with this 

procedure, and he almost always receives a design which meets 

requirements and is both safe and functional. With his two major 

concerns well covered, the owner-client assumes that economy has 

also been addressed in the design, and he is usually not in a 

position to question the extent to which this has been done. 

However, were an engineering firm to be deficient in any aspect 
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of its professional effort, this aspect would most probably be 

the financial feasibility of its design. The engineering firm is 

highly motivated to produce a design which is inherently safe and 

which can be constructed with safety. It has both a liability 

and reputation at stake in these areas. It must address the 

functional requirements of design expressed by the client, or it 

will not receive compensation. However, in the area of design 

economics, its concern is less direct; furthermore, the extent to 

which it does address this aspect is difficult to discern in view 

of the following: 

1. Because the contract will be awarded to a low bidder, 

the engineering firm cannot be assured of a level of 

construction competence. This point can be used to jus­

tify designs which are more simple but also more expen­

sive to construct. 

2. Because American construction practice is very competi­

tive between client and contractor in terms of claims 

and legal proceedings, the engineering firm may address 

this aspect in its design. It might then be argued that 

the contract documents reflect a design, which is some­

what more expensive to construct but more legally de­

fensible. 

3. Because natural conditions are never the same, any cri­

ticism of a given structural design will in the end 

evolve to comparative evaluations of geology. This area 

can be quite subjective. 

The management of a qualified construction firm will 

wish to do a competent job at a profit. However, to get the job 

they must be low bidders. Their expertise in a given manner of 
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construction is, of course, their natural "edge" in the bidding 

process; however, if they are to be competitive, they must also 

utilize the tactics practiced by their fellow-bidders. One prac­

tice involves reviewing the contract documents in advance of bid­

ding to determine bid quantities which appear either too low or 

too high. The unit prices for the apparently low quantity items 

are then exaggerated upward while those for the apparently high 

quantity items are exaggerated downward. Consequently, while the 

bidder's over-all bid price does not change, he will benefit if 

his analysis of the bid quantities proves to be correct. How 

much the actual cost of the job is increased by this ploy is 

moot. However, it does have the effect of highlighting some 

construction costs in an unreal manner with the net result of 

obscuring the cost effectiveness viability of given design or 

construction practices. 

As can be seen from the preceding, there are too many 

affecting factors to permit ready evaluation of the cost effec­

tiveness of a design or of construction practice in the field. 

Instances of simple evaluations are as dramatic as they are 

rare. It is generally necessary that a new concept in design or 

a newly introduced construction practice or manner of hardware be 

comparatively evaluated under conditions of considerable isola­

tion. The Atlanta Research Chamber south of Peachtree Center 

Station does provide this situation. 

The results of the test at the Research Chamber will be 

applicable in different ways and under different circumstances. 

A summary follows: 

1. Tests Used to Aid in the Development of Design Methods 

Tests performed to corroborate, calibrate and/or deter­

mine needs for modification to the rock Finite Element 

Method (FEM) programs are of value in the development of 

this design tool. However, while the FEM design proce-
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dure may end up reducing construction costs, it will not 

of itself be a part of any given contract documents nor 

will its use be restricted to any one contract. Conse­

quently, the improvement of the programs must be consi­

dered as a general benefit to design without direct ef­

fects in the field. 

Materials and Materials Applications Tests 

Tests on installation and performance of materials and 

hardware are done with the intention of either corrobo­

rating existing design information or developing design 

information, which has previously not been available. 

The results of this testing will have industry-wide 

implications and also will be directly reflected in 

appropriate contract documents. 

3. Construction Methods Testings 

Tests of possible methods of construction will furnish 

information for future construction where these methods 

might be applicable. However, in most instances the 

methods of construction would not be cited in the docu­

ments specifically. Rather, the performance that the 

method is capable of achieving would be specified, and 

information concerning the method would be available to 

the contractor, but not as a part of the contract docu­

ments. 

It is MARTA's intention to utilize the research infor­

mation gained from the Atlanta Research Chamber to the greatest 

extent possible in the continuing development of MARTA's Atlanta 

Rapid Transit Project. Necessarily, this uti 1 i zation wi 11 be 

done with full consideration for practicalities. Some of these 

are: 
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Contracting Practices 

While it is conceivable that some test results might im­

ply that final design of support structures could be 

done during the course of. construction in order to ob­

tain an optimum design ( as is done in the New Austrian 

Tunnel Method, or NATM), this will not be done. Such a 

practice would be contrary to many government criteria 

currently used as guidelines and, consequently, the 

contract documents would probably be unacceptable. 

Additionally, in the American contractual climate such a 

practice would amount to "construction by change order" 

rendering the owner very vulnerable during negota­

tions. In view of this, while such a procedure might in 

effect produce the least expensive support system, it is 

very doubtful that any of the savings would accrue to 

the owner. More likely, the contractor, due to his 

superior negotiating position, would increase his pro­

fits to an amount in excess of the savings. 

The contract documents will, generally, be drawn up in 

such a manner as to minimize change orders and make "bid 

unbalancing" of minimum value to the contractor. How­

ever, MARTA will open-mindedly entertain "value engi­

neering proposals" by the contractor during construc­

tion. It is felt that in this manner, under American 

contracting practices, the value received will be opti­

mized in view of the amount spent. 

Construction Capability 

To require that a specific construction procedure be 

utilized where there is very limited expertise available 

in that field would, generally, be undesirable. Under 

such conditions, it is very possible that either the 
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party offering such a service would price himself too 

highly or a non-qualified party would attempt the proce­

dure with a bad result. 

It is MARTA's intention to make readily available to the 

greatest extent possible required expertise for con­

struction. However, in some instances there may be 

cases where a selected expertise, even at a premium 

price, would be cost effective; they would have to be 

evaluated on an individual basis. 

More generally, it is MARTA's intention to offer minimal 

restriction to the contractor's own innovation. Not on­

ly will this restraint on our part tend to reduce the 

number of change orders, but it should have a positive 

effect on productivity as well. 

Construction Liability 

One way or another, MARTA will feel liability for its 

own actions, those of its retained engineers and those 

of its construction contractors. It is its intention to 

minimize this over-all liability. Consequently, when 

MARTA's construction activities are going to impact an 

outside party, the manner of execution for those activi­

ties would be viewed with a concern for liability expo-

sure. Because of this, it is conceivable that a new or 

rarely used procedure would be rejected and a more con­

ventional and expensive procedure used in its place. 

In conclusion, it is very difficult to assess the cost 

effectiveness of innovations in design or construction in the 

field. This is because design and contractual climates are com­

plex; they have aspects which tend to obscure the relative per-
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formance of a new design concept or construction technique. 

Consequently, if an innovation in design or construction is to be 

properly evaluated, it must be done under conditions of consider­

able isolation. However, should the results of testing confirm 

the process' viability, it cannot be readily introduced into the 

design or construction field. Many practical considerations re­

quire that the approach to this implementation be a conservative 

one. However, this same conservatism tends to assure an adopted 

procedure's success. 
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Because of great increases in rapid transit system 

costs over the past several years, and some startling project 

cost estimate increases which have hit UMTA midway in current 

projects, UMTA has notified us that we must be prepared to con­

struct a project in Los Angeles within the cost estimate we come 

up with at the conclusion of our preliminary engineering phase. 

They will only allow escalation. 

Los Angeles, which is the first city to develop and 

publish jointly with UMTA a combined Draft Alternatives Anal­

ysis/EIS/EIR, is also going to be the first to operate under this 

new policy. 

Obviously, therefore, it will be necessary for us to go 

to much greater depth in preliminary engineering than is normal 

in subsurface exploration, in the making of trade-off analyses 

between those alternative materials, equipment and methods for 

all civil work, as well as for all of the various subsystems that 

make up a rapid transit system. 

It appears that UMTA, which has thus far gone along 

with the high costs incurred by other U.S. transit properties in 

comparison with many of their foreign counterparts ( so much so 

that congressional funding appropriations have not gone nearly as 

far as originally planned), intends to "turn over a new leaf" on 

the Los Angeles project - which we are now told will have to wait 
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for the next major appropriations bill. However, we happen to 

concur that such an effort is necessary and overdue. It apears 

that the reason this did not happen sooner is that (as has been 

the case with several "owners"), the UMTA hasn't had the person­

nel needed to concentrate on the problem. 

So, we intend to explore all means that appear to have 

reasonable potential for enabling us to get a quality job done at 

less cost. 

to take a 

That may even mean it will be necessary for the owner 

few risks! In England, the owner takes all the 

risks. In the U.S., the owner tries to give all the risks to the 

designer and contractor. 

negotiated. 

In France, I understand, the risks are 

While some of the increased costs may be due to over-

design, excessive project size and the cost of automation, a very 

appreciable percentage can be attributed to a combination of 

bureaucratic regulations, environmental requirements and delays, 

hesitancy on the part of all parties to take risks (in these days 

of outlandish judicial decisions and jury awards), and higher 

labor, material and equipment costs. 

Among the above-mentioned factors, our most likely 

hopes for economizing appear to lie in the area of risk-sharing, 

and in making methodological material and equipment trade-off 

analyses during the preliminary engineering process. After all, 

it is in preliminary engineering that key decisions are made that 

have the greatest impact on project costs. 

Unlike the designers and contractors, the owners have 

to live with the finished product. This obviously results in 

different points of view about a project. Many of the facets of 

a project to which owners must pay particular and continuing at­

tention are, for the designers and contractors, merely just 

"things to -have done with as quickly as possible". 
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The owner's primary concerns are: addressing the pro-

blems involved in getting the job funded and approved by the 

community; meeting all state and federal regulations; and getting 

fast decisions from UMTA; and, in addition, considering the 

following for the project: 

Design and operational criteria 
Community disruption 
Environmental Impacts 
Quick completion 
Extent of risks 
Safety 
Reliability 
Maintainability 
Durability. 

The designer's and contractor's primary concerns after 

getting the job, in addition to getting rapid decisions from the 

owner, are: 

Doing the job within prescribed time limit 
Being compensated for changed conditions 
Doing a quality job which adds to the firm's reputation 
Minimizing risks 
Making money on the job ("the bottom line"). 

The civil works are usually sound and solid, but have 

been too expensive because of a combination of the owner's gran­

diose ideas about stations and trains with a lack of full 

appreciation of costs. Also, there is tension between the not 

uncommon tendency on the part of the designer to think that the 

bigger the size of the transit system and the greater its degree 

and complexity of automation, the better; and his strong reluc­

tance to take risks (which is understandable in this day and 

age). It is too much to expect designers to operate on the basis 

of "small and simple is beautiful" when owners do not. 
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From the operations standpoint, however, the trouble 

lurks in the many and varied sub-systems. And, it seems to work 

out that the greater the amount of automation, the greater the 

trouble. Designers just cannot be experts in all the technology 

involved in all of the sub-systems. And, of course, because they 

do not have the responsibility for operating and maintaining the 

system, they just don't have the same degree of appreciation for 

the importance of these aspects of a rapid transit project as for 

construction. This means that owners will do well to call in 

specialists for advice in many areas. 

Preliminary engineering is the phase during which most 

key policy and design decisions are made which have the greatest 

effect on project costs. To date this fact does not seem to have 

had proper recognition. Los Angeles will be the first to ap­

proach the matter on this basis. Sure, preliminary engineering 

will cost more and take more time, but final design will then 

cost less and take less time! 
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I have been somewhat disturbed at reports that tunnel 

contractors and contracting agencies (owners) believe that labor 

wi 11 not or, in most instances does not like to, work with rock 

bolts or shotcrete in tunnels. That simply is not true. Our 

concern is with the methods and procedures of usage and the ade­

quacy of equipment for safety in application. 

We believe that, generally, if rock bolts are going to 

be the total support, and a lot of bolts are going in, a rock 

bolt jumbo should be on hand to dri 11 the holes and to put the 

bolts in. A normal drill jumbo for drilling and blasting the 

face is not normally very good for rock bolting. The main reason 

for this is that if the rock is blocky or badly fractured, we 

like to be back some di stance from where the holes are being 

drilled, in order to be safe from any rock that might fall. 

Rock bolts can support a tunnel; the diameter of the 

bolts selected depends on the size of the tunnel, and the length 

of the bolts depends on the area to be supported. I firmly be­

lieve that, if rock bolts are going to be the total support, 

pattern bolting must be used -- rather than just a bolt here or 

there, where some shifter or walker or someone else says there 

should be one. Once the pat tern is laid out or agreed upon, it 

must be strictly followed, unless or until the rock or the situ-
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ation changes. What bothers me most in rock bolting is that if 

for some reason it's hard to dri 11 for a bolt, it is left out 

entirely, or located out of place. We demand that the correct 

bolt be put in the pattern at the right spot. Without a bonafide 

rock bolt jumbo, it is sometimes impossible to put the bolt ex­

actly where it belongs. 

Our experience in tunnels where we have used rock bolts 

is that they have not been placed in a regular pattern. Instead, 

they are put where some supervisor said they should go, who has 

not taken time to place them in the best locations. Often they 

are simply left out. 

We know that most kinds of rock can be bolted for sup­

port, if the bolts are long enough and thick enough, and someone 

is there to be sure they all go where they are supposed to go on. 

I was told about twenty years ago, by a Snowy Mountain 

Authority engineer in New South Wales, Australia, that a bucket 

of marbles could be rock bolted. I don't know if I can go that 

far, but I do know that rock bolts can be used effectively in 

most situations. 

I do think that in certain types of rock, or ground as 

we would say, it is important to use wire mesh in conjunction 

with rock bolts to keep the fine rocks from falling, especially 

in a large tunnel where the small stuff would be falling a great 

distance. 

I have been in the tunnel and mining business all my 

working life. The only reason we prefer timbered steel sets is 

that we have become accustomed to them. We are not afraid of 

rock bolts and don't mind at a 11 using them if we have the right 

equipment and if pattern procedures are strictly followed. We 

don't like to attempt to put them in from a irill-and-shoot jum­

bo - it's unhandy to say the least, in addition to the other rea­

sons given here. 
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I recently visited a job in Rich land, Washington of 

three tunnels within short range of each other, the smallest only 

8 feet diameter, one 14 feet diameter and the other 23 feet dia­

meter. I was called because the miners, members of the Laborers' 

International Union, had refused to rock bolt in both the 14-foot 

and the 23-foot tunnels, saying that in their opinion it was 

simply too dangerous. I will have to admit that I agreed. This 

was what they call basalt rock, and it was the blockiest and most 

fractured rock that I have seen anywhere. In the small tunnel 

(8') a shield had been constructed of heavy steel at each end: it 

was then laced with 2-inch pipe and taken into the tunnel with a 

backhoe boom to set it up: the miners were supposed to drill the 

rock bolt holes from underneath this contraption. The 2-i nch 

pipe was far enough apart to let large rocks fall on the 

drillers. Furthermore, the rock was so jagged it was impossible 

to drill effectively for pattern bolting. 

Given the nature of the rock and the way labor had to 

do the job, the men were correct. They have since shut down the 

job to renegotiate with the contractor for other support. It 

could perhaps have been rock bolted if they had had the correct 

equipment, even under this rock. 

Shotcrete 

About the only thing we don't like about shotcrete is 

the dust that it creates. If put on at the correct time and in 

sufficient quantity, we know it's all right, and we don't mind it 

at all, except for the dust that goes with it. 

I believe it's most important in ground that will air 

slack to put it on as soon as possible after blasting, at least a 

couple of inches thick, to keep the air away before it starts to 

slack. I observed a railroad tunnel under construction by North­

ern Construction Company about thirteen years back where they 

were going up an old river bed -- just small rocks, gravel and 
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sand. They were shooting a 10-foot round; and, immediately after 

blasting, (using as little powder as possible, shooting very 

lightly because it was easy to displace), they put two inches of 

shotcrete from the drill jumbo using a Gantry jumbo. They were 

mucking with a Conway mucker at the same ti me. After fi ni shi ng 

the two inches on the most recently blasted round, they put two 

more inches on the previous round (making four inches on that 

one, which was in the area 10-20 feet from the face) and two more 

inches on the earlier round, 20-30 feet from the face (totalling 

six inches of shotcrete there). No failures occurred from the 

portal to the face. They were in something over 3000 feet when I 

visited the job. It was a beautiful job. They were totally set 

up for shotcreti ng. It worked correctly for a tunnel this size 

and condition. The job was just outside Vancouver, British 

Columbia. This job sold me on shotcreting completely, if applied 

at the right time and in sufficient quantity! It's most impor­

tant, in my opinion, to apply the shotcrete from some kind of 

conveyance that straddles the muckpile, so one can be mucking at 

the same time. It's easy to do this from a Gantry jumbo, if you 

are on rails, but difficult when the job is on rubber and it 

takes all the room for mucking. 

We aren't afraid of rock bolts or shotcrete. We know 

that both are here to stay. What we require is a reasonably safe 

place to work. Under safe conditions, we are prepared to work 

with rock bolts and/or shotcrete. I will sign off by saying that 

we are most at ease when rock bolts and shotcrete are used 

together. This takes care of both the large and small rocks that 

may come down. 

WP-F-139-8 



TUNNEL DRILLING AND VENTILATION EQUIPMENT 

by 

George M. Philpott, Sr. 

Chairman, George M. Philpott Company, Inc. 

South San Francisco, California 

DRILLING EQUIPMENT 

Not many years ago, the problem of selecting drilling 

equipment was comparatively simple. The drills were all 

operated by compressed air, and the machines were selected to 

suit: 

1. Character of the material to be drilled; 

2. Cross-section dimensions of the tunnel. 

Knowing these two factors, heavy drifters to lighter ones 

mounted on jumbos, or jacklegs, or spaders were decided upon. 

On certain jobs special machines for soft ground, augering 

drills and electric machines were sometimes used. The majority 

of jobs particularly required the use of rock drills. Today, 

we have tunnel boring machines (TBM), back-hoe design mining 

units and, now, the latest in equipment - hydraulic drills. 

When the ground conditions are known; and if the 

material is uniform for the total length; and if the tunnel is 

to be straight and very long; then, boring machines are highly 

favored, provided the rock is not too hard. 

The other choice ( assuming the ground isn't spader 

ground), is between the conventional compressed air-driven 

drills and the recently developed hydraulic drills. Both of 

these designs can be used for the same duty. A good rule of 

thumb for comparison is that the hydraulic drill will cost 

twice as much as the comparable pneumatic drill and will, in 

most cases, drill twice as fast. The hydraulic drill is 
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quieter and larger. It is also a very sophisticated product 

which requires a clean operation and emphasis on preventive 

maintenance. 

Obviously the performance of the hydraulic drill 

depends on the operators' experience and knowledge of 

hydraulics. At this writing, on isolated jobs, it seems 

logical to stay with the air-operated drill. This may change 

as time goes on and the miners become familiar with hydraulics. 

The use of either the hydraulic drill or the pneumatic 

drill (both classified as conventional methods) affords great 

flexibility in the case of changing ground conditions, whereas 

the boring machine is without insurance in case of ground 

formation changes; and, of course, with the boring machine all 

your eggs are in one basket, so trouble anywhere means the 

machine is totally down. 

Every tunnel project is its own problem. The 

engineers of the qualified tunnel contractor finalize a job 

which in every case has the following basic problems relative 

to the equipment: 

1. Initial cost and interest in investment 

2. Mobilization cost and time involved 

3. Salvage value (can it be used again) 

4. Quality, back-up service and parts 

availability. 

Several specific projects in California are using both 

hydraulic and pn~umatic drills. Each seems to have its place, 

particularly when the project is one having various size 

tunnels and diverse job conditions. 

With improvements continously being made in both the 

hydraulic and pneumatic drills, it is difficult to predict 

which will be more popular. We do feel, however, that the 

DCR-3319 



TUNNEL DRILLING AND VENTILATION EQUIPMENT 
George M. Philpott, Sr. 
Page 3 

dependability and the flexibility of conventional drilling 

equipment will always rate high in the mind of the experienced 

contractor. 

VENTILATION EQUIPMENT 

Since the days of the huge, noisy, reversible blower 

installed at the portal, great progress has been made not only 

to improve the air conditions underground, but to reduce the 

power costs and noise level. 

This has been done by using in-line blade-type blowers 

and a straight exhaust system. This system starts with a 

suitable blower (fan) at the portals to ventilate, for example, 

2000 lineal feet of tunnel. Similar sized blowers are 

installed to take care of each additional 2000 feet. 

The overall system should have a rock trap and a nose 

screen at the heading end of the pipe. Reversible starters are 

sometimes specified for certain emergency situations. 

Explosion-proof motors and starters for use under gaseous 

conditions are required. 

Another money-saving innovation 

fabrication of the fan line on jobsite. 

has been 

This saves 

the 

the 

expensive transportation cost of prefabricated pipe, which for 

pipe alone costs more per foot than the pipe rolled on the job. 

It has also been interesting to learn by test that 

pipe rolled on the job with a groove every three inches 

actually has a lower coefficient of friction than smooth pipe; 

at the same time, grooving imparts to lightweight pipe the 

stiffness of material 2 to 4 gauges higher. 

Pipe of this design used for transporting wood chips 

(via air) in lumber mills has a very long life; the vortex 

effect of the spiraling of the air-wood chip mixture on the 

inside of the pipe reduces the abrasive action of the chips. 
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A perfect ventilation system provides good air to the 

personnel underground without excessive air velocity in the 

tunnel. This is readily obtained by the exhaust system. 

Some unreasonable rules have been set up which cost 

the contractor more, and of course, are ultimately costly to 

everyone. Using the top BHP rating (according to one rule) of 

the diesel units underground brings the total required volume 

of air to the point of uncomfortable velocity in the tunnel. 

Hard hats will have to be designed with chin straps! 

This rule is wrong because the average BHP used is 

seldom over 50% of the top rating; also the units are not in 

the tunnel 100% of the time. 

Al 1 in all the straight exhaust system with in-the­

line blowers is so satisfactory that many times you hear the 

comment "air in the tunnel seems cleaner than the air outside". · 

Edi tor's Note 

This article is based on George Philpott, Sr. 's fifty years 

experience with drilling and ventilation equipment. 

Geographically, his experience has been in the Western 

Hemisphere, Pacific and Far East areas, Europe and Africa. 
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CONTRACTOR'S VIEW: INNOVATIVE CONTRACTORS CAN MEAN 

LIGHT AT THE BEGINNING OF THE TUNNEL - A CASE STUDY 

Introduction 

Alf Burtleson, President 

Alf Burtleson Construction Co. 

Tunnel Contractor 

Sebastopol, California 

Owners, engineers and labor should allow innovations by 

contractors because if it is the contractor's idea, he will make 

it work by hook or crook or go broke trying. 

A case study is the soft ground tunnels on the County 

of Sacramento, California wastewater project on the Pioneer In­

terceptor. The tunnels were constructed by our firm, Alf 

Burtleson Construction Co. 

The tunnels were 4.4 meters in diameter and were speci­

fied at the Interstate 5 Freeway, the Southern Pacific Railroad 

crossing and at Front Street (see Figure 1). This diameter tun­

nel is just slightly smaller than most rapid transit tunnels in 

Europe. 

Geology, Groundwater and Previous Construction in Area 

All of the tunnels were in one general area and were 

separated by short lengths of open cut. This area is immediately 

adjacent to the Sacramento River and is located geologically in 

the same stream channel deposit stratas. The strata at the tun­

nel elevation was generally silty/sand with sand and gravel un­

derneath. 
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The groundwater flow was artesian in nature. Because 

of the coarser material underneath, the flow tended to be verti­

cal instead of horizontal. 

There had been two sewer construction projects in the 

area in the past several years and both ran into groundwater con­

trol difficulties. The first project just fought the groundwater 

and the pipe ended up in washboarded (up and down) condition be­

cause of the heaving invert from artesian groundwater. The sec­

ond project relied on the experience of the first project and the 

owner specified a wellpoint groundwater control method. This 

method did not work, perhaps because, as previously stated, the 

groundwater flow tended to be vertical instead of horizontal; and 

again the pipe ended up washboarded. (I believe that these pro­

jects are still in litigation.) 

Bidding Conditions 

When our case study project was bid in November of 1977 

there had been a two-year drought in California, so that the 

groundwater level was just below the invert of the tunnel. The 

winter that followed, however, was one of the wettest ever, caus­

ing the Sacramento River to reach flood stage (which, of course, 

recharged the groundwater table). 

The original specifications called for a conventional 

liner plate-style of tunnel construction· and required that the 

groundwater be maintained below the tunnel invert but not more 

than one meter below, to prevent settlement of the adjacent free­

way. 

The groundwater was successfully controlled with deep 

wells 25 meters deep tapping into the coarser stratas. The con­

struction was planned from May to October during the low flow of 

the Sacramento River. The deep wells drew down the recharged 

groundwater table and were able to maintain the groundwater one 

meter below tunnel invert because the river was not recharging 
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the groundwater table. The pumping was accomplished at just a 

few locations, but many observation wells were installed to moni­

tor the groundwater levels. The exact level was maintained by 

slowly lowering the pump in the deep wells: when the desired 

groundwater level was obtained, the pump was then throttled down 

to maintain that groundwater level. 

The Tunnel Problem 

The critical area for tunnelling was under Interstate 5 

Freeway, a 12-lane freeway immediately adjacent to Interstate 80 

Freeway in Sacramento. 

The conventional liner plate style of construction ori­

ginally specified, requires that the ground around the tunnel 

stand long enough so that sand-cement grout can be pumped into 

the annular space between the earth and the tunnel liner 

plates. It takes 6 to 8 hours from the time you decide to grout 

to the time when the grout is strong enough to support the adja­

cent ground (about 75 psi: i.e., 220 kq/cm 2 ). If you cannot fill 

this void before the ground collapses onto the tunnel liner 

plates then settlements will occur on the freeway above. 

It was our opinion, based upon our experience, that the 

ground would not stand long enough for us to be able to fill the 

annular void with grout: we envisioned potential settlements on 

the freeway above. 

We proposed a shield-driven tunnel (original specs did 

not require a shield) with the temporary support being 4H13 steel 

ribs at 1.3 meter centers with solid timber lagging installed be­

tween the flanges of the ribs ( see Figure 2). This is a strong 

support system for the shield to push against in order to propel 

itself forward. As the rib came out of the tail of the shield, 

it was expanded with a specially, built rib expander and pipe 

spacer blocks which were cut to fit and installed at the spring-

line. This system provides almost an instantaneous support of 
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the ground and is not subject to normal "stand-up time of the 

soil" as with the conventional grouted tunnel construction. 

Approvals were secured from both the owner agency 

(County of Sacramento) and the owner of the freeway (California 

Department of Transportation) but were conditioned on strain gage 

instrumentation of the tunnel supports. 

Instrumentation 

The instrumentation was accomplished by welding Slope 

Indicator Company vibrating wire strain gages onto the 4H13 steel 

ribs. This strain gage was selected because of its ease of in­

stallation and economics. 

Five ribs were instrumented at midspan of each piece 

(see Figure 3). A four piece rib made up one circle, so a total 

of 20 strain gages were installed. The 5 ribs were chosen at 

different heights of cover (H) from one meter to 8.5 meters. The 

strain gages were read initially on the ribs, again after expan­

ding the rib, then daily for one week, then weekly for one month. 

Strain Gage Results 

Nineteen of the twenty strain gages installed worked, 

and there was good correlation from day to day. Of the nineteen 

gages, eighteen indicated stress in the steel rib of 14,630 

kg/ cm2 (5,000 psi) . See Figure 4 for a graphical plot of the 

findings. The loads and stresses reached equilibrium after about 

seven days. 

Conclusion 

This tunnelling system worked. The settlements measur­

ed on the freeway above were less than three centimeters, and the 

ldads experienced on the tunnel supports were a small percentage 

of the normal design loads. The design criteria used were AASHO 

"Design Specifications for Tunnel Liner Plates" which takes in to 
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account the ratio of fill to tunnel diameter and type of soil. 

Then Marston's formula Pd=Cd WD was used. We anticipated getting 

loads which would produce steel stresses of up to 24,000 psi but 

the actual stresses were only about 20 percent of the design 

stresses. 

The shield method of construction also provides safety 

for the tunnel workers, because they install the supports back 

from the face under the protection of the shield. 

The tunnel method described is for temporary support. 

Upon comp let ion, the permanent reinforced concrete pipe was in­

stalled through the temporary support, and the remaining annular 

space between the supports and the reinforced concrete pipe was 

grouted with a pea gravel concrete grout. 

Conclusions 

Innovative contractors can only be innovative if the 

other parties to the construction contract are receptive to new 

and better methods. On too many U.S. tunnel construction pro­

jects, the tunnel contractor is stuck following the specs in 

recipe fashion. Although no deviations are allowed, he is also 

blamed if the job does not turn out properly. 

On this contract we received cooperation from the owner 

agencies previously mentioned, and also from the general con­

tractor, Homer J. Olsen, Inc. and the dewatering subcontractor, 

Subgrade Construction, in order for our company to be successful 

with the expanded rib method. 

Special thanks to Professor G. Wayne Clough of Stanford 

University are due for his aid in strain gauge selection. 
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TUNNEL PRACTICE IN THE UNITED STATES: 

A CONTRACTOR'S VIEWPOINT 

By J. R. Jensen, Geologist 

Guy F. Atkinson Company 

South San Francisco, California 

There are many problem areas in the contracting busi­

ness, but the one factor which most frequently seems critical is 

time; time to prepare the bid and time to construct the works. 

The length of time necessary to prepare a bid usually varies 

inversely to the completeness of the design. If the contractor 

is expected to design a feature, obviously with certain 

constraints, he expends many man-hours that could be better spent 

preparing the estimate. It is difficult to make an unqualified 

statement as to how much time is enough, but in general, if he 

has the documents in hand for six weeks and does not have to con­

tend with addenda which represent significant changes in the 

scope of the work, he ought to able to put together a realistic 

bid. 

If within the bid schedule itself, sophisticated or 

unique items are to be supplied or installed which are likely to 

be difficult to obtain, it is realistic to schedule additional 

time for them; other methods of handling such items in the bid 

schedule should be provided if time is of the essence. It is not 

unusual to issue preliminary information documents, and have a 

site showing well in advance of the issuance of the formal bid 

documents, thus in effect adding time to the bid period. 
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Site showings for tunnel work often reveal very little 

about underground conditions. The owner should have on display 

samples and examples of what he knows of the underground condi­

tions and a knowledgeable representative available to explain sa­

lient features. It has been suggested that contractors might or 

should do exploratory drilling for tunnel bidding. If there is 

insufficient information to prepare an intelligent bid, one has 

to question what was used for design purposes and feasibility es­

timates. It is difficult for me to believe that a contractor 

could, in a very short period of time, acquire any meaningful in­

formation that would influence a bid. It is extremely unlikely 

that he could locate any problem areas with one or two drill 

holes even if there was time to make that much of an exploratory 

effort. 

Another difficulty that contractors have to contend 

with is the time and timing of the viewing period; at the risk of 

being called soft I would like to point out that winter time is 

not the best for a job showing in spite of the fact that such 

timing usually is convenient for an early spring award. I have 

attempted to evaluate job conditions under adverse winter weather 

conditions and have rarely been satisfied with the results. The 

most satisfactory response to this situation has been a decision 

not to bid the work; submitting a successful bid under these 

circumstances has usually resulted in a sticky changed conditions 

claim. 

It is the desire of all concerned to utilize a predic­

table approach; however, idealized conditions are not possible in 

this particular business. Therefore, the owner should accept the 

fact that he is venturing into a hazardous undertaking, and be 

prepared to accept the risk. Problems are inevitable when one 

party attempts to pass off the risk to the other party in the 

contractural game. If provisions are not made in the bid sched­

ule to pay for the risk, the contractor is forced to evaluate the 
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risk and include the cost in his bid as a calculated contingen­

cy. If the owner accepts the risk and makes provision to compen­

sate the contractor, he will very likely get it at cost. 

Cost for an i tern of work that cannot be adequately 

evaluated can be included in the schedule as a "Provisional Sum" 

which allows the contractor to price the remainder of the work 

realistically; the owner can then evaluate the bids on a compari­

tive basis. "Lump Sum" items require that the contractor absorb 

overruns no matter what the cause. He, therefore, must apply an 

uncalculable contingency, otherwise known as a guess, on the high 

side. 

Contractors are accused of not being innovative and of 

being unwilling to try new approaches. I often wonder if the 

accusers are the same ones who write into the bid documents that 

the contractor shall assume all responsibility for the safety and 

function of the project. The only way a contractor can accept 

these conditions is to make use of the systems and schemes with 

which he is familiar and which fit into the allowable time 

frame. The owner must also be prepared to accept some of the re­

sponsibility for deviations from the tried and proven methods. A 

scheme like the "New Austrian Tunnel Method" offers some inter­

esting ideas which are improvements over customary practice in 

the United States, but is not something which a contractor can 

afford to experiment with on a fixed price bid. All too often in 

attempting to utilize a new scheme such as this one, where admit­

tedly everyone is in the learning stage, the owner sees fit to 

inspect and test every item over and over mainly for the purpose 

of learning just what to expect. I have seen too many delays 

resulting from vigorous application of the exact letter of the 

specification to want to attempt to use shotcrete as the primary 

means of support. The short time schedule usual for tunnel con­

struction often forces the contractor into adopting the customary 

drill/shoot/set-steel routine as a matter of expediency. From 
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experience we know that a crew can be trained to follow this 

routine and soon achieve a predictable rate of progress. The 

existence of the canopy of visible steel imparts a sense of 

security, needed or not, and the crew functions at an acceptable 

efficiency level. The use of another means of support, be it 

rock bolts or shotcrete, would in all probability provide the 

same amount of security at a lesser cost, but with the risk of 

work stoppages due to real or imagined unsafe conditions. The 

problem is to create a safe working environment for the tunnel 

crew using a system they feel comfortable with while employing a 

scheme the contractor can trust to produce results punctually. 

The contractor has reduced his financial risk by the use of a 

proven scheme and will continue to do so until the owner shows a 

willingness to share that risk. 

Designers have gone to considerable effort to discour­

age the use of rock bolts. Some few years ago when expansion 

shell mechanical anchors were the state of the art, I was at a 

job where rock bolts were considered a desirable option if the 

contractor could demonstate that the anchor would hold during a 

pull-out test that would develop a stress considerably in excess 

of the working strength of the bolts specified. The rock was a 

highly metamorphosed gneiss and mica schist. Needless to say, 

anchors placed parallel to the planes of schistosi ty failed to 

meet the criteria, and the contractor was then required to in­

stall additional bolts at his expense. All suggestions that 

bolts placed parallel to the schistosity should not be required 

to achieve anchorage in excess to the working load of the bolt, 

or that smaller bolts placed in a closer pattern would achieve 

the necessary load-carrying requirements were rejected. In order 

to get on with the job and avoid unnecessary loss of time and 

expense for materials (non-reimbursed), the contractor chose to 

use the steel rib support option. 
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In a more recent incident involving epoxy resin anchor, 

an extensive test program was necessary to demonstrate the suit­

ability of this product. 

Data used in the proposal was obtained from a report on 

extensive testing done by another branch of the same agency. 

This redundant effort had to be financed from the contractor's 

indirect costs. 

When unusual ground conditions are anticipated, the 

solution is to be very explicit in the specifications and be pre­

pared to accept results, e.g. in the case of the long shell 

anchors failing in the schist, the contractor should accept this 

rock characteristic and work within the parameters present in 

that situation. Perhaps a larger number of smaller bolts could 

have maintained the same load capacity. 

In the use of gunite and shotcrete, I have experienced 

the invention of the wheel on few occasions. The proportions 

necessary to achieve a proper mix are well established, and it 

seems redundant to have to repeat the process each time it is 

used. I have seen times when the process was done for the edifi­

cation of the inspector, who then became the expert over a 

craftsman with years of experience; the inevitable conflict led 

to many disagreements. This happens to be a human problem that 

no specification writer can keep from happening. During early 

stages of . the work, often more time is spent adjusting mix and 

making cylinders than is spent placing protective shotcrete in a 

productive manner. The unit price for placement does not 

approach the time and materials costs during the trial and error 

period. Adjustments in design which do not interfere with pro­

duction are no problem, but redesign from "square one" is a dif­

ferent bid item. 

A contract that requires mixed methods of support such 

as steel ribs for some sections and rock bolts for others can in­

crease the cost of support, especially in large tunnels. The 
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jumbo (a moveable scaffold) designed for steel placing will not 

necessarily be suitable for rock bolting; the latter may require 

that a heading be supplied with two (or more) specially designed 

pieces of equipment. Often these units will not pass through the 

tunnel and must be moved out, or to an enlarged passing area; 

they are not necessarily readily available for routine changes of 

support. If the sections of tunnel which will require a given 

type of support can be pinpointed and designated well in advance, 

no particular time will be lost. If, however decisions must be 

made on a day-to-day or round-by-round basis, the method becomes 

very unattractive, and a contractor prefers to use only one type 

of support. It is not easy to train miners to place rock bolts 

unless a constant pattern is maintained. Pattern bolting of 

course maximizes the carrying ability of rock bolts and is the 

only reliable way to use them. 

It has been said that the competitive bid practice is a 

lottery in which the loser gets the job. So be it. The low bid­

award practice does encourage the contractor to pursue claims in 

order to cover costs for unforeseen circumstances. A claim has 

the connotation of being something a contractor is trying to get 

that he has not earned and would in effect amount to surplus pro­

fit. Frivolous claims are easily spotted and as such should sum­

marily be rejected by an owner. Claims that are justified should 

be thought of as adjustments reflecting the increased cost of do­

ing work where, even after a thorough exploration, we had to use 

the "best guess" approach after having entered into a contract in 

good faith. An open-minded attitude towards claims removes some 

of the stigma from the terminology and puts the concept in a more 

favorable light. 

If bids are to be rejected because they are some arbi­

trary percent over an estimate, these conditions should be clear­

ly spelled out prior to asking for bids; the base estimate should 

be prepared by knowledgeable and experienced people. It is one 
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thing to prepare an estimate if one is reasonably sure he will 

not himself be required to do the job at his price, but quite 

another if one considers that he will be expected to produce a 

finished project for his price. 

In the December 14, 1978, issue of Engineering News 

Record, the Urban Mass Transit Administration suggested that bids 

7 percent above estimates could be cause for rejection. If this 

type of unilateral action is adopted, it will certainly reduce 

contractor enthusiasm. It seems to me that any estimate could as 

easily be incorrect or unrealistic as any other. If all bids are 

considerably in excess of the engineer's estimate, there is rea­

son to suspect that the specifications and drawings do not pro­

perly convey the owner's intentions. Rather than reject all bids 

and attempt to get a lower rebid, some means of negotiation with 

all respondents should be provided. A costly redesign and rebid 

exercise could, in this manner, perhaps be avoided. 

These few brief remarks are not intended to revise the 

tunnel bidding/construction system, but only to convey some ideas 

about where improvements could make the business easier to manage 

and more equitable for both parties. They are my own ideas and 

do not necessarily reflect the opinions or philosophy of my em­

ployer or any contracting organization. 
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TUNNELING IN THE UNITED STATES: 

A CONTRACTOR'S VIEWPOINT 

by 

Terence G. Mccusker, Tunnel Consultant 

San Francisco, California 

The remarks which follow are based primarily on recent 

contracting experience in order to reflect as closely as possible 

a U.S. contractor's opinion of the tunnel construction bus i­

ness. The views expressed are those of the author and do not 

necessarily represent those of my recent employer or any other 

tunnel contractors. 

It would be otiose to recite everything which is done 

right and causes no problems. Suffice it to say that, in gen­

eral, the contracting system works, and sometimes works well. 

The purpose here, however, is to examine those areas in which it 

appears deficient and, where possible, to suggest practical solu­

tions. 

1. The Adversary Relationship 

The dominant feature of the contractor/owner relation­

ship is the polarization inherent in the concept that the duty of 

the owner's representative is to enforce the contract while the 

contractor's duty is to comply with it. Given this as the basis 

of the interaction between the parties, it is clear that the 

differences between contractor and owner can easily make them 

WP-F-139-13 



Tunneling in the United States: A Contractor's Viewpoint 
Terence G. Mccusker 
Page 2 

adversaries in a destructive manner, each party seeking an advan­

tage over the other. Once the contractor perceives that the 

owner's representative regards him as a knave, and the owner's 

representative that the contractor regards him as a bloodsucker, 

much creative energy is diverted in resultant hostilities. 

Both parties will tend to adopt positions which they 

regard as prudent in terms of the potential for future claims and 

change orders rather than engaging in a mutually supportive and 

rational examination of the facts. In particular instances, the 

contractor may perceive that the work can be accomplished more 

expeditiously or with a greater assurance of success if the spe­

cified method is changed. Too often, a proposal for such a 

change is rejected by the owner's representative because he feels 

that the contractor is seeking an unfair advantage. The fact 

that the advantage does not exist and can therefore not be iden­

tified, only serves to increase the suspicion of the owner's re­

presentative that he is being set up. On the other hand, if the 

contractor perceives a flaw in the design or specifications, he 

may avoid drawing attention to it, preferring that the owner 

endure the risk he has unwittingly accepted rather than take 

responsibility himself for proposing a remedy, and thus hazard 

the consequences if the proposal does not work out wel 1. In 

summary, mutual suspicion leads to a considerable reduction in 

the flexibility of both parties in dealing with job problems and 

may prevent full use of the knowledge and experience of either 

party. 

The report entitled "Better Contracting for Underground 

Construction," prepared by the U.S. National Committee for Tun­

neling Technology, draws attention to the very different role for 

the consul ting engineer prevalent in contracting in the United 

Kingdom where, although he is the owner's representative, he acts 

in most cases as the arbitrator of disputes between the owner and 

contractor. Bidding is not open to all, and the low bidder is 
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not necesarily successful. Qualified bids are acceptable, and 

virtually all disputes are resolved during the course of 

construction. Most important, perhaps, is the concept that when 

problems arise which are engineering problems, they are to be 

settled by engineers. In any case, the parties regard each other 

as gentlemen and settle their disputes with that in mind. The 

contractor is the more likely to accept the procedure, in that he 

is unlikely to be invited to bid again if he proves intransigent 

or if his probity proves to be suspect. 

It is worth noting in this regard that for development 

work in the mining industry in the U.S., the same type of bidding 

procedure is followed as in the U.K., and is likewise substan­

tially free of litigation. The contractor is also highly motiva­

ted to perform to the maximum of his ability in order to retain 

the favor of the owner. 

2. Quality of Supervision 

To the extent that the inspection staff is made up of 

those who have left a more active life in the contracting indus­

try, they may exhibit understanding and a helpful approach to 

mutual problems. However, many inspectors have never worked in 

contracting; of those who have, many have left because they were 

unsuccessful. Neither of these backgrounds will dispose the in­

spection staff to be cooperative. More importantly, it is the 

case that many of the senior staff and especially resident engi­

neers have spent their entire careers as designers or owners' re­

presentatives. Many of them lack any fundamental understanding 

of the work they are supervising and are, therefore, bound to 'go 

by the book', being unable to evaluate job problems in any but 

the most superficial way. 

It is very unusual for the resident engineer or his 

staff to have the power to exert any but negative authority. No 

decisions of consequence can be made on the site and every prob-
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lem becomes a major time-waster. The contractor has a very real 

grievance in that he is compelled to have a representative on the 

job with full authority to make all decisions regarding the con­

duct of the work, while the owner's representative has virtually 

no authority and decision-making power; hence, the contractor is 

held responsible for most decisions made in the field. 

It is a commonly accepted principle of good management 

that financial authority be delegated to the lowest level of man-

agement capable of exercising it responsibly. Why, then, is it 

felt to be beneficial to the owner to dilute, divide and withhold 

this authority from those charged with the responsibility of man­

aging his interest? It is certainly not possible for fair and 

timely decisions to be made under the system now prevailing. 

It would appear that many, if not all, of the problems 

would be mitigated if the industry promoted a climate in which 

engineers in particular could exchange jobs freely in the areas 

of contracting, technical supervision and design, and if more 

decision-making authority were delegated to competent staff on 

the job who are in the best position to understand and evaluate 

the problems. 

3. Timely Settlement of Claims 

Contractors have become resigned to the fact that they 

are unlikely to recover any more than half of their costs when 

they are forced to make a claim for additional compensation. Not 

only that, but the recovery is likely to take five years and to 

be paid in depreciated dollars. Why is this the case? The fact 

is that if there is any tolerable excuse for not making payment -

and often enough when there is no excuse at all - it is not in 

the owner's interest to make a settlement. It is not even in the 

interest of his representatives to make a recommendation for set­

tlement. No one is going to receive approval and recognition of 

work from the owner by spending his money, especially when the 
need for the additional expenditure arose from a failure of his 
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designers to foresee the costs at the time the contract was being 

prepared. How many designers are anxious to accept blame? 

There is no question that the current system operates 

unfairly in this regard. It would seem that justice would be 

more likely if disputes were settled by an independent arbitrator 

or panel of arbitrators appointed at the outset of the project, 

receiving their compensation equally from the owner and the con­

tractor. The arbitrators should be engineers familiar with the 

law, rather than lawyers familiar with engineering; they should 

have wide experience and mature judgment, and be widely respect­

ed. 

It should be possible to set forth rational timetables 

for submittal, rebuttal and judgment, so that jobs could be 

completed and claims settled at substantially the same time. 

This would free both the contractor's and owner's engineers from 

time-wasting, energy-sapping and fruitless activity long after 

the design event. It would also serve to make contractors and 

owners less wary of each other and more prone to solve problems 

than to create them. 

4. Restrictive Specifications 

It is very often the case that contractors are required 

to accept all responsibility for the work under construction, 

while being restricted by the specifications to the use of 

methods or equipment detailed--often conservative methods and 

equipment known to be applicable to the type of project being 

constructed. Engineers claim that this is necessary to protect 

the public safety or to secure adequate performance from margin­

ally competent contractors. It would seem more prudent to exclude 

the marginally competent contractor altogether! 

The result of this approach is to inhibit innovation. 

It is distressingly apparent that tunnel construction costs in 

this country are significantly higher than they are elsewhere in 

WP-F-139-13 



Tunneling in the United States: A Contractor's Viewpoint 
Terence G. Mccusker 
Page 6 

the world, and that most innovative techniques are developed 

elsewhere and imported to this country only with great reluc­

tance. It is notable that an 'experimental' length of subway 

tunnel is currently under construction in Baltimore using precast 

concrete segments - a procedure which has almost entirely 

displaced metal segmented tunnel liners in Europe, and which 

first was used almost 40 years ago. 

We cannot afford the luxury of 'not invented here yet' 

conservatism; still less can we afford this sentiment when com­

bined with inhibitions about invention. The limitation of bid­

ders to those qualified both technically and financially, toge­

ther with performance specifications would result in reduction of 

time spent in preparing loophole-free specifications and minutely 

detailed drawings while opening up the field to truly competitive 

bidding based on design and method, as well as on price. It is 

interesting to note that in West Germany, where alternative de­

signs are routinely accepted from bidders, the owner's design for 

a subway system was so seldom followed that bids were finally put 

out giving little more than the alignment, profile and clearance 

information; the accepted bidder is held responsible for submit­

ting all the necessary construction detail with his bid. 

5. Designer's Limitations 

It is not only site staff who are sometimes lacking in 

experience and qualifications for directing construction activi­

ties. Too often, an owner who is not routinely involved with tun­

nel construction will select a designer with little or no regard 

for his experience and knowledge of tunnel design and construc­

tion. The designer may well be generally competent and exper­

ienced in stuctural design, but there is no way in which he can 

reflect advances in tunnel technology, or even choose the best 

and most economic design for the owner, or specify and supervise 

proper workmanship. 
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The matter may be of small moment when short tunnels of 

simple design are involved remote from public use facilities. 

However, it would be helpful if all designers were more aware of 

the complexity of, and potential hazards associated with, tunnel­

ing, and avoided unaided preparation of contracts in areas where 

they lack competence. 

6. Tunnel Design Code 

The current lack of consistency in lining design 

methods sometimes gives the impression that every bid is for a 

different type of construction. To the extent that this is so, 

it means that bids are made with caution because experience is 

lacking to make a confident estimate of productivity. Caution on 

the part of bidders naturally leads to high bids. 

It is also manifest that if an 8-inch thick precast 

concrete liner with grout in the tail void will support ground 

loadings satisfactorily, it should not be necessary to provide 8 -

inch ribs and lagging with 18 inches of doubly reinforced con­

crete lining in another part of the same tunnel. This point has 

reference in part to the previous discussion (Section 5, Design­

er's Limitations), of the need in this industry for a code of 

practice which will simultaneously ensure that the owner gets a 

fair shake and give protection to the designer. 

Naturally, such a code should not be so restrictive as 

to prevent progress in unforeseen directions. But let there be 

some common sense applied in this area. 

7. Open Bidding 

Private owners have long recognized that their best in­

terests were not served by open bidding. In fact, the usual 

practice is invite bids from selected contractors, often accom­

panied by qualifications, and then to follow with a round of 

negotiations to secure the best bargain. 
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The Government acts in much the same way in selecting 

designers. Why cannot an effective system be devised with appro­

priate safeguards to permit similar procedures on bids for public 

works? First of all, the risk born by bidders as well as by 

owners that an incompetent or unskilled contractor will misjudge 

the nature of the work and bid low in ignorance would be avoid­

ed. Secondly, the task of design and specification writing for 

all comers would be eliminated with consequent economies. There 

are other advantages and few disadvantages in terms of cost and 

reliability. The necessity would be the development of thorough 

and objective criteria for selection. 

There is another alternative, perhaps more difficult to 

protect from corruption. This is the acceptance of qualified 

bids, with post-bid negotiation to resolve the qualifications. 

This does work elsewhere, but it effectively precludes publica­

tion of bid details. There would, therefore, necessarily be 

either a higher degree of trust or provision for review by an 

appointee of the bidders. 

8. Wrap-up Insurance 

Wrap-up insurance is a concept beloved by no one except 

the insurance companies. The arguments against it are many, from 

lack of individual incentive - insurance security can be at the 

expense of innovative design excellence - to loss of benefit to 

the good performer both currently and in his experience rating. 

All large owners are essentially self-insured anyway, 

as are large contracting organizations. The only worthwhile ar­

gument for wrap-up is that it deals effectively wih the subroga­

tion problem. But, ' why should workmen's compensation be inclu­

ded? In fact, by buying such a large policy, the owner is, in 

fact, buying his insurance in an uncompetitive market. And given 
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the lack of competition, the insurance carrier can minimize his 

administrative costs by offering only token resistance to claims 

totaling less than the premium amount. 

This appears to be an unsatisfactory way to do bus i­

ness. 

9. Bonds 

The cost of bonds for the average tunnel project amount 

to about one-half of one percent of the contract price. This is 

a small proportion but may amount to a large actual sum. The 

owner should consider carefully how much the bond actually pro­

tects him. It is a common fallacy that the bonding requirement 

will serve in lieu of prequalification. It does no such thing. 

The only question of substance the bonding company is interested 

in is the financial capacity of the contractor. The owner's 

inquiry into the technical or managerial competence of the con­

tractor is of little moment to the bonding company. 

10. Labor Skills 

Tunnel labor has typically been recruited from the in­

experienced and untrained including a high proportion unable to 

find other work which they would prefer to do. Yet, the skills 

required in tunnel construction are many and varied. Virtually 

all tasks can be performed better than they are and with greater 

safety. Should we not then encourage and support training pro­

grams for tunnel laborers instead of pursuing the haphazard 

course we have up to now? 

This question is being addressed currently by certain 

western local industries involved in mine development work. The 

program they are looking at has been developed to train hard rock 

miners, but it is obviously and easily adaptable to tunneling, 

given a commitment by the industry. It is obviously easier to 
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develop training programs when a man expects to spend a good deal 

if not all of his working life with a single employer. However, 

it should not be beyond the wit of man to solve the problem. 

The basic approach taken by the National Apprenticeship 

Program for Miners is to split the work into self-contained 

jobs - for instance, installing resin-anchored rock bolts; erect­

ing, blocking and lagging steel ribs; and so on. A training 

manual is prepared and instruction is given on the best way to 

perform each task. When a standard of proficiency has been at­

tained, that skill is checked off on the employee's pP.rmanent re­

cord. In this way, labor can be selected or trained for specific 

job profiles; the acknowledgement of skill is itself a powerful 

incentive to the miner to do his job well. Information about 

this program can be obtained from: 

Conclusion 

Mr. M. Lee Scott, State Director 

Department of Labor - B.A.T. 

Room 314, Post Office Building 

350 South Main Street 

Salt Lake City, Utah 84101 

(Telephone - 801-524-5700). 

This essay is a personal effort to set forth some of 

the problems which appear to need exposure, discussion, and reso­

lution. I.t would be vain to assume that this contribution is 

decisive; but, as collective opinion begins to lean in a particu­

lar direction, the chance becomes greater that it will result in 

effective action. Clearly my hope is to have influenced the 

opinion of others as a step towards the goal of problem-free 

construction. 
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Edi tor's Note: 

LABOR TRAINING PROGRAM 

M. Lee Scott 

State Director 

U.S. Department of Labor 

Salt Lake City, Utah 

The following letter is from M.L. Scott of the U.S. 

Department of Labor, whose Apprentice Training Program for 

underground work has attracted widespread attention. 
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U.S. DEPARTMENT OF LABOR 
BUREAU OF APPRENTICESHIP AND TRAINING 

Room 314 Post Office Building, 350 South Main, Salt Lake City, Utah 84101 

May 11, 1979 

Don C. Rose 
Tudor Engineering Company 
149 New Montgomery Street 
San Francisco, California 

Dear Mr. Rose: 

94105 

Once again it was a pleasure to talk to you regarding your very 
important and interesting work. 

As we have discussed the Bureau does not have a clear policy 
regarding the broad use of the modular training concept which I 
developed for use in the mining and other energy related occupations . 

However , in very brief form the following hopefully will provide you 
with an overview of what it entails. The modular concept is a 
very simple, practical , versatile and systematic way of training 
workers. It eliminates assumption on the part of the trainor and 
readily adapts to technological change in methods, tools, equip­
ment, materials , etc, and easily fits into productions schedules . 
Modules are identified after a job analysis has been made and 
embraces the following characteristics: (1) must be self contained 
and can stand by itself ; (2) must be small and have a single purpose 
objective ; (3) must be easily identified and when combined with one 
or more modu l e fit a specific job profile; (4) performance objectives 
can easily be established and employees easily measured; (5) is 
transferable to othe r occupations within the same or other related 
industries . 

I trust this let te r meets your initial needs , should a further in­
depth paper be requi red , I would like to request that you contact 
the Administrato r , Bureau of Apprenticeship & Training, Robert 
McConnon , Pa tr ic k Henry Building, Room 5000, 601 "D" Street, 
Washington , D.C. 2021 3. 

Sincerely , 

1.11:{~ 
State Director 



The 

National 
Apprenticeship 
Program for 
Miners '1!Pli) 

• • 
NlO . 

MODULAR APPRENTICESHIP 
PROGRAM FOR MINERS 

1. Training in all of the mine production units of 
skill and knowledge. 

2. Instructs by on-the-job training. 

3. Successful completion of program results in 
government certification as a Journeyman 
Miner. 

4. Training system based on the modular concept. 

Modules are small. self-contained pieces of work 
which can stand by themselves. 

Modules. when comhinerl with one or more other 
modules. fit a specific job profile. 

Modules allow for the establishment of 
performance objectives against which the 
employee's performance can easily be m!'asurl'<l . 

Modules are transferable !'ith~r in whole or in part. 

5. Four basic modular training programs will be 
developed in 1978. 

Underground Harri Rock Miner 

Underground Coal MinPr 

Surface Harri Rock Miner 

Surface Coal Mi n,•r 

6. The ,programs will be introduced nation\\'ide 
in 1979. 

7. The program has the active support of four 
international unions. 

U. 8. W. A. 

I. U. 0. E. 

O.C. A. W. 

U. M. W.A. 

8. The program is funded by the U.S. Department 
of Labor, under a contract with Kennecott 
Copper Corporation-Metal Mining Division . 

9. For more information, contact-

National Apprenticeship Program for Miners 
Suite :!003 
307 West 200 South 
Salt Lake City. Utah 114101 
Phont-: (Mo1, :u,.a -17M7 

or 

1\1. Lee Scott. Stall' Director 
Department of Labor- H.A .T . 
Room 314. Post Office Building 
3a0 South Main Street 
Salt Lake City. lltah 114101 
Phom•: (MOil :i2-1-;i7(Ml 
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THE KEY TO PRODUCTION AND SAFETY 

IS JOB TRAINING 

by 

Richard C. Carleton 

Project Manager 

Gates & Fox Co., Inc. 

Loomis, California 

In May, 1977, when the underground work was begun at 

the Bath County Pumped Storage Project in Western Virginia, 

Gates and Fox Company brouqht in a team of experienced superin­

tendents and walkers to start it off. At first they worked 

one-on-one with local hires, only a few of whom had ever been 

underground before. The schedule limited the work area to a 

few small drain tunnels, and under the close control of the su­

pervisors the men were ouickly trained to the level where they 

could operate safely and efficiently in the undergrounc'l envi­

ronment. In this way the crews were gt'adua.lly expanded to 

about 100 men. The diversion tunnel was successfully completed 

in the early spring of 1978 using these job-trained men and a 

high percentage of supervisors. Then the extent of the problem 

of finding enouah men to do the expanding job became evident. 

During the late winter and early spring of 1978, teams 

of recruiters consisting of personnel men and underground su­

perintendents scoured the country from Maine to New Mexico, 

wherever miners were known to be available, for additional re­

cruits. A few were hired, but not enough to fill out the crews 

to the approximately 600 men needed to work in the 13 headings 

that were scheduled to be worked at one time. Additionally, 
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several pre-employment training programs were begun. They 

lasted a week and were designed to teach the men the importance 

of underground safety and to familiarize them with terros and 

objectives of the tunneling profession. 

At that time a survey was made. Of the 180 hourly men 

on the job, only 15% had ever been underground before ana most 

of them for less than a year. Obviously something had to be 

done to either find more trained men or to train inexperienced 

men. Once the decision had been made to follow the latter 

course a unique program quickly developed. 

Jim Sevy, the Gates and Fox Company Safety Supervisor, 

became the Safety and Training Supervisor and was given the re­

sponsibility for developing a complete training program. With 

the help of Jim Buck of the owner's Public Relations Department 

and Bill Crump of the Agent's Training Department, a manual was 

assembled and a video tape was put together showing the equip­

ment the men would be using, emphasizing the importance of 

safety and encouraging prodl.i.ction. Small-scale mockups of a 

tunnel face were built with a typical drill hole pattern to 

help demonstrate and give classroom practice in loading the 

wiring in a shot. A tunnel that was not on the critical path 

was selected as a training tunnel, and a classroom trailer was 

set up at the portal. 

Each operating heading was then asked to pick a couple 

of new men who had no previous experience but had shown an in­

terest in learning. Ten of these men were picked and together 

with a walker chos·en for his patience and even temper, an ex­

perienced shifter, and a lead miner, they began the first 1 O­

day training period. 

On the first day the video tape was shown, the under­

ground equipment and objectives were discussed and the proper 
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use of safety equipment was demonstrated. The men assembled on 

the drill jumbo, and the shifter and lead miner demonstrated 

the use of drills and other equipment and emphasized the impor­

tance of proper drill aliqnment, care of the equipment and 

concern for the safety of their fellow workmen. Whenever it 

was felt necessary, the drills were stopped and an impromptu 

lecture took place. This is the particular advantaqe of a 

training crew over a normal production crew. The high level of 

sound underqround generally precludes discussion of objectives 

and methods with new men. When the first round was drilled 

out, the class went to the training trailer for a demonstra­

tion, on the mockup, of proper wiring techniques, along with 

lessons in the safe care and handling of explosives. The round 

was then loaded and shot. Next, the operation and care of the 

rnuckino equipment was covered and, in succession, the shotcrete 

and rockbolting operations were demonstrated and practiced. 

After one week of stop-and-start training the crew was 

turned loose . to develop their production techniaues and to work 

themselves into a production team. Surprisinglv, by the end of 

the second week these "new hands" were ~et ting two 1 0-foot 

rounds a shift in a 14' x 16' tunnel. 

On graduation day, the walker, the shifter and the 

lead miner met and agreed on the indivinual orades for members 

of the class. Grades of A+ to D were assigned, along with 

verbal comments on of the men's special attributes and atti­

tudes; then the class was graduated and distributed to the 

working headings. Despite some early misgivings among some of 

the old-timer superintendents, it wasn't long before they were 

asking for copies of the final orades of subsequent classes and 

requestinq the trainees by name. 

WP-140-3645 



The Key to Production and Safety is Job Training 
Richard C. Carleton 
Page 4 

Following graduation of the first class, two new 10-

man classes were set up on day and swing shift. Most of the 

men came directly from the Agent's personnel department, often 

with no work experience. Occasionally they would take one look 

at the underground environment and walk back to the dry house~ 

a few went through the two weeks, but were judged unacceptable 

for underground work. These usually went to the bull gang for 

outside support work. 

Every two weeks for the next eight months, twenty raw 

recruits were turned into underground production hands. The 

percentage of those who had never been underground prior to 

working at the Bath County Project remained the same (85%). At 

the end of that time, they were part of a team that in one 5-

day week in January, 1979, excavated 1631 linear feet of tunnel 

ranging in diameter from 10 feet to 34 feet. 

Of equal importance for the production records, the 

safety record on the project was outstanding. One million 

three hundred thousand cubic yards of rock were excavated with­

out a fatality and with severity and frequency rates not only 

considerably less than the mining averaoe, but actually less 

than the national average for general construction. 

It should be emphasized that these men were not con­

sidere6 to be "miners" at the end of their class time, but they 

were ready to carry their own weight as specialists in the 

underqround operation. Wherever possible they were placed in 

positions where they showed particular promise and felt com­

fortable in activities ranging from drilling, to mucking 

machine operation, to shotcrete nozzling. Since the completion 

of the excavation operation, many of the men have moved on to 

other projects, carrying with them the skills learned at Bath 
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County. Others were given new training at the project and 

became part of the concrete lining crews. 

The safety and product ion benefits that accrue to a 

project throu~h specialized training of the men far outweiah 

the costs of such training. There is no substitute for the 

learning experience a man receives as part of an actual 

production crew, but we believe he learns faster, better and 

more safely if he has had the head start of a training crew 

experience. 

Editor's Note: 

This outstanding pumped 

approximately 12 miles of hard 

several different diameters, by 

storage project completed 

rock tunnels and shafts of 

conventional dril 1-and-blast 

methods as well as TBMs, at world record progress rates and at 

a remarkable low cost of approximately $1,000 per lined foot. 

The rock was a gently dipping, regularly bedded sedimentary 

sequence free of heavy joints or faults or water problems. The 

Contractor was working on a Tarqet Estimate contract with 

incentive, and quickly won the maximum bonus possible but 

continued thereafter at the same outstanding progress, to the 

Owner's benefit. Gates & Fox Co., Inc. management and 

personnel are to be congratulated on this fine performance. 
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COURSE OUTLINE/SCHEDULE 

Lesson #1-----------Basic Orientation 

Introductions 

Objectives and Methods 

Field Inspection of Tunnel and Equipment: 

Mainline Jumbo 

Rockbolt Jumbo 

Shotcrete Jumbo 

Muckinq Ma chine 

Jackleg 

Stoper 

Drill Bit 

Drill Steel 

Other Tunnel Terms: 

WP-140-3645 

Headi n~ 

Face 

Crown 

Arch 

Rib 

Muckinq 

Hand out sheet on 

tunnel terrninoloay. 
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Tunnel Safety: 

1. Hand on drills 

2. Proper clothinq 

3. Where to walk 

4. Watch face when walking on jumbo 

5. Danger of air hose 

6. Stay under wings of jumbo. 

7. Do not stand with back to face of heading 

8. Do not stana directly under rock which you 

are scaling. 

9. Do not stand directly under stoper or 

jackleg when collaring hole overhead. 

10. Do not smoke or allow open flame or electric 

lights around blasting powder or other ex­

plosives. 

11. Keep all blasting leads, lead wires, and leg 

(cap) wires shunted until ready to wire in. 

Lesson #2-----------Drill Cycle 

Move in Jumbo 

Hook up Jumbo 

WP-140-3645 

Blow Bul 1 Hose 

Drilling----hand Signals 

Location 

Depth 

Soacino 

Rurn Holes 

Theory of Blasting 

Jumbo Servicing 

Machine damage 

potential and safety 
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Lesson #3---------~-Load and Wire 

Powder Cap and Safety 

Powder Types 

Caps and Wire 

How to Make Pr imen 

Proper Handling 

Theory of Blasting 

Dummy Caps, Shooting 

Box, Lead Wire, etc. 

Application in Headinq of the above 

Lesson #4-----------Smoke and Misfires 

Smoke Time 

Required waiting time---­

fifteen (15) minutes in tunnel 

Walker-Shifter responsible for: 

WP-140-3645 

Shot Round 

Checkinq face -after blast, first 

Procedure on misfires: 

Shunt 

Check 

Rewire 

Reshoot or wash out 

Handouts 



POWDER TRUCK DRIVERS INSTRUCTIONS 

1. All powder truck drivers shall be licensed drivers. 

2. The driver shall be physically fit. He shall not be under the influen ce 
of intoxicating liquors, narcotics or other dangerous drugs. 

3. No person shall smoke, or carry matches nor any other flame producing 
device, nor shall firearms, or loaded cartridges be carried in or near a 
motor vehicle or conveyance transporting explosives. 

4. The driver shall see that the explosives signs and the fire extin guishers 
are kept in place and in good shape. 

5. The driver shall not leave a loaded truck unattended at any time. He 
shall keep the magazines locked at all times, except when loading or un­
loading explosives. 

6. The driver shall keep an accurate record of all explosives used durin g 
his shift. 

7. The driver should, if possible, check the Jumbos for loose powder and 
caps at the end of the loading operations, before leaving out of the headin g. 

8. The driver will take all empty cap and powder boxes to the burning pit 
for burning. At no time will the truck be parked closer than 50 feet to 
the burning pit, and to be on the safe side, we recommend a distance of 
75 or 100 feet from the pit. 

9. Powder trucks going and coming to the burning pit will use the haul 
road and at no time will the powder trucks be allowed on Route 600 or 
off the job site, as they are not licensed or inspected to go off the job 
site. 

10. The driver will receive two copies of this directive, he will read 
one copy, sign his name at the bottom and return it to this office, he 
will keep the other. 

11. The driver will keep the attached portion of the OSHA standards 
dealing with explosives. 

JS/mbd & Training Superintendent 

Attachment 

\ 
I 



TO: DICK CARLETON 
tU.Y PAULSON 
KRN BURDICK 
JIM SEVY 

FR~: U! 1CENNARD 
DEAN DYE 
RAYMCI\D PHE!IUS 

SUBJECT: MINE TRAINING SCHOOL 

RICHARD W. A+ 

JULY 14, 1978 

This man i1 number one in this class. He ii very good drilling, 
loading and wiring in. He is also very good on the mucker, if 
any one ever had an excellent attitude about his work, this msn 
does. Be has been with in the school four weeks, he has never 
been absent or late. He has the ability and will lead the crew. 

TCMMY C A 
Thi• man is very good at drilling, loading and wiring in. He can 
run the mucker, but is a little slow at mucking. he vill improv~ 
with more experience. He has a good attitude about working. 

HENRY B A 
This is going to be a good lainer with more experience. He i ■ good 
at drilling, loading and wiring in. He is second best in class on 
the mucker, which is pretty good. He has a good attitude about 
working. 

JAMES A A 
This mania good et drilling, loading and wiring in. Be is fair on 
the mucker, with more experience he will be a good mucker operator. 
Re has a good attitude about his work. 

CARL It B+ 
This man is good at drilling,loading, and wiring in. Be can run the 
mucker but needs e lot more experience. He has a good attitude, but 
ha1 a tendency to get over anxious about doing things. 

PETER A C 
We don't know what to say about this man, he has the know how and the 
ability to make a good hand, if aomeone could get out of him. He can 
drill,load and wire in, he can run the mucker. Be needs to improve his 
attitude about work. • •• 

RAYM<l\'D PHEBUS 



INTRODUCTION 

LEGAL PROBLEMS IN TUNNELING 

by 

Max E. Greenberg 

Senior Partner, Max E. Greenberg, 

Trayman, Cantor, Reiss & Blasky, 

New York City and Washington, D.C. 

Tunnelina contracts often are one-sided documents 

strongly favoring the owner over the contractor. This is not 

surprisina since the contracts are normally written by owners' 

representatives and presented to contractors on a "take-it-or­

leave-it" basis. However, court decisions, while far from beinq 

uniform, have ignored or construed out of existence literal terms 

of these contracts often enough to quell any over-optimistic 

owners' sanguine belief that, notwithstanding the contract lan­

guage, they would be protected if serious problems were to arise. 

Underground construction is fraught with risks and many 

tunneling contracts seek to assign all these risks to the con­

tractor. This paper will consider what gives rise to current 

contractinq practices, whether they are really in the owner's 

best interests and what are available alternatives. 

Adversary Relationships 

Everyone agrees that it would be wonderful if we could 

have a team approach in the desi9n and completion of underground 

construction projects; the team should comprise the owner, 
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enoineer and contractor. The trouble is there are conflictinct 

interests among these participants. 

The owner wants to know - and in most instances must 

know - what the project will cost him. Private owners may have 

only limited funds available or the business desirability of the 

project may hinge on its costs. Public owners are limited by ap­

propriations or bond issues and must - except in cases of emer­

oencies - know within modest limitations what the cost will be 

s i.nce they may not contract for amounts beyond the funds avail­

able. 

It is in the interests of the owner, therefore, to at­

tempt to procure a contract for a definite fixed price, or for 

cost plus a fixed or award fee, or a management contract, all 

with a guaranteed cost maximum. Any cost reimbursement type con­

tract with a maximum cost but without a guarantee is impractical. 

If the cost exceeded the maximum, additional funds would have to 

be provided or a useless uncompleted structure could result. 

Often for very practical political considerations, own­

ers prefer to understate project costs when appropriations or 

bond financing are sought. Once the project is well under way, 

funds necessary for completion are more easily obtained. Hioh 

risk factors are either hidden from bidders or masked over bv 

broad, non-specific exculpatory clauses. 

The moment a fixed or guaranteed price is sought, a 

conflict of interest is created. It means an attempt is being 

made to pass the buck to the contractor for all uncertainties 

that may arise in the course of the construction. If the c o n-

tractor wants to remain financially competent to stay in bu s i­

ness, he must include in his guaranteed pr ice a percentage to 

cover these possible continaencies; he must comply with "Murphy 's 

WP-33-139-15 
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Law" and assume that the worst that could happen will happen. It 

is in the contractor's interest to enlarge the contingency per­

centage as much as possible while it is the owner's interest to 

keep it down. 

As fo~ the enqineer, he usually agrees to prepare plans 

and specifications to produce a structure at a cost not to exceed 

a specified maximum. If bids for fixed prices substantially ex­

ceed that cost, or if cost reimbursement types substantially in­

crease that cost (not counting changes not due to his errors or 

omissions), he may be in trouble with the owner. He may develop 

conflictinq interests with the owner or the contractor or both. 

The enaineer naturally is inclined to avoid antagoniz­

ina the owner who employs him. However, contracts themselves 

often place the engineer in the role of arbitrator of disputes 

between the owner and contractor. A contractor will not expect a. 

purely objective determination uninfluenced by the relationship 

of the enaineer with the owner. 

Thus, a basic conflict of interest exists between the 

parties to a construction project. Nowhere is this conflict more 

dramatically demonstrated than in the area of responsibility for 

unanticipated subsurface conditions. It is on this topic that 

the remainder of this paper concentrates. 

Unanticipated Subsurface Conoitions -

Attempts at Shifting the Risk Factor 

Disclaimers, exculpatory clauses and express assump­

tions by the contractor of obligations and risks are the normal 

means invoked in attempts to assure the owner of a definite proj­

ect cost. Some examples are: "The borings are furnished for 

such information as the owner has but are not guaranteed and are 
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not to be deemed part of the contract documents"; "Contractor 

agrees that the owner has made no representations as to subsur­

face or latent conditions and contractor assumes all risks relat­

ing thereto"; "Bidders shal 1 visit the site and shall make their 

own exploratory examination as to subsurface conditions; Owner 

makes no representation with reference thereto". 

Both sides know this latter provision i$ ridiculous. 

How could the bidder, within the forty-five or sixty 

days usually allowed for study of plans and specifications ac­

tually do sufficient study by exploration or other means to as­

certain subsurface conditions? Nor would it be economically fea­

sible for a bidder to do so on every contract for which he 

bids. He is a successful bidder on only a small percentage of 

contracts bid for. On the other hand, the owner has the time ne­

cessary to make the needed studies. 

There are several unfortunate consequences flowinq from 

the inclusion of this type of clause in a contract. 

(a) The owner, feeling the contractor is assumino all 

risks, may be induced to try to save time and the expense of a 

detailed study and analysis of all available sources of inforrna-

tion as to subsurface conditions. He may skimp on exploratory 

work under the impression he is protected from the cost of unex­

pected conditions not disclosed by the contract documents. 

( b) A responsible contractor will include a substan­

tial contingency item in his bid to cover unexpected costs. The 

contractor may not ' attempt to cover all possible contingencies so 

as not to price himself out of the market. However, he will pro­

vide for as many as possible. If in fact such unexpected costs 

are not encountered, then the owner has been subjected to an in­

creased cost beyond what was reasonable. 
WP-33-139-15 
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Therefore, it is obvious that the goal of the contrac­

tor is to overcome the burden of uncertainty by passinq its cost 

alona to the owner by way of this continaency item, thus thwart­

inq the owner's intention of casting the burden of uncertainty on 

the contractor. 

(c) On the other hand if the contingency item is not 

adequate, the contractor will in all probability seek a means to 

recoup his losses - by claims in litigation, if necessary. 

The important point is that, regardless of the form of 

contract, the owner pays. The more risks imposed on the contrac­

tor, the greater his contingency percentaae. And, if ultimate 

performance demonstrates this "heclqe" to have been inadequate, an 

attempt by way of litigation will be made by the contractor to 

recover the loss. 

Contracts containing these exculpatory clauses are 

breeders of one of the most time-consuming and costly types of 

litigation: litigation in which both sides lose: where, in addi­

tion to the cost of attorneys, accountants and experts, a qreat 

amount of the valuable time of the employees of both sides must 

be expended in searchina out facts and records, in interviews and 

consultations, preparation for and attending trial, etc. Tunnel­

ing litigation usualy involves huge sums and the cost of each 

side may easily run to millions of dollars. The victor simply 

may lose less than the vanquished. 

An added incentive for dropping the use of these claus­

es is their ineffectiveness. The customary protective clauses do 

not shield the owner to the extent he believes. In reality, they 

are exercises in futility and should be abandoned. 

The law in the United States imposes a burden on the 

owner which defies his protective clauses. He must disclose any 
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information he has which will affect the contractor's cost. His 

failure to do so is treated as a misrepresentation entitling the 

contractor to recover damages. The knowledge of the owner's en­

aineer is deemed the owner's knowledoe. 

Even if the owner has no actual knowledqe, he is still 

liable for failure to disclose what he "should have known." He 

"should have known" what an adeauate examination of existinq 

sources of information would have disclosed. Some examples are 

old maps, records as to experience on previous projects in the 

area, and pamphlets and treatises concerning the area. 

Here a few examples of how far our courts have gone in 

imposing liability upon owners for failure to disclose what they 

"should have known": 

An owner was held responsible where a contractor en­

countered boulders in the area of a reservoir filled in many 

years before. The only source of information was newspaper items 

in the public library which disclosed the fact that boulders were 

in the fill (Frank Nordone Contracting Co., Inc. v. City, 269 

A • D • 1 0 3 5 , 5 9 N • Y • S • 2 d 2 5 6 ( 1 s t D ep t . 1 9 4 5 ) ) • 

In the early days of the City of New York a canal 

existeo in a certain area which now consists of apparently solid 

land. ·A project designer was aeemed responsible for knowledge 

that the canal had existed, and that it must have been backfil­

led, and that there were in al 1 probability obstruct ions of di f­

ferent types, such as sunken vessels, in the area involved 

(Cauldwell Winoate v. The State, 276 N.Y. 365 (1938) ). 

As for the impossible requirement that the bidder be 

responsible for obtaining his own exploratory information, the 

United States Court of Claims has stated: 
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Therefore we hold that because of the inability 
of the plaintiff to bore, analyze the borings and 
to compute, prepare and submit its bid within the 
short time allowed, plaintiff is not bound by the 
cavetory and exculpatory provisions of the con­
tract and specifications and conversely these 
provisions do not relieve the defendant of lia­
bility for changed conditions as the broad lan­
guage thereof would seem to i ndi ca te. 
(Fehlhaber v. U.S., 138 Ct. Cl. 571 [1957]). 

Therefore, it is apparent that the owner may be 

suffering a delusion if he feels that he is fully protected 

by exculpatory clauses; that the existence of such exculpa­

tory clauses tends to make the owner less insistent upon a 

proper examination of existing sources of information con­

cerning subsurface or latent conditions by reason of the time 

and the cost required for examining those sources and ana ­

lyzing the same for the purpose of preparing the plans and 

specifications; that the owner is being subjected, in most 

instances, to a contingency cost which may never develop; and 

that the owner is, in fact, generating a situation fruitful 

for the development of expensive litigation. 

Thus, it is not only in the interest of the con­

tractor to avoid these disclaimers, exculpatory clauses and 

assumptions of risks, but it is in the interest of the owner 

as well. If these facts are realized the parties may be in a 

position to finally work out a contractural relationship with 

the desired team flavor. 

A Proposed Solution 

If exculpatory clauses are to be effectively 

avoided, a subsurface exploration program must be formulated 

to adequately study available sources of information, 
WP-33-139-15 
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concernino subsurface conditions as a basis for proper 

preparation of plans and specifications in such substantial 

detail as can result in an intelligent and knowledqeable 

bid. Obviously the only logical person to make such study 

for preparation of plans and specifications is the owner 

throuqh his engineer. He can take all the time needed for an 

adeauate study -- years, if necessary. The owner, and not 

the contractor, shoulo include a substantial percentage to 

cover the risks of un certainties in estimating his probable 

costs. This should be reflected in the appropriation. It is 

better for the owner to do it initially instead of paying for 

it as a hidden cost in the contract price with increased 

costs of litigation if the contractor finds his continoency 

item inadequate. If done properly, contractors' bids will be 

well below the appropriation. Funds will then be readily 

available 

realized. 

to satisfy claims for those risks actually 

There are two basic considerations to be kept in 

view in determining the contractual arrangement: ( 1) the 

owner pays; (2) the contractor would be inclined to exert 

oreater effort to accomplish savinas i.n performance if he 

gained thereby. 

As for incentive to the contractor to keep costs 

down, it may be given in two ways: (1) by way of bonus for 

earlier completion, or (2) by way of a portion of savinos in 

agreed estimated costs of fixed fee, reimbursable or manage­

ment forms of contract. 

It may be advisable to follow the European system 

of breakinq the job down into as many unit price items as 

possible, thereby further reducinq contractor's risk and room 
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for arqument. Owners often object to this on the around that 

it reouires more time, effort and en~ineering analysis. En­

qineerinq costs are hioher and the owner is forced to assume 

a greater res pons i bi 1 i ty. So be it. Engineer i nq expendi­

tures at a project's inception wil 1 save the owner money in 

the long run by reducing continqencies, claims and litigation 

cos ts. 

'l'he own er' s engineer, there f ore, shoul d be obli­

qated to study available sources of informat ion and to do 

adeauate exploration work for t h e purpose of ascertaininq 

subsurface conditions. What he learns o r kn ows should then 

be disclosed to the prospective contractors. In addition, 

the engineer will frequently be required to d isclos e not only 

what he knows but what he "should have known." That is, the 

engineer should be obl iaated to examine maps; records of 

previous construction; historical data, such as the prior 

existence of canals, streams, wells, etc. previously backfil­

led; and all similar sources of available information. This 

places on the engineer the burden of making a diligent effort 

to ascertain subsurface conditions and imposes liability on 

the owner if the engineer fails to do so. Stated different­

ly, the owner has a duty, through his enq i neer, to make a 

reasonable and thorough effort to discover actual subsurface 

condi t.ions. 'l'he knowledge obtained should be disclosed in 

writing and in detail; the engineer should include references 

to his sources of information and a summary of the explora­

tion work done by him. 

The rule reouiring the owner to disclose what he 

knows or should have known is practical, because the owner 

alone has the means of access and adeauate time to explore, 

analyze and study available sources of information concernina 
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subsurface conditions. It is suggested, therefore, that 

risks caused by subsurface conditions, to the extent they are 

ascertainable by reasonable exploration and study of existing 

sources of information, be assumed by the owner; and that the 

owner be obligated to disclose all information concernina 

such risks to prospective bidders. If contractors were 

actually to make their own explorations, their bid prices 

would have to include this cost, duplicating expense to the 

owner, without rendering him a corresponding benefit. 

It is suggested that, in addition, the owner list 

his sources of information; prospective contractors who have 

differing information about conditions or knowledge contra­

dictory to that disclosed by the owner have the moral ob­

ligation to disclose that fact. While it may not be possible 

to enforce such an obligation upon prospective contractors, 

certainly they could be reassured that problems they could 

have foreseen, if encountereo, would not be made a basis for 

the recovery of damages. 

It is also suggested that the owner make available 

the written reports of experts employed by him, i.ncludinq the 

conclusions they have drawn from disclosed facts and the 

reasoning forming the basis of their conclusions. Those 

opinions which are significantly relied upon by the designer 

should also be identified; they should be clearly identified 

as expert opinion and not presented as a report of condi­

tions. The prospective contractor mav accept or reject them; 

he may form his own conclusions based upon his own expertise 

or that of his employees. The owner should not be bound by 

the opinions or representations of his experts. 
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Since the plans and specifications are prepared by 

desianers employed by the owner, he should be responsible for 

their competence. The owner should be held to warrant that 

the plans and specifications are free from errors or omis­

sions, based upon the disclosed information. 

Owners should be encouraged to engaqe in well­

conceived and thoroughly executed underground investigations, 

by the e 1 iminat ion of disclaimers, and by the disclosure of 

information sufficient for both subsurface design and con­

struction. This will benefit owners by reducing the marqin 

of uncertainty, enabling better desiqn and planning, and 

lea di nq to more economical construct ion. In the long run, 

the added time and expense of a thorough site investigation 

is much less costly than the time lost and extra expenses in­

curred during construction in overcoming the consequences of 

inadequate preliminary underqround information. The better 

the underground information, the less need there will be to 

disclaim responsibility for unpleasant surprises, and the 

less freauently the owner will be faced with claims. 

If it were possible, prior to submission of bids, 

to ascertain the true subsurface conditions through explora­

tions and study, the owner would pay for the cost of worker 

performance in response to those conditions, since bidders 

would base their estimates thereon. It is reasonable that 

the owner pay for the performance imposed by the true condi­

tions. Why should the risk of variance from the expected be 

imposed on the contractor? In fact, as discussed previously, 

under existing contract practices the contractor attempts to 

impose that cost on the owner by including a contingency f ac­

tor in his estimate. 
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It is reasonable, therefore, that the contract 

contain a "changed conditions" clause (also known as a 

"differinq site and subsurface conditions" clause), which 

places the burden where it would have been if the true con­

ditions had orioinally been known - on the owner. 

What is meant by the term "changed conditions"? 

This is comm::>nly used to designate unexpected unknown condi­

tions, i.e., conditions which available information would not 

lead one to anticipate encounterinq in a given area. Under a 

contract with a "changed conditions" clause, such variance 

from the disclosed conditions would entitle the contractor to 

payment for the resulting additional costs. 

A distinction should, however, be made between 

factual data. and opinion as to the binding effect of each 

upon the owner. The owner should warrant the accuracy of al 1 

factual data. Factual data should be binding on the owner 

for purposes of a "changed conditions" determination. '1.'he 

owner should not, however, be held accountable for the accur­

acy of opinion in situations where equally competent profes­

sionals draw different conclusions and have different in­

terpretations of the same data. Opinion should not be bind­

i nq on the owner for purposes of a "changed conditions" 

determination; it should merely be considered as one factor 

along with all other evidence. 

The suggested "changed conditions" clause would be 

in conflict with the usual disclaimers of responsibility for 

subsurface information, encouraging contractors to eliminate 

from their bids contingency sums to covf!r the uncertainty 

created by the disc la ime rs. Th is is, therefore, another 

reason for eliminating such disclaimers. 
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If a "changed conditions" clause were to be includ­

ed in a contract, the contractor would not feel requirea to 

include in his bid any contingency item for unanticipated 

subsurface conditions. The owner does not have to pay a 

wi ndf al 1 pr ice when only normal conditions are encountered, 

and the contractor suffers no disaster when unanticipated 

conditions arise. The owner only pays as if the true condi­

tions were originally known. Both parties further benefit by 

the creation of an informal procedure, qenerally through the 

engineer, for resolving problems by negotiation rather than 

litigation. However, from the contactor's standpoint, this 

benefit is colored by the previously mentioned alliance be­

tween the owner and his engineer. 

Clearly, the long-term advantage of the inclusion 

of a "changed conditions" clause in construct ion contracts is 

in lowered construction costs, ( 1) by promoting emergence of 

more contractors willing and financially able to enaage in 

such work, and (2) by eliminating underground riE'k contin­

gency costs from bids. The owner, by reason of the increased 

competition, pays less for the completed project and receives 

actual money value 

constructed. 

Conclusion 

for what he contracted to have 

By removinq this common source of friction between 

owners and contractors, the modifications of contra.ct provi­

sions discussed would result in a more hc3rmonious relation­

ship between the parties; it would tend to create an atmos­

phere of joint enterprise rather than one of conflicting op­

ponents. Logically speaking, the ultimate result will he a 

savings to both parties to the contract. 
WP-33-139-15 





RISK MANAGEMENT & INSURANCE IN TUNNELING 
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Risk Management is a term used and misused in toc:'lay 's 

business world. The American Heritage Dictionary defines: 

RISK: as "the possibility of sufferinq harm or loss; 

danger. A factor, element or course involvina uncertain 

danger," and 

MANAGEMENT: as "The act, manner or practice of man-

aginq, handling or controlling something". 

"Risk Management" is therefore the practice of managing, 

handling or controlling the possibility of suffering harm or 

loss. 

Modern business has developed Risk into two basic 

categories: 

1. Pure Risk: That measurable risk which is primarily the 

2. 

subject of insurance and self insurance where it is pos­

sible through the analysis of Risk to utilize one or all 

of the elements of "Risk Manaaement"; 

Business Risk: That risk which is speculative in na­

ture. This type of Risk is knowingly taken as a gamble 

of the entity's capital and assets with or without an 

analysis of the speculative nature of the business risk 

involved. 

WP-0-139-17 



Risk Manaqement & Insurance in Tunneling 
Earl K. Novell 
Page 2 

The early use of "Risk Manaqement" emerged 15-20 years 

ago as a developing discipline by those involved with purchasing 

insurance for their companies. This group, together with the 

insurance and academic community, proceeoed to formalize the Risk 

Manaqement function: 

Risk Manaoement 

1. Identification of Risk; 

2. Analysis, Measurement and Evaluation of Risk; 

3. Elimination of Risk (Loss Control); 

4. Reduction and Control of Risk (Loss Prevention); 

5. Assumption of Risk (Self Insurance - Deductibles); 

6. Transfer of Risk (Insurance, Hold harmless, etc.). 

Over the past few years, the Loss Control (Safety) dis­

cipline has been included within the Risk Management function, by 

more and more companies, reporting to the Chief Executive Off i­

cer. In a recent study conducted by the University of Arizona, 

20 percent of 1084 large corporate entities reported that Loss 

Control (Safety) functions were an integral part of Risk Manage­

ment. The Insurance and all claims activities were a necessary 

part of Risk Management experience. 

Risk Management produces the best results where all 

related functions have been placed under a qualified Risk Manager 

reporting to the Chief Executive Officer; where the Board of 

Directors have approved and published a "Risk Management Policy"; 

and finally, where there is enforcement of that policy hy the 

officers. The more diverse and decentralized an organization, 

the more difficult an optimum risk management program becomes. 

But the keys are always 
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1. Responsibility 

2. Authority 

3. Two-wav communications 

4. Management attitude 

5. Accountability 

As you will note, the insurance part of risk management 

is under the "Transfer of Risk" category, and after the "Assump­

tion of Risk", of which self-insurance is a major part. However, 

it is most important to note that in order to reach a point where 

one knows what insurance to purchase a thorough, in depth study 

must have been conducted to fulfill the other major risk manage­

ment steps. 

The most important area of Risk Manaoement is the iden­

tification of Risk of Loss; it reouires the coordination of all 

facets within an entity to maintain a continual identification 

process for 

risk. The 

evaluation and determination of how to handle the 

loss control (safety) function becomes an integral 

part of this process. It is inconsistent to place the loss con­

trol function in an area other than Risk Management. Historical­

ly, when loss control is placed within the purview of line opera­

tions, loss control becomes subordinated to the line operation, 

and usually becomes ineffectual. Th is is similar in effect to 

placing the audit and accounting function within the same depart­

ment. 

When we consider how difficult it is to make a profit in 

today's business climate, the need for effective loss control 

management becomes ·absolute. However, top management, in many 

cases, is not committed to the prevention of accidental losses as 

a means of improving overall performance. Accidents are too 

often viewed by management as unavoidable and isolated incidents, 
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rather than as a clear warninq that something has gone wrong with 

the management system. In addition, businessmen are as suscep­

tible as anyone to the myth that adequate protection can be 

bouqht just like any other commodity or service. In the insur­

ance field, we still encounter the attitude that, "We're insured, 

so why worry about losses? Let the insurance company pay." 

Significantly, OSHA and other qovernment safety programs 

have generally failed to make an appreciable dent in industry's 

accident-loss record because their approach is essentially puni­

tive. Safety is too important to ~~ left entirely to the safety 

professionals. Tlie success of any loss control proqram will 

depend largely upon the deqree to which manaaement takes positive 

act ion. 

Insurance and Risk Management 

Insurance is the last line of defense to protect assets 

of an entity. It is not a substitute for sound business prac­

tice. Insurance is not for maintenance purposes. It is to pro­

tect against fortuitous losses. On larqe construction projects, 

and for large firms, the insurance is pretty much self-rated as 

to experience incurred. The fundamental principle of insurance 

is the spread of risk over homogenous units using the law of 

large numbers. Whenever the burden of risk is out of balance, as 

for example when catastrophic losses exceed the expected or the 

current "social" change, and, in tort law, the policy coverages 

not anticipated in the rating structure are broadened, then larqe 

or massive rate increases may be anticipated. 

What is liability? "A stc1.te of heinq liable, i.e., 

obligated by law or equity; exposed or sub :_i ect to some unusual 

adverse contingency or action." Insurance is one way of handling 

liability, but not the only way. 
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The "hold h armless " clause is one of the most onerous 

forms of transferri ng ri sk ever devised. As an example, 

California passed leoisl a t ion prohibit ino engineers from making 

contractors assume the engineer's professional liability through 

"hold harmless" clause or other means . The use of this means of 

transferrino risk sh o uld be eliminated. All known ri sks shoul d 

be spelled out in a definitive manner. 

Full disclosure o f all facts known to owners and engin­

eers, must be oiven (not "made a.vailable") to the Contracto r , 

thus reducing the un knowns to a minimum. Owners must spend more 

money either researching projects or allow i ng more money on 

change orders for inadeauat e r e search and des iqn. Th e need to 

create a close 

owners/engineers 

reduce the cost 

non-adversary wo rkino relationship between 

and cont racto rs/s ubcont ractors must be 

of construction. Risk must be born by 

met to 

those 

whose risk it is - not pass ed on to o t he rs. Thi s only results in 

the costs cominq f ul l circle ba c k to the oe neral publ i c , the ul­

timate consumer. 

The problem of liabili t y, t oda y , and its attendant high 

costs passed back to the consumer lies at the very heart of the 

changes in Tort laws. The technical achievements of our society 

have createa a fertile field for the evolving social con vi ct ion 

that someone need always pay. In 1975, the Ohio Supreme Court 

refused to allow Punit ive damages to a plaintiff suing the City 

of Cleveland. A punitive damage award would ultimately have been 

imposed on taxpayers forcing those seekino services to bear the 

burden (Ranells vs. City of Cleveland 321 NE 2nd [Ohio, 1975]). 

This limiting factor was a step in the right direction towards 

tort reforms. Another example is the pilot legislation being 

introduced and passed by many state legislatures limiting 
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Completed Operations Products Liability awards in time ana 

amounts. 

Because of the broadened interpretations of "social" 

change in tort law, a closer relationship and crossover of these 

risks has developed which has created some intolerable problems 

in insurance capacities throughout the world insurance market, 

ultimately causing involuntary self-insurance; this, in turn, has 

caused management to assume "Pure Risk" as a "Business Risk" 

speculating with corporate assets. This is forcefully shown by 

the "social" change interpretation in tort law respectinq 

products liability over the past five years. 

One of the most acute problems facing the owner-en­

gineer-contractor triad is the need for mutual trust. Until 

these three groups assume their own risks - both PURE RISK and 

BUSINESS RISK - there is only a likelihood of mitigating the 

costs of all risks. Working aqainst this goal is the unreformed 

"social" adaptation of tort law which says "somebody has to pay," 

and the practice of juries awarding monies beyond the wildest ex­

pectations of business anticipations. 

Where do we start? Insurance is not the answer. Tort 

reform towards limited liability is one area of reform. 'I'he as­

sumption of their respective risks by owners, engineers, and 

contractors is another qreat step toward mutual trust. 

Tunneling create!': several specific insurance problems 

for contractors, particularly in the areas of Workers' Compensa-

tion, General Liability and Builder's Risk Insurance. Manv in-

surance companies hesitate to write tunneling 

of the high hazards involved and the losses 

projects over the past 15 years. 

insurance because 

incurred on some 

Workers' Compensation: This coverage becomes difficult 

to secure and expensive whenever applied to tunneling. The rates 

WP-O-139-17 



Risk Manaqernent & Insurance in Tunneling 
Earl K. Novell 
Paqe 7 

per $100 of payroll can be 50 percent or more of actual payroll 

when compressed air tunneling is involved. Recently there have 

been instances where contractors on large tunneling projects have 

self-insured Workers' Compensation because of lack of an insur­

ance market. 

General Liability: This coverage is to protect the in­

sured for legal liability arising out of injury, death and prop­

erty damage. Tunnelinq can produce some unusual claims both in 

urban and rural areas including collapse, chanqing water courses, 

undermining existing structures, etc. 

Builder's All Risk: This coverage responds to damaqe to 

the tunnel and structure during construction, and should include 

both owner and contractors. There have been several expensive 

claims in recent years from this class of business, which covers 

collapse, flooding, fire and explosion. Generally, underwriters 

are restrictive with this class of business. 

It is well to remember that insurance theory is "the 

spread of risk of homoqenous units." Thus all contractors/owners 

pay for the losses of the few. Whenever this appears to the 

owners/contractors to be unreasonable, then self-insurance and 

excess insurance programs should be considered for all lines of 

coverage. This is, however, an individual, job-by-job review and 

choice between alternatives and trade-offs. 

There is 

will there be in 

trol programs are 

ance needs. 

WRAP-UP INSURANCE 

no 

the 

the 

panacea 

future. 

answer 

for the need for "insurance," nor 

Good management and good loss con­

to viable Risk Management and insur-

The controversial topic of Wrap-up insurance has been 

discussed almost exhaustively. However, in the face of open or 
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tiqht ins ur a nce ma r k e ts it r emains the on l y viable solution for 

laroe projects. It is he r e to stay, and s ome contractors for 

many y e ars have used this method of project i nsurance for their 

own accounts when owners have not made provisions in their 

p l ans. Most sionificantly, the U.S. D.O.T. UMTA "Report NO. 

UMTA- MA- 0 6-00 25-7 7-1 3, Insuran ce for Ur ban Transportation 

Insurance " has researched the subject a nd r eported favorably for 

Wrap-up. Thi s is recommended reading a nd c an he secured throuoh 

the Nation al Technic al I nfo r mat ion Servi c e , Springfield, Virgin­

ia, 22 161 . 

Advantages o f a Wrap-up P rogram: 

1. It provide s uni f o rm a nd pres umably h i q h level insurance 

expertise for t he es t ablishment an d execution of an 

over al 1 project program for ma n ag e me nt and control of 

safety and financial risks. 

2. It promotes a coordinated safety progr am, in which the 

insurance group, the owner, the engine e rs, and the con­

struct ion contractors can and must cooperate if the 

program is to be l"lost effective. One i nsurer handlinq 

the s afe ty enqi n e e r ino pr og r am means that only one set 

of stan dards JT1ust be complied with instead of several, 

as might be the case if numerous insurers were 

invol ved. This shoul d eliminate de lay in complying with 

recommendations, and provide for sys tematic attention to 

safety risk s. 

3. It places respo nsibility f or ha nd li no and payment of 

c l aims upo n a sinale ins uran c e qroup, minimizing cover­

aae disputes between insurance carrie r s, and third-party 

complaints of un e ve n treatment. 
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4. It provides for prompt resolution or settlement of 

third-party claims by minimizing disputes between insur­

ance carriers. This advantage has important public re­

lations value to the owner and contractors. 

5. It makes for a more effectively structured and control­

led survey of existing preconstructi on conditions, thus 

providing defense against claims of damage and uniform 

and prompt disposition of claims charging damage result­

ing from construction. 

6. In a tight insurance market, it assures availability of 

adequate coverage and thereby permits participation of 

potential bidders who might not otherwise be able to ob­

tain adequate coverage individually. With all of the 

insurance - high limits, broad and uni form coverages -

provided by one insurer, the buyer does not have to 

worry about adequacy of coverage. 

Disadvantages From Contractor's Viewpoint 

1. Dividends, discounts or experience credits insure to the 

buyer; on the other hand, loss of the premium volume, 

eliminated by Wrap-Up, adversely affects the con-

tractors' position with 

particularly when there 

their own regular insurers, 

is enough volume for premium 

discount or experience rating. 

2. The sometimes difficult question of where General Lia­

bility insurance leaves off and Automobile Liability in­

surance takes up becomes an important point of issue, 

because few, if any, Wrap-Up programs include Automobile 

coverage. 

3. When employees of contractors interchangeably work on 

the Wrap-up project and others, disputes concerning the 
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particular policy applicable on any one project becomes 

an additional burden on the subcontractors and can re­

sult in an award delay for injured employees. 

4. The principal arqument of insurance producers is that 

their normal business relationship with the contractor 

is disrupted, resultinq in loss of income. 

Summary 

Effective low-cost "insurance" in tunneling will require 

the application of risk rnanaqement principles through stronq con­

trols, built-in loss prevention, self-insurance retentions and 

excess insurances. Those who act upon the principle that "we're 

insured, let the insurance company pay" will not lonq remaiP. in 

business, be they owner, engineer or contractor. The owner­

engineeer-contractor triad must work as a team with full and 

total disclosure of all facts involved in the project, particu-

1 arly in tunnel i no where there are so many unknowns. Loss 

prevention through professional work ~ethods and programs is the 

cheapest form of "insurance". Most Workers' Compensation losses 

cost $6 for every $1 paid as medical or compensation benefits. 

Remember the accident IMPACT COST is never covered by insurance, 

and is always more than the insurance claim payment. However, 

the cost in human pain and sufferino has no true "price". This 

must be accounted for by the triad. 
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MODERN INSTRUMENTATION FOR TUNNELS 
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Vancouver, British Columbia 

Canada 

Qualitative instrumentation and monitoring systems have 

probably been used in tunnel construction si nee Roman ti mes. 

Simple tell-tales, frequently consisting of no more than a pair 

of wooden wedges, have been used to monitor the rate of opening 

of a fracture by miners, and the load on timber supports has long 

been qualitatively assessed by the amount of crushing of the pil­

low blocks. The builders of the multi-level underground canal 

systems used for coal transportation in the West Midlands of 

England in the 18th century were just as concerned with the main­

tenance of a precise grade as are the constructors of a modern 

subway and their monitoring systems reflected that concern. 

These early investigations, were, however, concerned primarily 

with function, and to a lesser extent with safety. The current 

objectives of monitoring systems in tunnel construction are some­

what wider. 

THE FUNCTION OF THE MONITORING AND INSTRUMENTATION SYSTEM 

A modern instrumentation and monitoring system designed 

for a tunnel should fulfill the following functions: 
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( 1) It must provide current information about. the potential 

safety of the excavation for the protection of the per­

sonnel working there. 

(2) It must provide information about factors which may in­

fluence the security of surrounding structures so that 

the safety of the general public is not compromised. 

( 3) It should provide information for the designers which 

wi11 help them to assess the val id i ty of the design 

parameters, and hopefully enahle them to be refined. 

(4) It should provide a means of assessing the contractors' 

performance and his adherence to specifications. 

(5) It shouln provide information which can be used by the 

designer or owner as a means of defense aqainst spurious 

claims by third parties. 

Some of the specific requirements of a monitoring system 

which can be summarized under the five headings referred to above 

are: 

(1) Safety in the excavation 

- Warning of rock or soil collapse 

- Warninq of support or lining failure 

- Warnino of inrush, or possible pressure loss in 

a compressed air tunnel 
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(2) Safety around the excavation 

- Warnina of foundation or structural damage in adjacent 

buildinas 

- Warnina of sudden subsidence in a thoroughfare 

- Warninq of damage to utility lines 

(3) Refinement of Desiqn 

- Efficiency of the excavation techniaue 

- Performance of the temporary support system, if 

appropriate 

- Performance of the permanent support system 

- Validity of initial assumptions about soil or rock 

behaviour 

(4) Contractors' Performance 

- Extent of rock or soil disturbance 

Effectiveness of the installation of the primary 

support 

- Optimization of the time of placement of the permanent 

support 

- Effectiveness of cewaterinq proarams 

- Maintenance of aliqnment and arade 
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(5) Legal Protection 

- Behaviour of the rock or soil mass surroundina the 

excavation and its interaction with adjacent 

structures or utilities 

- Vibrational effects on adjacent structures 

When the instrumentation and monitorinq system installed 

on a tunneling project fulfills the majority of these functions, 

it makes an extremely positive contribution to the successful 

completion of the project and represents a highly cost effective 

i nv e s tme n t • 

THE DESIGN REQUIREMENTS OF AN INSTRUMENTATION SYSTEM 

In order to be considered a useful factor in the comple­

tion of the project by all the parties involved, the instrumenta­

tion system should possess the following features: 

(1) The equipment must be reliable and capable of providinq 

useful data for the duration of the project. 

(2) The instruments and all ancillary equipment must be suf­

ficiently robust to survive in a construction environ­

ment. 

( 3) The instrumentation must be capable of beinq properly 

installed with the minimum delay to the contractor. 

(4) The instrumentation must be capable of beinq read with 

minimal interference to the construction work. 
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(5) The system must provide redundant data. 

(6) The equipment must be field serviceable. 

(7) The system cost must be reasonable. 

The system cost is of less significance than the preced­

ing factors, as the capital cost of an instrumentation system is 

generally insignificant in relation to the total project cost. 

Attempts to reduce the cost of an instrumentation system of a 

given size will often increase the installation time and decrease 

reliability and effectiveness. 

THE SELECTION OF INSTRUMENTATION AND MONITORING SYSTEMS 

It is not possible to define a set of universal specifi­

cations for instrumentation systems used in tunnels. Conditions 

vary greatly, and the system which would be necessary for a shal­

low tunnel in a given soil or rock type in an urban environment 

might be totally inappropriate for use in a similar rock or soil 

at greater depths or under water. 

Many selection parameters can be established for . instru­

mentation and rnon i toring equipment and these are of use to the 

owner or design engineer who wishes to achieve a specific objec­

tive. These could include systems, for example, whose selection 

is based on whether the equipment is permanently installed, or 

whether it is movaple; or whether or not the equipment is located 

in bore holes. However, because of the practical considerations 

relating to the problems of working underground in what are, 

typically, very congested conditions, the two main groups of 

instrumentation systems may be considered to be: 
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(I) Monitor1nq equipment installed from within the excava­

tion; 

(II) Monitorinq eauipment installed from outside. 

Each group has both advantaqes and disadvantages which 

significantly influence the feasibility and desirability of em­

ploying particular equipment in a specific location, and these 

can be summarized as follows. 

I. Installation From Within The Excavation: 

Advantages 

(1) Close to work place; a rapid response to chanqing condi­

tions can be made. 

(2) Can be installed as conditions chanqe. 

(3) Can usually be installed on a demand basis without the 

need for extensive additional work outside the excava­

tion. 

(4) Installation is possible in built-up areas without the 

risk of interfering with activities or structures on the 

surface. 

(5) Installations can be accurately located to examine spe­

cific geologic or structural features. 

WP-0-139-18 



Modern Instrumentation for Tunnels 
Dr. I. Wier-Jones 
Page 7 

Dis adv ant aq es 

(1) The installation of equipment close to the workino face 

invariably causes some disruption to the production cy­

cle. 

(2) The excavation mu.st exist before the equipment can be 

installed; therefore, some disturbance must already have 

taken place. 

(3) The equipment is located in a hostile environment; thus, 

the risk of damaoe is high. 

(4) The collection of data may interfere with production. 

(5) The data collection procedure may be error prone because 

of the typically adverse environmental conditions. 

(6) The installation work requires the willing cooperation 

and synchronization of several groups who may have dif­

ferinq objectives. 

II. Installation From Outside The Excavation: 

Advantages 

(1) The instruments can be installed before any disturbances 

due to excavation develop. Thus a complete history of 

events at the site can become available. 

( 2) The inst al lat ion work causes minimal or zero interfer­

ence with the excavation work. 

(3) The collection of data is typically made on the surface 

above the tunnel and thus causes no interference to the 

work below. 
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(4) The data is collected in an environment which is sig­

nificantly more beni9n than the one existing in the tun­

nel. The data thus tends to be of better quality. 

(5) Observations can readily be made on specific surface 

features which may be subject to damaqe. 

Disadvantages 

(1) The transfer of critical data for purposes of safety or 

design modification is less rapid. 

(2) If the excavation is not close to the surface, the cost 

of placing the instrumentation close to the tunnel may 

be excessive in relation to the amount of data beina 

collected. 

(3) If the tunnel is not close to the surface, it is very 

diffi.cult to ensure that the instrumentation is pre­

cisely where it is required. 

( 4 ) If the tunnel lies beneath a street, 

probability that the installation work 

with traffic flow. 

there 

wil 1 

is a high 

interfere 

(5) In the case of (4), the collection of data will also 

interfere with traffic. 

(6) Generally speaking, it is only possible to study larqe 

scale effects rather than specific features. 

(7) It is not possible to examine directly the behavior of 

linings and support systems. 

Due to the specific advantaqes and disadvantages listed 

above, the instrumentation systems for relatively shallow subway 

excavation in urban environments typically combine elements of 

both surf ace and subsurface installed systems. However, 
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engineers tend to rely only minimally on surface monitorino 

systems for deep subway tunnels. The same is true for tunnels 

ariven in mountainous regions, or underwater, where it would 

clearly be impracticable to use monitoring equipment installed 

from the surface. 

In oeneral, it is desirable to do as much of the moni­

toring as is practicable outside the excavation, and thus to 

minimize the amount of interference to the contractors' opera­

tions. Whenever possible, the work undertaken inside the tunnel 

should require as little installation work as feasible, i.e., the 

collection of convergence data and the use of simple rock bolt 

extensorneters. Obviously, certain types of monitoring can only 

be done from inside the tunnel, i.e., studies of support or lin­

ing behaviour, but it must be remembered that the performance of 

internal features suer as rock bolts or other support systems, 

can often be inferred from deforIP.ation data collected from out­

side the tunnel. 
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PROCEDURES AND EQUIPMF.NT AVAILABLE FOR 

MONITORING TUNNEL PERFORMANCE 

A wide ranqe of techniques and equipment of many differ­

ent types are available for monitoring the various significant 

parameters associated with the construction of tunnels. The pro­

cedures or categories of equipment which are currently applicable 

are: 

( 1) Convergence measurements within the tunnel to moni­

tor the relaxation of the soil, rock, support system, and lining. 

(2) Borehole extensometers installed from either inside 

the tunnel or from the surface to monitor rock and soil mass dis­

placements. 

( 3) Precise levelling eauipment, standard surveying 

procedures or EDM equipment to monitor the development of subsid­

ence troughs above shallow tunnels and measure deformations in 

adjacent structures. 

(4) Surface strain and tilt measurements used to define 

the extent of surface disturbance and to assess the likelihood of 

damage to critical surface structures or utilities. 

(5) Borehole inclinoroeters installed from the surface 

to monitor the development of subsurface lateral displacements 

caused by the horizontal relaxation of the soil or rock mass into 

the tunnel. 

(6) Piezometers installed from the surface to monitor 

the effect on the local groundwater regime of the tunnelling 

operation and the effectiveness of any waterinq programmes which 

may be called for. 

(7) Dynarnometers installed on rock bolts to monitor the 

effectiveness of the installation and anchoring procedures ana 

also to provide information about the total loads being carried 

hy the support system. 
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( 8) Strain and load measurements made with in the sup­

port or lining systems to monitor the development of deformation 

or stress within shotcrete or reinforced concrete lininqs to 

indicate the time rate and distribution of load around the tun­

nel. 

(9) Blast and vibrational measurements monitor the ef­

fect of blasting or other excavation operation on ad j acent struc­

tures for the purpose of insurance or litiqation protection. 

Table 1 is a presentation of the appl i ca bi 1 i ty of the 

various monitoring and instrumentation systems under a ranae of 

situation and tunneling conditions. It should be noted that the 

table refers to aeneral conditions and there are obviously spec­

ific situations where a procedure or technique can be employed 

under what are apparently unfavorable conditions. For example, 

if other underground openings exist in the vicinity of a proposed 

deep tunnel, geodetic leveling can be employed to monitor the de­

velopment of the subsurface subsidence trouqh even though there 

may be little or no subsidence discernible at the surface. 

A few of the more important characteristics of some of 

the nine techniques referred to above are discussed below. 

1. Convergence Measurements 

Convergence monitoring in tunnel construction provides a 

simple and effective method of assessing the time dependent sta­

bility of the opening. The monitoring procedure involves rneasur­

in~ the change in length of a number of diameters or chords of 

the tunnel at a particular cross-section. The simplest proce­

dures is to measure on the horizonta~ and vertical diameters and 

to subsequently plot the cumulative deformation versus time. 
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Greater resolution can be obtained by making measurements on dia­

metP.rs spaced 60°, or 45°, apart or by cornhining diarnetral 

measurements t,,1i th measurements taken along chords terminatinq at 

the diarnetral end points. However, even in the most simple 

application, the technique provides an unambiguous indication of 

how the support system and the surroundinq rock or soil mass is 

behav i no. 

A number of converoence monitoring devices (internal ex­

tensorneters) are commercially available. Practically speaking, 

the most effective are those which use flexible tapes or wires as 

the qage lenqth, rather than rigid or telescoping rods, as the 

latter devices are cumbersome and prone to damaqe. It should 

also be noted that, even with the relatively constant tempera­

tures which prevail underground, the converqence measuring de­

vices function as precise mechanical thermometers. Therefore, it 

is essential to apply temperature corrections when making mea­

surements. For the best results, the system selected should 

incorporate a measurinq instrument. which is riqidly clamped when 

making measurements, and a tape or wire which is secured at the 

other end of the bay by a single point mounting. With a well de­

s ioned instrument, the system repeatability and accuracy should 

be better than .±_ .002 inches (.±_ .05mrn), and the range should be 

about 2 inches (50 mm), before resetting is necessary. 

The number of installations and the freauency of taking 

measurements with converoence monitoring equipment will depend 

essentially upon the conditions in the specific tunnel under 

investigation. In competent, self supporting ground, convergence 

stations may only be installed every 10 - 20 rouJ"lds, or whenever 

the around conditions change, and in this situation readings may 

only be made every 1 - 2 weeks, or at longer intervals if there 

is no sign of movement. However, in the case of a tunnel in 
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unstable ground where the convergence data is beina used to 

define the type of support system, it is quite conceivable that 

converaence stations could be installed every 3 - 5 rounds, and 

measurements taken daily, or even every shift, until the face is 

more than 5 diameters away, at which time the reading frequency 

would decrease. 

2. Bore Hole Extensometers 

Bore hole extensometers are extensively used to monitor 

the behaviour of the rock or soil mass around a tunnel. The 

units can either be installed from the surface in the area into 

which the tunnel will ultimately be advanced, or they can be in­

stal lea from the tunnel as soon as the collar location has been 

exposed. Bore hole extensometers installed from inside the tun­

nel are generally fairly short, less than 3 tunnel diameters in 

length, and they may be either single or multiple position 

uni ts. The former have the advantaqe that they are cheap, ro­

bust, readily fabricated at the job site using slightly modified 

rock bolts, and can be installed by any person familiar with the 

installation of rock bolts. The principal disadvantage of this 

simple unit is that only one measurement can be made in a hole. 

Therefore, in order to obtain deformation data at several depths, 

a cluster. of rock bolt extensometers must be installed. 

In general, it can be assumed that multiple position ex­

tensometers take longer to install and require a specialized 

installation crew, and that their more complex collar station is 

much more susceptible to damage. They do, however, offer the 

advantage of being able to provide several measurements in one 

hole, and are capable of installation at depths considerably 

greater than those possible with single position rock bolt exten­

some ters. 
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When extensometers are to be installed from the surface, 

it is not practicable to use single position units. In these 

situations the costs of the installation are such that it is man­

datory to obtain the maximum amount of information from each bore 

hole. Thus multiple position units are invariably selected. 

Multiple extensometers can be either manually or remotely react 

units; the latter offer significant advantages if the collar of 

the instrumented hole is, for example, in the middle of a busy 

street. In such a situation the electrical readout cable can be 

routed to a more convenient location. Manually read units are 

less costly and are just as accurate as the extensometers incor­

porating an electrical readout. They also tend to be rather more 

reliable. 

Irrespective of the type of readout selected for the ex­

tensometer, if the unit is well designed and correctly installed, 

the repeatability of the unit should be about+ .002 inches, (~ 

.05 mm), and the overall accuracy should be better than + .005 

inches (~ .13 mm). An instrument meeting these specifications 

~ill be adequate for the vast majority of tunnel instrumentation 

projects. 

A considerable amount of information relatinq to the 

characteristics of all the equipment referred to above can be 

found in the literature. With the exception of the convergence 

monitoring equipment and the bore hole extensorneters, the various 

devices are very widely employed in many other engineering disci­

plines and a detailed discussion of their performance character­

istics is not necessary. 

CONCLUSIONS 

The equipment and techniques currently available for 

monitoring the behaviour of tunnels are adequate for the majority 
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of pro:iects. Providi.na that reasonable care is taken at the time 

of installation, and assuming that the appropriate protective 

measures are taken while construction is continuinq, valid infor­

mation can be obtained and usea to fulfill the objectives refer­

red to earlier in this text. However, all too frequently a con­

siderable investment in terms of time and money is made by the 

owner or the designer and the net result is either the failure of 

many of the units due to a multiplicity of reasons, or the acaui­

sition of a mass of data which is frequently not put to any use­

ful purpose. 

The problem of instrument failure is unfortunately not 

an uncommon one. Settina aside the problems encountered by in­

experienced personnel attemptina to install equipment which the 

manufacturers claim to be a standard production unit, but which 

subseauently turns out to be a one-of-a-kind prototype, many of 

the instrument failures which plague this work are due simply to 

qross carelessness and the breakdown in communications between 

the engineer, the field supervisor, and the contractors' site 

personnel. 

This problem, which concerns the attitudes and prior­

ities of the contractor, the field supervisor and the desiqn 

enqineer, is primarily one of a lack of mutual understanding, 

comprehension or appreciation. The solution is primarily one of 

further education. 'J~he designer must realize that whatever is 

required to be installed in th~ field in the midst of the prodnc­

tion cycle must be planned realistically and cannot impinae too 

seriously upon the production work. If it does, it runs the risk 

of be inq ignored as superfluous, or of being tacitly sabotaged. 

In either case the result is the absence of data which could have 

been beneficial to all the parties involved. Silllilarly, if the 

field supervisory personnel can be made to understand that the 
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functions of the instrumentation systems in the tunnel are to aid 

in maintaining safe working conditions, to improve the design, 

and to provide the owner or designer with some factual basis upon 

which to assess the validity of claims, then it should be poss­

ible for the engineering personnel to obtain the data they re­

quire without having to engage in a continuous war of attri­

tion. Furthermore, if the contractor can be convinced, possibly 

by contract.ural modifications, that the instrumentation and moni­

toring program has not been specifically designed to delay and 

irritate him and to diminish his profit, or to cater to some 

engineer's desire to justify his existence, then it may be poss­

ible to ensure that this type of work is sucessfully completed 

with the min irnum of de lay and inconvenience, and the maximum 

benefit to all concerned. 

The second major problem of obtaining useful information 

from the types of monitoring systems discussed above is one re­

lated specifically to the means of data collection. 

Experience on numerous projects has shown that the ~ost 

efficient method of gathering information of this type is to have 

one group responsible for the design, inst al lat ion and acquis i­

t ion of the data. In th is manner there is a ve s tea interest in 

ensuring that the entire system works satisfactorily and that the 

results obtained are of good quality. All too frequently a func­

tionina system is handed over to a second party ana there is then 

a rapid decrease in the volurne and/or ouality of data. The 

reason for this is often that, in a larae organization with many 

responsibilities, the task of data collection is ultimately as­

signed to auite junior technical personnel who have neither the 

rank, knowledge nor nesire to ensure that the data aathering pro­

cedure is prosecuted in the most efficient manner possible. The 

conditions under which measurements have to be made on construe-
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tion projects are usually far from ideal, and experience has 

shown that the most effective way of obtaining data of consistent 

quality is to make the engineer or technologist who installed the 

equipment responsible for gathering the data. This has the ef­

fect of greatly reducinq the number of data losses which are at­

tributed to equipment malfunctions or faulty installation proce­

dures. 

It is the considered opinion of the author that, if a 

more logical and understanding npproach is taken by all the par­

ties who are of necessity involved in the collection of this type 

of data, then significant benefits will accrue to the owners, 

contractors and engineers associated with tunnel construction. 

The author wishes to express his thanks to the individ­

uals and organization who supported the Atlanta Research Chamber 

contract of which this work formed a part. In particular the 

continuous support of Gilbert L. Butler, Project Manager for the 

Urban Mass Transportation Administration (UMTA), is gratefully 

acknowledged. 
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Introduction 

MODERN BLASTING IN AN URBAN SETTING 

by 

Lewis J. Oriard, President 

Lewis L. Oriard, Inc. 

Huntington Beach, California 

The Atlanta Research Chamber was appended to the con­

struction of the Peachtree Center Station on the CN120 contract 

of the rapid transit system in Atlanta, Georgia. The function of 

the Atlanta Research Chamber is to provide demonstrations of sev­

eral aspects of modern tunneling practices and to promote the 

advance of such techniques in the United States. In keeping with 

the genera 1 theme of these demonstrations, this monograph wi 11 

offer comments on modern underground blasting techniques. 

Included will be comments relating to a new technique for the 

control of fracture propagation. The technique involves the use 

of "scribing" or "notching" of drill holes to provide stress con­

centrations that enhance crack propagation in the plane of the 

notches in preference to other directions. This paper also 

offers a discussion of the control of ground vibrations and air­

blast overpressures as related to this project. 

Blasting Specifications 

Although it would be highly desirable to make an exact 

science of blasting, this does not seem possible. It would be 

fair to call modern blasting a "technical art", whereas in past 

times there has been decidedly more art than technology. 
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The nature of construction contractino in the United 

States does little to promote advancements in blasting skills, 

although the nature of construction practice does encourage qood 

safety practices, and penalizes carelessness that would lead to 

personal injury. Unfortunately, the pr act ice of awarding con­

tracts to low bidders provides a financial incentive (sometimes 

an economic necessity to the low bidder) to place product ion 

rates above any other consideration or goal that the Owner might 

have regardino the outcome of the work. 

It would seem self-evident that a good specification 

would warn all bidders of the degree of caution that the Owner 

would wish to have exercised during blasting and excavation. As 

a minimum for underground chambers, specifications should indi­

cate that special controlled blasting techniaues will be required 

for all perimeter surfaces. It is even more definitive if cer­

tain limits are placed specifically on hole dimensions, hole 

spacings and explosive charge concentrations. For example, a 

specification might read that hole diameters will be restricted 

to the range of 1 3/4 inches to 2 1 /2 inches, that spacings wil 1 

not exceed 24 inches (less, if desired) and that charge 

concentrations will exceed neither 1/4 pound per foot nor 0.08 

pound per square foot of perimeter surface area ( less for holes 

spaced ~re closely). If any unique methods would be required, 

the specifications should indicate that fact. For example, the 

specifications for the Peachtree Center Station advised bidders 

that the arch haunches would require drilling at 6-inch centers 

and that only detonating cord or equivalent charge concentrations 

would be allowed for blasting those holes. If those requirements 

were not explicitly stated, a contractor would not be able to an­

ticipate the Owner's wishes. 
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Specifications are often assembled from different 

sources by staff personnel with no special expertise in the sub­

jects involved. It is this writer's recommendation that all 

specifications be reviewed by persons with expertise in the va­

rious subjects, and reviewed over-all by persons with suffi­

ciently broad experience to recognize the possibility of field 

problems associated with the specifications. This is a prime 

example of the old adage that an ounce of prevention is worth a 

pound of cure. 

Part of the state-of-the-art of construction blastinq 

should include writing of good specifications which meet a mutu­

ally acceptable standard for both the Owner and the Contractor. 

There should be no surprises for either. 

Dril li nq 

The first input to any blast is the drilling. In cases 

of controlled blasting for structural excavations, the drillinq 

is extremely important and can scarcely be over-emphasized. No 

matter how skilled the blaster may be, his efforts cannot pos­

sibly be better than the drilling. The very best he can do is to 

break cleanly between drilled holes at the perimeter of the ex­

cavation, wherever those holes were drilled. He can only do 

worse than that, - not better. Experienced observers will have 

noted a definite "learning curve" for the drilling precision at 

the beginning of every underground excavation. When diliqent 

supervision and effort are applied, the improvement is rapid and 

the learni no eye le is very short. Unfortunately, some learning 

cycles extend beyond the lenqth of the project! 
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There have been many advances in drilling equipment in 

recent years. Some of the most dramatic advances apply to large­

hole drillinq above ground. Many such operations now use blast­

holes in the range of 10-15 inches in diameter, and even larqer 

holes are possible. Some of these holes are now advanced as ra­

pidly as small-diameter holes were done only a few years aqo. 

For underqround work, one of the most notable changes in drilling 

has been the increasing use of hydraulically operated drills. 

These drills have been able to show penetration rates much higher 

than those for ordinary pneumatic drills, but require much more 

care in operation and maintenance. These drills must be kept in 

very clean condition. Recently, the manufacturers of pneumatic 

drills have been meeting this challenge and have been developinq 

pneumatic drills that deliver much faster hammer blows, faster 

rotations and higher air pressures. With fewer maintenance prob­

lems, these drills are competitive for many projects. 

Some drills are fully articulated and semi-automatic in 

the sense that they can maintain positions that are perfectly 

parallel to the oriqinal setting, when properly operated. Unfor­

tunately, the operator must still exercise his skill in aligning 

even that first perimeter hole, and for most equioment, all peri­

meter holes. These holes cannot be parallel to the aliqnment of 

the openinq, but must "look out", that is, be slightly inclined 

outward. There is a need for 6 inches to 12 inches of over­

excavation at the end of each blast round to provide room for the 

next positioning of the drill boom. Thus, even the most skillful 

work produces a "sawtooth" profile rather than a continuously 

plane surface. 
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Explosives Products 

Changes and advances in explosives products have kept 

pace with other technologies. The most widely known changes have 

taken place in the development of less sensitive, safer blast ing 

agents in preference to the traditional explosives with a nitro­

glycerine base. The cheapest, hence most popular blasting agent 

is AFNO, a mixture of prilled ammonium nitrate and fuel oil 

(about 6% fuel oil). This product is a free-flowing, loose mix­

ture which is normally packaged in bulk form. It can be poured 

into vertical holes or placed pneumatically in small horizontal 

holes underground. 

With the addition of water, sensitizers and gelling 

agents, this product can be made into a slurry or "water gel". A 

wide variety of slurries, water gels and emulsions is now avail ­

able in a 11 sizes and sensi ti vi ti es. These products are rela­

tively insensitive to shock and fire, yet are capable of doing 

the work of the traditional explosives. 

Also within the last few years, more choices have become 

available for detonators, principally among the non-electric 

types. In past ti mes, non-electric delay blasting regui red the 

use of delay connectors inserted into detonating cord lines at 

the ground surface. Later came non-electric caps made with the 

delay element inside the cap, initiated with low-energy detonat­

ing cord. More recently has come a new type of initiating cord 

which consists of a thin film of explosive dust on the inside 

walls of a small plastic tube. The force of the detonation of 

this film is so weak that it does not even rupture the tube. It 

can be held in a person's hand without incurring injury during 

the detonation. This type of non-electric detonator has the same 

chief advantages of electric blasting; the initiation of the main 

charge is accomplished by delaying initiation in-the-hole rather 
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than at the ground surface, and that the stemming is not blown 

from the hole by the initiating device. If electrical hazards 

happen to be present, this device offers additional safety. 

Optimum Results in an Underground Chamber 

The final results of blasting in an underground chamber 

are determined mainly by the techniques used to develop the final 

perimeter surfaces. Over-blasting in the inner parts of the ex­

cavation can often be overcome by taking extra care at the peri­

meter. For example, a shattered pilot tunnel does not neces­

sarily pre-determine that the final chamber wil be badly formed 

or unstable, although such overblasting is undesirable and can be 

damaging if the pilot tunnel is located near final surfaces. The 

final walls are preserved in best fashion by: 

1. careful drilling of perimeter holes; 

2. light loading of perimeter holes with explosive charges 

that are not concentrated nor fully coupled to the walls 

of the 1rill holes; 

3. making certain that blasting in the row next to the per­

imeter is incapable of shattering to the perimeter and 

beyond. 

For the Atlanta Research Chamber Project, a pi lot tunnel 

had been excavated earlier through the alignment of the Research 

Chamber. No controlled blasting methods were used for the pi lot 

tunnel. It was done entirely at the Contractor's option except 

for general dimensions and alignment. 
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Enlargement of the pilot tunnel to the full-size 

Research Chamber would be a relatively simple blasting effort in 

sound rock such as that found at this site. The main attention 

would be given to items (1) and (2) 

pi lot tunnel could be enlarged easily 

above. The pre-existing 

by "slashing", that is 

blasting of light charges to cast rock into the pi lot tunnel. 

With careful drilling and the use of light charges, good results 

could be expected. In order to demonstrate such an expectation, 

the first round, the last two rounds, and parts of the other 

rounds were blasted with "standard" controlled blasting of this 

type, (see Chapter VI for details of blasting in the Research 

Chamber). 

Fracture Control 

In addition to the use of standard controlled blasting 

techniques, some effort was put into the evaluation of the poten­

tial use of a newly developing technique for fracture control. 

Perimeter holes were scribed or notched on opposite sides in the 

plane of the desired perimeter surface ( see Figure 1). The 

scribing was done mechanically (although a high-pressure water 

jet can do an even better job). 

It is a well-known principle of fracture mechanics that 

less energy is required to extend an existing crack than to form 

a new one. Further, the first crack to form wi 11 be that where 

some flaw or "stress concentrator" exists. Such a stress concen­

trator can be introduced in the desired plane by cutting small 

notches into the walls of the dri 11 holes. Experience to date 

suggests that the notches should be of the order of 3/16 to 1 /4 

inch in depth in the form of a relatively sharp vee, when done 

mechanically. If a high-pressure water jet is used, a narrow 

slot can be cut in the form of a true crack or rock joint. 
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Photos 1 and 2 show a tool for accomplishing the scrib­

ing mechanically. Photo 1 is an over-size bit ground on two 

sides so that the bit collar and two points will enter the pre­

viously drilled hole and remain centered in the hole ( see also 

Figure 2). The other two points extend beyond the perimeter of 

the drilled hole and cut notches 1 /4 inch deep into the opposite 

walls. The bit was attached to a four-sided section of dri 11 

steel as seen in Photo 2. The photo also shows a jig or template 

that prevents the dri 11 steel from rotating as the tool moves 

down the hole. The template rides along the drill boom as the 

steel enters the hole. 

Unfortunately, the rock at the Atlanta Research Chamber 

site proved to be anisotropic and prevented the making of a full 

assessment of the technique. However, the writer was evaluating 

the same technique simultaneously on two other projects and can 

provide additional comment. The rock at the Atlanta site is a 

strongly foliated gneiss with relatively flat-lying planes of 

foliation. Thus, there was a natural tendency for the rock to 

break along foliation planes, and to resist breaking perpendic­

ular to those planes. The underground opening therefore tended 

to approach the shape of a rectangle rather than a precisely­

formed horseshoe. Micaceous minerals tended to gather in rela­

tively prominent thin layers along the planes of foliation. This 

produced a very anisotropic rock with hard-and-soft thin bands. 

An illustration of the dramatic influence which the 

foliation had on a crack formation can be seen in Photo 3. One 

might ordinarily expect a crack to extend in a straight line from 

one dri 11 hole to the next. Here we see that a crack was 

attempting to propagate in a vertical plane from the dri 11 hole 

downward. However, instead of forming a straight line, the crack 
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followed the contorted path of a tight fold in the rock, ex­

tendina to the lefthand border of the photo. 

Over-al 1, the rock proved to be sound and durable, so 

that it was not easily shattered or broken beyond the desired 

perimeter, except for the upper corners of the arch. Th is mate­

rial, then, proved to be attractive to the Contractor, allowing 

leeway in his operations, but not providing a hiqhly illustrative 

research site for evaluating new blasting techniques. 

A low-energy technique such as this would logically tend 

to show more dramatic results when used as a smooth-blasting 

technique, where rock has been removed previously to the extent 

of leavi na only a small burden in front of the perimeter holes. 

For such a case, relatively little energy is reauired to dislodge 

a perimeter slab, once crack propagation has separated the slab 

from the final wall surface. For pre-splitting, there is addi­

tional confinement in the form of an extended (semi-infinite) 

burden. The charqe must therefore be larqe enouah to overcome 

this additional "bearo strength" as well as the fracture strenath 

of the rock material. The results are, therefore, not as dra­

matic for pre-splitting as for smooth blasting. 

For smal 1-burden blasting, such as smooth blasting, the 

hole scribing or notching technique offers the possibility of re­

ducing the charge concentration to about 1/4 or 1/5 that of the 

normal condition, and a simultaneous increase in hole spacing to 

about twice that of the normal condition. These fiaures are 

based more on the results produced in concrete than those from 

the anisotropic rock at the research adi t in Atlanta. 

For optimum results, it is important that the notch or 

slot in the drill hole be sharp, well-formed, straight and in the 

plane of the desired breakaqe. It is equally important that the 
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right kind of stemming be provided in order to contain the explo­

sive gases long enough to allow the cracks to propagate. The 

quick, high-velocity impact of typical underground blasting with­

out stemmin~ will not produce acceptable results. 

Control of Ground Vibrations and Airblast Overpressure 

The first step in the control of vibrations and airblast 

is that of determining the appropriate levels of intensity for 

the site conditions. The decision is not automatically made by 

determining a damage threshold. The public response must be con­

sidered, a question that is far JTK)re complex than that of struc­

tural responses. Are you willing to accept many complaints and 

damage claims from the public? Are you willing to accept the 

cost of minimizing these? 

It is generally accepted that the best indicator of the 

potential for damage to 

peak particle velocity. 

structures from blasting vibrations is 

Standards have become rather widely ac-

cepted, using poor plaster _ in a residential structure for the 

threshold of damage. A peak particle velocity of 2.0 inches per 

second has become widely accepted as being safe for poor plaster, 

with the probability of damage increasing as the particle veloc­

i ty increases beyond that threshold. It is often stated that 

minor plaster damage may be expected at about 4.0 inches per se­

cond, and major damage may be expected at about 8.0 inches per 

second. (The decimals do not indicate precision.) Several 

states and agencies have established regulations 1 imi ting 

particle velocities to 2.0 inches per second at public and 

private buildings. Limitations for concrete and engineered 

structures have sometimes been JTK)re liberal, often in the range 

of 4.0 to 8.0 inches per second. 
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It is this writer's contention that no single descriptor 

of particle motion is sufficiently accurate to cover the wide 

ranqe of vibration characteristics that we must deal with in 

blasting, and that the time history (frequency and duration) 

needs of ten to be considered carefully. On the one end of · the 

scale, there are those who claim to have observed instances of 

clamage at particle velocities lower than the "standard" 2.0 
ips. At the other end of the sea le, th is writer has observed 

many cases where old residences were not damagecl by vibrations 

with particle velocities in the range of 10 to 20 ips. The ten­

dency toward damaae woul<'l increase with low-frequency vibrations 

impinging on a tall, weak structure with a low natural frequency, 

and decrease if the same structure were subjected to very high 

frequencies. 

Interestin9ly, there is a need also to demand serious 

review of the observational procedures that lead to the conclu­

sion that "damaae" has occurred. This issue is often overlooked 

under the false assumption that any person can identify "damage", 

especially if it happens to he the "eye-witness" type. Those who 

understand this problem can only wonder how many cases of false 

identification have crept into the professional literature 

without proper verification. It is common knowledge that many 

accounts by "eye-witnesses" describing their observation of 

damage occurring are contradicted by irrefutable evidence that 

the "damage" existed before such "observation" took place. 

A review of response spectra theories will demonstrate 

the importance of the time history of vibration as it relates to 

the natural freouency of a given structure. Such response anal-

yses are commonly made for large critical structures when it is 

anticipated that the structures must survive significant vibra­

tions, e.a., the response of a dam to a desiqn earthquake. 
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Up to the present, it has been widely accepted that 

blasting vibrations cover a relatively narrow range of vibration 

frequencies and that it is acceptable to use a single value of 

particle velocity to identify the damage potential for a qi ven 

type of structure, e.g. , a residence. It is this writer's con­

tention that such a view is too simple, and can cause problems at 

either end of the frequency spectrum. For the case of low­

frequency vibrations impinging in a structure with a low natural 

frequency, the criterion may not be sufficiently conservative. 

For the case of high-frequency vibrations, the criteria may be so 

conservative as to increase costs prohibitively, or rule out the 

feasibility of conducting blasting operations that are quite safe 

in reality. 

The "safe level" of 2.0 ips has become so deeply in­

grained, and applied so widely to all manner of structures and 

materials in the past, that it seems like heresy even to consider 

a particle velocity of one to two orders of magnitude higher. 

Yet, this writer has had occasion to measure particle velocities 

of several hundred inches per second in engineered structures 

that were very important structures, - critical to the industrial 

operations of the country involved. An important aspect, of 

course, is that the vibrations occurred at high frequencies with 

relatively lower strains than would be expected for low-frequency 

vibration·s. As one of several instances, the walls of a large 

powerhouse ( $ 200 million) , supplying roughly half of its coun­

try's power, were subjected to particle velocities of the order 

of 275 ips at a high frequency, without incurring damage. 

It does not solve the problem for a project involving 

blasting operations in a highly populated area that a certain 

particle velocity will not cause damage to residences or commer­

cial buildings. A simple statement regarding the potential' 
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hazard of vibrations to structures does not begin to describe or 

satisfy the over-all problem of blasting in a populated area. 

Paradoxically, the more serious part of the problem is not struc­

tural, al though it is thought to be by the community at large. 

The chief difficulty is the sensitivity of people to sounds and 

vibrations and their lack of knowledge of the normal static (non­

vibratory) physical forces which are involved in their daily 

lives and which act on the structures they occupy. Consequently, 

we must devote at least as much time to the study of people as we 

do to the study of structures. 

It has been observed that the average person can easily 

feel a motion which is of the order of 1/100 to 1/1000 of that 

needed to cause damage to his home, and will consider it "severe" 

at about 1/5 to 1/10 of that level. In actual practice, all 

rules for predicting motion response fall apart when sound 

effects accompany the motion and the motion is of short duration. 

In such instances, the average person forms a judgment based 

largely on his psycho-acoustical responses and is usually unaware 

of the important distinction between the characteristics of the 

motion alone and the sound effects that might accompany that 

motion. 

Certain regulatory groups and agencies have recognized 

the problem associated with the response of the public to blast­

ing operations, and have limited the ground vibrations to lower 

levels than would be needed to prevent damage to buildings. For 

example, the proposed Surface Mining Act for the United States 

contains a limit to a particle velocity of 1.0 ips, the value 

chosen for the work in downtown Atlanta on the CN12O contract. 

Al though it is true that there wi 11 be more complaints 

and more damage claims associated with higher vi bra ti on levels, 

one can only reduce, NOT eliminate complaints and claims by 

WP-O-139-19 
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reducinq the vibrations to a level qenerally regarded as "accept­

able". This is due to the complexity of the human response. 

Some complaints and claims will come from those who are firmly 

convinced that they were severely shaken because they heard the 

sound effects of vibratinq panels, doors or windows, even if the 

motion alone was below the threshold of human perception. Others 

may not even have been in the area when the blasting occurred, 

but upon learninq that blastina had taken place in their absence, 

made careful inspections and discovered "damaqe", unaware that 

the "damage" was a condition that existed prior to the beginning 

of the blasting operations. 

Thus, it is this writer's opinion that it is unrealistic 

to conclude that we can eliminate blast damage complaints and 

claims merely by reducing allowable vibration limits to values 

that are thought to be acceptable by motion criteria. More con­

tact with the public is needed. This could be, for example, in 

the form of pre-blast buildinq insoections and aissemination of 

information prior to the start of blastinq operations. 

The simplest way to limit ground vibrations qenerated by 

blasting is to limit the quantity of explosive detonated at any 

given instant of time. This quantity is usually called 

( inexactly) the charge weiqht per delay, under the assumption 

that all detonators of the same nominal delay interval will de­

tonate simultaneously. 

Recent advances in product development have greatly in­

creased the number of delay intervals available to explosives 

users. This change has occurred for both electric and non­

electric delays. Judicious use of either system now allows the 

blaster a nearly unlimited choice of delays, although some exper­

tise is reouired in the planninci and execution of the more com­

pl i ca tea delay systems. Thus, there usually is not a severe 
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financial penalty associated with blast designs limited to only a 

few holes per delay. Sometimes, there are technical limitations 

that introduce safety hazards, such as cut-off holes if too many 

delays are spread out over too long a time period. 

If potential bidders are advised of the vibration limits 

that will be imposed on a project, it is usually unnecessary to 

provide any additional background data to assist them in 

determining the manner in which charges must be limited to keep 

below the specified vibration level. At the present state-of­

the-practi ce, nearly all blasting contractors are well informed 

of procedures for predicting the quantities of explosives that 

would generate a certain vi bra ti on level at a given di stance. 

This writer has published such predicted curves for general use 

of the industry, as seen in Figure 3. Similar 

available through publications of the Bureau of 

information is 

Mines. Explo-

sives suppliers and independent consultants routinely offer such 

guidance. 

Of course, it is essential that vibrations be monitored 

when blasting is taking place in a highly populated area. Two 

purposes are served by such monitoring. One is to ensure that 

vibrations remain at non-damaging levels, and/or below the crite­

ria established for the work. The second is to be able to prove 

what vibrations occurred in the event that damage claims are 

made. 

Instrumentation advances have made easier the task of 

monitoring routine blasting operations, and have made possible 

the task of measuring "exotic" vibrations, not possible in times 

past. For the routine monitoring, there is an expression in the 

industry that "smart" instruments now exist for this work. In­

struments are now capable of monitoring, all vi brat ions on a con­

tinuing basis, triggering a recorder when the vibrations exceed a 
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certain pre-determined threshold, then turning off after a pre­

determined time interval. Recor<'li.ng can be done either on mag­

netic tape or photoqraphic strip charts. The same instrument s 

can provide a digital read-out of peak particle velocity for in­

stant reading, so that the information can be passed immediatel y 

to the blasting supervisor. Some of these instruments are 

eauipped to monitor airblast overpressures simultaneously with 

the ground motion. 

More than a few years ago, it was difficult to measure 

vibrations at extremely high freauencies and extremely h iqh ve­

locities or accelerations. Now, equipment is readily available 

for these tasks, though expensive and not routinely used. Re­

cently, for example, th is writer was able to measure accelera­

tions to 50,000 times gravity and to 30,000 Hz (cycles per 

second) with miniature accelerometers recently developed. Velo­

city gaqes are limited presently to about 2000 Hz. In all cases, 

data can be placed easily on magnetic tape ( if the budget is 

available) for computerized analvsis and output, such as response 

spectra. 

A similar history of criteria development has taken 

place for airblast overpressures. Early research led to the con­

clusion that an overpressure of the order of 1 .O psi would almost 

certainly cause some window breakage (the first sian of damage), 

and that it would be acceptable to limit values to the range of 

0.1 to 0.5 psi. In recent times, it has been reported that minor 

plaster damage has been associated with relatively low airblast 

overpressures. For such reasons, as well as the desire to reduce 

public complaints, there have been recent proposals to reauire a 

reduction to limits of the order of 0.001 to 0.01 psi. 

The increase in the conservatism is even greater than 

suqgested above, for the reason that better instruments for 
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detectino airblast overpressures now indicate that earlier 

instruwents were not detecting certain portions of the very-low­

freauency energy. Thus, we are simultaneously rneasurin<J more 

enerqy ana reducinq the limits. 

Some of the measures that serve to control ground vibra­

tions have a similar function in the control of airblast over­

pressures. For example, the use of de lay de ton a tors, 1 imi ting 

the quantity of explosives detonatinq at any given instant of 

t irne, serves the purpose of 1 irni ting both effects, but not ne­

cessarily to the same degree. Even a very small quantity of ex­

plosive can qenerate a very hi<Jh overpressure if it is exposed at 

the ground surface. On the other hand, a very large quantity of 

explosive buried deeply wil 1 generate only smal 1 overpressures. 

Thus, the "depth of burial" is an important consideration, whe­

ther the burial is actually some distance below the surface, or 

is merely an indication that the charge is confined and well 

s temmea. 

For the type of blasting which utilizes vertical holes, 

the use of stemming is routine and easily accomplished. Coarse 

sand or fine gravel is easily poured into a hole after the em­

placement of the explosive charge. The length of this column of 

s temmi no ( hence the "depth of burial") is a er it ical factor in 

determininq the overpressure generated by the blast. 

For horizontal holes in underground blasting, it is not 

customary practice to use stemminq, partly because of the diffi­

culty in placing it effectively in the holes, and also because of 

the time consumed in attempting to do so. Normally, such blasts 

are sufficiently far removed from the public that there has been 

no need to chanqe this practice. However, with the increase in 

underqround work in urban settings, th is problem is becoming a 
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matter of more concern. If specified limits for airblast over­

pressures continue toward more conservative levels, it will be­

come necessary to take more exotic measures to reduce these ef­

fects, at an increase in time and cost of the blasting. 

Summary 

Blastina can no longer be treated by afterthought as an 

informal appendage to construction plans for a major project. 

Consider inq the high cost of construct ion work, each aspect of 

the work must be well planned and well executed. In adcHtion, 

there are safety aspects of blasting that must be well planned 

and well controlled. 

A considerable amount of research has taken place in the 

last several decades which have raised the technical level of the 

art of blasting to a much higher plane. It is beina scrutinized 

carefully by researchers in several disciplines of engineering 

and the earth sciences. New methods, knowledge and data have 

evolved. 

Under the demand of a new qeneration of wel 1-informed 

researchers and users of explosives, the manufacturers have de­

veloped many new products which make the use of explosives more 

effective, safer, and allow better control of blast effects. 

Rapid advances in instrumentation now permit almost au­

tomatic monitoring of routine blasting, and allow the study of 

certain aspects of blasting that could not be readily measured 

only a few years aqo. 

Although there is a trend toward more limitations and 

more restrictive limitations, recent research and experience also 

show that some existing limitations are unnecessarily restrictive 

for certain conditions. Such circumstances can make tremendous 
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increases in the costs of construction, or entirely prohibit the 

work from being done. 

There is no ready solution to the problem of the sen­

s it i vi ty of the public and the adverse reaction to the motions 

and sound effects that accompany blastina. There is a trend 

toward more and more restrictive limitations, but it is this wri­

ter's opinion that such an effort will not solve this particular 

problem. There is no suitable substitute for advanced prepara­

tion, dissemination of information, aood public relcitions, and 

pre-blast inspections. 
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Three-dimensional Finite Element Method (3-D FEM) anal­

yses have broad applications in the desian of underqround struc-

tures. These methods can explicitly consider the ground-struc-

ture interaction around underground openings and can be used to 

produce design parameters for a large range of loading condi­

tions, oeometries and material properties. 

In research currently underway at the Massachusetts In­

stitute of Technology (M.I.T.), 3-D FEM techniques have been em­

ploved extensively in an attempt to develop improved design pro­

cedures for tunnel supports. In this research, the FEM proaram 

ADINA has been used to improve the understanding of ground-struc­

ture interaction behavior around tunnels and to develop correc­

t ion factors for simpler and faster closed-form solutions that 

are more suitable for or act ical des iqn use. Furthermore, ADINA 

was used to model the performance of the instrumented Atlanta Re­

search Cha~her and the Peachtree Center Station. This monograph 
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will first discuss the aeneral advantages and limitations of the 

3-D Finite Element Method, and then focus on the particular ap­

plication at the Atlanta Research Chamber. 

Advantages and Limitations of Three-Dimensional Finite Element 

Methods 

Many of the problems encountered in underground con­

struction are three-dimensional in nature. Although simplifica­

tion to a two-di mens ion al problem is of ten possible, there are 

circumstances in which three-dimensional analyses will have dis­

tinct advantages. Some examples are: 

1 • Problems involving complicated c::teornetr ies and/or boun­

dary conditions. Such conditions could arise from the 

geometry of the structure itself, or from that of the 

surrounding geologic formations. 

2. Modelling as accurately as possible such complicated ex­

cavation procedures as "heading and bench" operations, 

"multiple drifting," ••• etc. 

3. Analyzing the qround-structure interaction near the face 

of an advancing tunnel. 

On the other hand, such analyses have the following li­

mitations: 

1. The three-dimensional Finite Element Method representa­

tion of an actual problem can be very time-consuming and 

expensive. Specifically, the discretization process 

(drawing the mesh) required as a first step in any FEM 

analysis is especially tedious in three dimensions. 

Furthermore, the effort required to interpret the re­

sults of the analysis is directly proportion al to the 

size of the problem investigated. 

WP-O-139-20 



Three Dimensional Finite Element Method 
Amr s. Azzouz 
Herbert H. Einstein 
Charles W. Schwartz 
Page 3 

2. The cost of a three-dimensional analysis far exceeds the 

corresponding cost of a two-dimensional analysis. 

3. In normal tunneling situations, the movements occur r inq 

near the face of an aavancinq tunnel will only affect 

the initial support design. Hence, if an advanced de-

sian-construction method with performance monitorina and 

in-site adaptation of design is used, three-dimensional 

FEM for desian is often not warranted. 

4. As is the case with any sophisticated analytical method, 

the applicability of three-oimensional FEM is restricted 

by the usually limited information on subsurface condi­

tions. 

Hence, in a given project, it is always advisab]e to 

compare the time and cost commitments with the value of the re­

sults likely to be obtained from such a sophisticated method of 

analysis. 

Computer Proqram ADINA 

ADINA (Automatic Dynamic Incremental Nonlinear Analysis) 

is a general purpose, linear and nonlinear, static and dynamic 

three-dimensional Finite Element Methoo analysis program. It was 

developed by Professor K.J. Bathe of the M.I.T. Mechanical En­

aineerinq Department as a further development of the NONSAP and 

SAP IV pro~rams.1/ Y. The followinq brief description summarizes 

..l/K. J. Bathe, ( 1976a), "ADINA - A Finite Element Program for 
Automatic Dynamic Incremental Nonlinear Analysis," Report 
82448-1, Acoustics and Vibration Laboratory, Mechanical 

2 
Enqineering Department, M.I.T. 

/K. J. Bathe, (1976b), "Static and Dynamic Geometric and 
- Material Non-linear Analysis Us ino !>.DINA," Report 824 48-2, 

Acoustics and Vibration Laboratory, Mechanical F.nqineerinq 
Department, M.I.T. 
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the features of the program which are particularly useful in the 

analysis of underground structures. 

ELEMENT TYPES: 

1. Three-dimensional truss elements 

2. Two-dimensional plane stress or plane strain elements 

3. Two-dimensional axisymmetric shell or solid elements 

4. Three-dimensional solid elements 

5. Three-dimensional thick shell elements 

6. Three-dimensional beam elements 

MATERIAL BEHAVIOR MODELS: 

1 • Isotropic linear elastic 

2. Orthotropic linear elastic 

3. Curve description model (includes tension cracking) 

4. Concrete model (includes tension cracking) 

5. Elastic-plastic materials, Von Mises or Drucker-Prager 

yield criteria 

6. Thermo-elastic-plastic-creep, Von Mises yield criteria 

In addition to material nonlinearity, the effects of 

large displacements and strains (geometric nonlinearity) can also 

be included. 

Excavation and support installation operations can be 

modelled using a "birth/death" option in which elements are acti­

vated or deactivated during the calculations. Simulation of the 

incremental advance of the face of a tunnel is thus possible by 

deactivating each "round" of elements sequentially. 
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Variable-number-of-nodes isoparametric finite element0 

are available for both two and three-dimensional continuum anal-

yses. These elements are efficient and accurate and al low much 

flexibility in mesh layout and boundary geometry. The variable­

number-of-nodes option permits effective modelling from coarse to 

fine element meshes. 

In ADINA, all system matrices and vectors are stored in 

a compact form and processed using an out-of-core equation sol-

ver. This results in maximum sys tern capacity, virtually elimi-

nating any size constraints (i.e., the maximum number of nodel 

points and elements) for very large problems. 

Because of the size and complexity of most three-dimen-

s ional problems in underground openings in general, and of the 

Atlanta Research Chamber and Peachtree Center Station in particu­

lar, preprocessor and postprocessor computer prosrams were de­

veloped to aid in the preparation of the input data and in the 

interpretation of the results. The preprocessor consists of a 

simple mesh generator and a graphics displav for data checking, 

while the postprocessor programs make it possible to manipulate 

output data files from ADINA and to plot stress and displacement 

information. 

ANALYSIS OF THE ATLANTA RESEARCH CHAMBF.R 

The purpose of this study was to examine, by three-di­

rnens ional FEM analysis, the ground behavior in the Peachtree 

Center Station area in Atlanta due to (see Fig. 1): 

llK. J. Bathe, and F. L. Wilson, ( 1976), Numerical Methods in 
Finite Element Analysis, Prentice-Hall, Inc., F.nqlewood 
Cliffs, New Jersey. 
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1 . 

2 . 

3 • 

and to: 

4 . 

excavation of the pilot tunnel in an initially stressed 

rock mass; 

enlaroement of this pilot tunnel to form the test cavern 

(Atlanta Research Chamber); 

excavatinq the main Peachtree Center Station cavern; 

predict extensorneter and inclinometer movements and com­

pare them with actual measurements. 

A brief summary of the analysis performed and the re-

s u 1 ts obtained are qi ven below. A more detailed description is 
. b . . 1 4/ given y E1nste1n et. a .- • 

Analvsis Performed 

A detailed subsurface investigation program (Law Enqi­

neerino Testina Cornpany)Y indicated that: 

1 o The intact rock behaves elastically up to failure. 

2. The rock mass is of excellent auality with RQD values 

greater than 90 percent; 

3. There are four sets of discontinuities, but in the area 

around the Atlanta :Research Chamber they are all tight 

and/or widely spaced; and 

..!/H. H. Einstein, et. al. (1978). "Improved Desian for Tunnel 
Supports", Interim Report prepared for U.S. Department of 
Transportation, Volume II, Contract No. DOT-TSC-1489. 

5 /Law Enaineerin9 Testing Company (1977), "Report 
- Instrumentation--Peachtree Cent.er Station 

(Construction Unit CN-124)", 3 Volumes. 
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4. The rock in the Research Chamber area is reasonably ho­

mogeneous and without any apparent major open disconti­

nuities. Althouqh there are several rock subtypes, they 

all have similar properties (no systematic variation was 

detected). 

Based on this information, the investigation was limited 

to static isotropic linear elastic analyses. The entire mass is 

assumed to be homogeneous with elastic properties E = 4.6 x 106 

psi and v = 0. 17. (See also Table IV-1 and IV-2, Chapter IV). 

The anticipated sequence of excavation operations were 

simulated in three steps. The first step involved the excavation 

of the pilot tunnel. Enlargement of the southern end of the pi­

lot tunnel to form the Atlanta Research Chamber was simulated in 

step two. Step three, the excavation of the main Peachtree 

Center Station cavern top heading, was perforJT1ed simultaneously 

with step four, excavation of the lower heading. The excavation 

of the running tunnels was not simulated in this analysis. 

The finite element mesh consisted of 16 transverse cross 

sections and a total of 1093 three-dimensiona.l isoparametric ele­

ments. The number of nodes per element varied between 8 to 20, 

y ielding a total of 2915 nodal points. 

Results 

Although the assumed material behavior and geometry of 

the ground was relatively simple, and although in general the 

stresses and deformations caused by the excavation seauence were 

s mall, the 3-D finite element analysis produced several 

interesting results, of which some would be impossible to obtain 

using simpler analytical procedures: 

WP-O-139-20 
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1. A biaxial tensile stress zone forms at the south wall of 

the main Peachtree Center Station cavern that may cause 

problems, such as excessive overbreak, during construc­

tion of the running tunnels at this location. Further­

more, radial tensile stresses form at the flat parts of 

the main station cavern's crown, sidewall, and invert. 

2. At the transverse cross-sections through the Atlanta Re­

search Chamber, the major and minor principal stresses 

are approximately tangential and radial with a maximum 

tangential stress concentration of about 2. 

3. The excavation of the main Peachtree Center Station 

cavern induces relatively large longitudinal movements 

in the rock surrounding the Research Chamber (Fig. 2). 

However, the Research Chamber does not tilt measurably 

in the longitudinal plane as a consequence of the main 

station cavern excavation. Instead, it settles uniform­

ly. Furthermore, since the inclinometers at the 

Peachtree Center Station area are approximately located 

at the y-z plane of symmetry (Fig. 1), a plane strain 

analysis would predict zero inclinometer movements in 

all directions (in the x-y plane due to symmetry and in 

the y-z plane due to the definition of a plane strain 

analysis). Fiqure 3 shows these inclinometer displace­

ments as predicted from the 3-D FEM analysis. 

The results of this (so far) limited application of 3-D 

finite element analysis have now to be compared with its 

cost. The total computer cost amounted to about $11,000 

and consisted ofi 
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Item Percent of Total Cost 

1. Program modification and 

implementation 30% 

2. Input preparation, which 

included mesh generation 

and debugging runs 20% 

3 • Actual analysis 

( 3 steps) 33% 

4. Interpretation and 

analysis of results 17% 

A total of four man months by highly qualified enoineer­

ing personnel was spent on the analysis, broken d own in 

approximately the same way as the computer costs. Since 

50% of the cost and time was devoted to problem prepara­

tion (items 1 and 2), any further analysis can be con­

ducted at a lower incremental cost. It should a lso be 

noted that a substantial part of item 1 consi s ted o f 

general (non-project specific) modification to and im­

plement at ion of the ADINA proqram. These expens e s will 

not be incurred in future applications. 

CONCLUSIONS 

The application of the 3-D Finite Element. Method program 

ADINA to the analysis of the behavior of the Atlanta Research 

Chamber 

dellino 

is a qood, althouqh somewhat simplified, example of mo­

the performance of a geometrically complex un<'ierground 
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structure as it is excavated. Performance features were predic­

ted that could not have been determined from two dimensional 

analyses. 

The effects of this ability to predict performance in 3-

D have to be weighed against the substantially higher cost of 

analysis. The designer has thus to consider carefully if suff-

icient information on ground and structural characteristics are 

available and if the value of the results obtained with 3-dimen­

sional finite element analysis is worth the increased cost. In 

the case of the Atlanta Research Chamber, the 2-D FEM analysis 

and report cost about $10,000 as compared to the 3-D FEM study 

which, under comparable circumstances, miqht have cost $40,000. 

In particular, the 3-D FEM predicted a small upward 

movement, shown in Figure 3, found to actually take place in the 

floor of the Atlanta Research Chamber (see Chapter III, IV and V 

of this report) • The 2-D FEM studies could not account for the 

very large horizontal north-south in-situ stresses, which were in 

the "third dimension" for the 2-D FEM study. 



THREE DIMENSIONAL FINITE ELEMENT METHOD STUDY 

OF A SUBWAY TUNNEL AT NUREMBERG 

Erwin Gartunq, LGA Nuremberg, FR Germany 

Paul Bauernfeind, City of Nuremberq, FR Germany 

Jean-Claude Bianchini, ESI, Paris, France 

INTRODUCTION 

The city of Nuremberg, located in Bavaria in the Federal 

Republic of Germany, started building a subway in 1967. The con­

struction operations beaan in a southern suburb, where no com­

plications were encountered in the . desian and execution of the 

job. As the first subway line approached the downtown area of 

the city, the civil engineering challenges increased rapidly. 

Tunnels had to be excavated next to, or below precious historical 

buildinas, and the work of the responsible engineers was closely 

watched by the public, who were very anxious about any damage to 

the existing beautiful old houses and churches. 

The job has been handled successfully to date in co­

operation with the owner-designer, the qeotechn ical consultant 

and the contractors, who jointly went through a process of sys­

tematic learning and gathering of experience, and who developed a 

modern tunnelinq techniaue specifically tailored to the natural 

properties of the encountered ground conditions and the reauire­

ments of the city of Nuremberg. 

The application of scientific methods has been an impor­

tant part of this development. :Research into the qeotechnical 

properties of the predominantly encountered soft Keuper 

WP-0-139-21 
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sandstone, studies of the qeomechanical performance of qrout­

reinforced sand sections and finite element analyses of va rious 

tunnel problems for the prediction of displacements, fo r the 

assessment of stability, or as a basis of structural desiqn rules 

for supporting members, have been carried out. The analytical 

results have been checked by field measurements in many cases. 

The three dimensional finite element anal vs is which is 

briefly sketched in the present paper has to be seen in connec­

tion with this background. 

The enaineering problem was to make an extrapolation of 

the experience gained with tunnel cross sect ions of standard 

widths of about 6 m and larqe sections of 9 to 

extremely wide tunnel section with more than 

very shallow cover of low s trenqth sands tone 

parative plane strain finite element study of 

1 0 m width, 

1 3 rn width 

( f iq . 1 ) • A 

tunnels with 

to an 

under 

com-

6, 9 

and 13 m width had indicated that the deformations, stresses ano 

failure probability 

width of excavation. 

increase progressively with the increas inq 

So, the practical experience gained with 

10 rn width, which indicat ed that the three di-sections up to 

mensional state of stress and strains at the tunnel fa ce contain 

a sufficient decree of safety during construction, appeared to be 

questionab le in the case of the 13 m wide section. This result 

called for a closer scientific look at the oroblem of the sta­

bility of the tunnel face, employing a fully three dimensional 

finite element stress/strain analysis. 

Assumptions for the analysis 

Geomechanical analyses are carried out with simplifvinq 

models wh ich are able to simulate the real behavior of the ground 

more or less accurately. The more sophisticated the model, the 

WP-0-139-21 
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closer an approximation to reality can be obtained, orovided that 

appropriate p arameters are used in the analysis. 

In the Nuremberq study the geometrical and the loac'l inq 

conditions were symmetrical . Therefore a block of the rock mass, 

schematically shown on Fig . 2 was used, containing half the 

tunnel cross section. 

consisted of 

It was subdivided into 16 slices, each of 

51 three dimensional elements shown on which 

Fig. 3. The three dimensional element mesh is fine in the cen-

tral zone of the block of the rock mass where the tunnel face 

will eventually arrive. It is rather coarse at some distance 

from the center. So the front cut reaches the zone of interest 

relatively quickly and without the consumption of too much com­

puter time. 

Since there are no significant faults or discontinuities 

in the sandstone, and experience has shown that local variations 

of the rock properties do not considerably influence the overall 

structural behavior, the rock mass could be modelled by a homo­

geneous, isotropic continuum. The stress/strain relationship was 

expressed by a nonlinear elastoplastic constitutive law (Fig. 4). 

The numerical simulation of the tunnel construction 

starts with the establishment of the initial state of stress in 

the ground . Previous analyses, field observations and measure­

ments of displacements indicated that the initial maximum prin­

cipal stress is oriented vertically and is equal to the weight of 

overburden or structural loads plus the body weight of the rock 

mass. The initial horizontal stress component is computed by ap­

plication of the at-rest coefficient K
0 

= 0.3 in x- and y-direc­

t ions. 

No ground water influences are considered in the three 

dimensional analysis. 

WP-0-139-21 
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The correct simulation of the supportinq effect of shot­

crete, anchors and steel ribs is very important in this three di­

mensional finite element study. At Nuremberg, very liqht steel 

ribs are used for practical reasons. They permit fastening of 

reinforcement meshes and provide sup'fX)rt to the soft shotcrete 

during its application and within the first hours. However, 

their structural stiffness is negliqible compared with that of 

the aged shotcrete shell. Therefore the steel ribs are neglected 

in the analysis. 

Tensioned, short rock anchors provide confinement to the 

rock surface in the tunnel. This effect is taken into account by 

the application of an equivalent internal pressure in the anal­

ysis. 

The shotcrete is model led by shel 1 elements with li n­

early elastic properties which depend on the aqe of the shot­

crete. Under the assumption of an average progress of excavation 

of 1 m per day, the elastic moduli have to be updated for each 

element slice in each run according to Table 1. 

Execution of the computations 

The computations were carried out by ESI in Paris with 

the computer program PAM-NL on a CDC-7600 computer. Slight mo­

difications of the proqram were necessary to suit the require­

ments of the particular case. A number of test runs preceded the 

main study and small service programs were written for data pre­

and post-processino. 

WP-0-1 39 -2 1 



E - Modulus . 1000 t,JIJ /m e in Eleme nt s lice N r . 
Run 1 Kal 2Kal 3Kal 415Kal 

4/5St 617 Kal 8/10K:il 11/13Kal G/7 St 8110st 11/13St St _,, 

1 - 1 - - - - - - - - - - -
2 - 1 - - - - - - - - - - -
3 - 1 9(3) I - - - - - - - - - -I 

4 - 1 26(23) 17(10) - - I - - - - - - -
5 - 1 30(29) 21(16) 9 ( 3) - I - - - - - - -
6 - , 30(30) 22(17) 10,5(4) 3 ( 1 ) - - - - - - -
1 - , 30(~28) 22, 5( 18) 12 ( 5) 6(2) 3 ( 1) - - - - - -
8 - 1 30(,.28) 23( 19) 13,5(6) 9(3) 6 ( 2} 3 ( 1 ) - - - - -
9 - 1 30(>28) 24(20) 15 ( 7) 10,5(4} 9 ( 3) 6 ( 2) 3 ( 1 } - - - -

10 - 1 30(.> 28) 25(21) 15,5(8) 12 ( 5) 10,5(4) 9(3) · 6 ( 2) 3 ( 1 l - - -
11 - 1 30(~28) 25,5(22) 16,5(9) 13,5(6) 12 ( 5) 10,5(4) 9 ( 3 l 6 ( 2) 3 ( 1 ) - -
12 - 1 30(:>28) 27(24) 17(10) 15 ( 7) I 13,5(6) 12 ( 5 l 10,5(4) 9 ( 3 l 6 ( 2 l 3 ( 1 ) -

E-Modulus of shotcrete for 3D-FE Analysis 

~ Kal = Heading 
~ St = Bench 
~ 

(Figures in parentheses refer to the age of the shotcrete in d2ys) 
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The tunnel 

following sequence: 

excavation was simulated according the 

R.un 1 : 

Run 2: 

Run 3: 

Run 4: 

Run 5: 

Run 6: 

Run 7: 

Run 8: 

Run 9: 

Run 1 0: 

Run 11 : 

Run 1 2: 

WP-O-139-21 

Establishment of initial conditions 

Full face excavation, slice 1 

Full face excavation, slice 2 . 
' 

rock anchors and 

shotcrete in slice 1 

Full face excavation, slice 3. 
' 

rock anchors and 

shotcrete in slices 1 and 2 

He ad i na excavation, slices 4, 5; rock anchors and 

shotcrete in slices 1 to 3 

Bench excavation, slices 4, 5; rock anchors and 

shotcrete in slices 1 to 3 and in the heading of 

slices 4, 5 

Headina excavation, slices 6, 7; rock anchors and 

shotcrete in slices 1 to 5 

Headina excavation, slices 8, 9, 10; rock anchors 

and shotcrete in slices 1 to 5 and in the heading 

to slice 7 

Headina excavation, slices 11, 12, 13; rock anchors 

and shotcrete in slices 1 to 5 and in the heading 

to slice 10 

Bench excavation, slices 6, 7; rock anchors and 

shotcrete in the heading to slice 13, in the bench 

to slice 5 

Rench excavation, slices 8, 9, 10; rock anchors and 

shotcrete in the heading to slice 13, in the bench 

to slice 7 

Bench excavation, slices 11, 12, 13; rock anchors 

and shotcrete in the heading to slice 13, in the 

. bench to slice 10. 
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In order to check the influence of a delay in the appli­

cation of the shotcrete, additional runs were carried out, 

without the shotcrete shell between the element slices 3 and 

14. This study simulated conditions where the shotcrete provides 

support from 4 m behind the tunnel face only, but where the ten­

sioned anchors are placed in time. The stability was then re­

duced further by omitting the anchors in this zone as well, leav­

ing the rock entirely unsupported 4 m behind the tunnel face. 

Computations with a variation of the boundary conditions comple­

mented the study. 

Results 

The computations yielded a tremendous amount of data. 

More than 3,000 components of displacements were printed in the 

1 is tings of each run. Thou sands of stress cornponen ts in rock 

elements and reactional forces and moments in shell elements were 

given in the output. Therefore a careful choice had to be made 

as to what information was of significance under engineering as­

pects, and these data had to be postprocessed and presented in an 

understandable form. 

A very good impress ion of the three dimension al char­

acter of the problem can be obtained from isometric computer 

plots of displacements of selected nodal points and mesh-lines. 

An example is shown on Fia.. 5 for computer run 9, a stage of con­

struction where the heading advances 3 m ahead of the bench. 

This type of displacement plot was obtained for all runs. 

The next step of exploitation of the results was the 

study of particular displacements such as settlements above the 

crown, heave of the invert, 1 a teral di splacernen ts of the sides or 

movements in longitudinal direction of the tunnel above the 

crown. An example of such a plot is given on Fiq 6. 

WP-0-139-21 
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A presentation of the state of stress in the ground was 

obtained from computer plots of principal stresses in vertical 

planes perpendicular and parallel to the tunnel axis as shown on 

Figures 7 and 8 for example. The plots indicate stress 

concentrations, rotations of principal stress directions and 

unloaded zones. 

The variation of stresses in elements of particular in­

terest with distance from the tunnel face was plotted by the com­

puter in the form shown on Figure 9 for an element at the rock 

surface above the qround, for example. 

In the same way, normal forces and bending moments were 

plotted for selected shell elements of the shotcrete shell. 

It is impossible to present more than a few examples of 

plots in this monograph. This paper can only indicate the impor­

tance of postprocessing of data obtained from three dimensional 

finite element analyses of tunnel problems. It is necessary to 

select the interesting features and to use an appropriate format 

of presentation, in order to be able to draw meaningful conclu­

sions from al 1 the data which the computer can provide. 

Conclusions 

The results of the three dimensional finite element 

analysis can be summarized as fol lows. Pronounced chanaes from 

the initial state of stress appear 2 m ahead of the tunnel 

face. The stress conditions in the front cut zone are relatively 

stable. The probability of a shear failure of the rock mass is 

qreatest about 1.5, to 2.5 m behind the tunnel face. A three di­

mensional dome or arching effect in the rock mass can clearly be 

determined from about 2 m ahead of the tunnel face to 6 m behind 

the tunnel face. There is a maximum of lateral compressive 

WP-0-139-21 
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stresses at the rock surface above the crown about 3 m behind the 

tunnel face. 

The shotcrete shell is highly stressed about 3 to 5 m 

behind the tunnel face. This result emphasizes the importance of 

early apolication and early strenqth of the shotcrete. 

The comparative studies with delayed shotcreting and an­

choring showed no great differences in overall deformations but a 

considerable reduction in safety against local failure in compar­

ison with the desian case, assuminq early shotcretinq and anchor­

ing. This result emphasizes the importance of early support of 

the underground opening. 

Even though the three dimensional dome or arching effect 

is most pronounced in a narrow zone next to the tunnel face, 

there is an influence of the third di mens ion in the structural 

system from about 10 m ahead to about 12 m behind the tunnel 

face. Between 6 and 12 m behind the tunnel face, a gradual tran­

sition from fully three dimensional to plane strain conditions 

can he observed. 

A careful interpretation of all the results obtained 

from three dimensional and supplementary plane strain analyses 

leads to the conclusion that the excavation of the wide tunnel 

section can be carried out as designed. A monitorina program has 

been set up according to the information qained from the 

analyses. 

If we try to make a general comment on fully three di­

mensional finite element analyses for tunnel problems at the end 

of our present study, we miqht say that it is a big step forward 

in our understandinq of the stresses and strains in the ground 

around the opening. But because of the very considerable efforts 

in work, time and money reauired for the three dimensional study, 

we doubt that it might some day become a standard procedure in 

WP-O-139-21 
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the design of underqround openings. It will remain limited to 

special problems, whereas 2-D plane strain finite element anal­

yses might well become a standard procedure in the near future. 

For special problems, the available numerical techniques 

offer almost unlimited possibilities to the design enqineer. 

However, the quality of the results of such numerical studies de­

pends entirely on the reliability of the input. So a great deal 

of preparatory studies, experience and judgment is needed for 

successful and meaningful three dimensional finite element 

studies of practical engineering problems in tunneling. 
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THE NEW AUSTRIAN TUNNELLING METHOD (N.A.T.M.) 

Introduction 

by 

Johann Golser 

Consulting Engineer 

GEOCONSULT, Salzburo, Austria 

The New Austrian Tunnelling Method (NATM) was so called 

by Professor L. V. Rabcewicz, because the basic idea and the 

consequent development of this method came from Austrian enoi­

neers during the last 30 years. 

Findinqs, intuitions and experiences in mininq from the 

beginning of this century gave birth 20 years back to a new tun­

nelling concept. 

The demand for a quick sealing of the rock surface, al­

ready expressed in 1904, was satisfied only with the development 

of shotcrete. Following that was the finding of the reciprocal 

relationship of required lining resistance and deformations by 

Fenner (1938), and the finding of Rabcewicz (1944) that the time 

dependant: behavior of the rock mass was fundamental · for 

predictina the behavior of the tunnel structure. The development 

of the shear failure theory for tunnels under high overburden, 

the demand for so-called semi-rigid linings, the semi-empirical 

design approach using in-situ measurements as an inteqral part of 

the method, and the incorporation of rock and soil in the 

carrying system were the main subsequent steps in the development 

of the NATM. 

Systematic experiments were made using the NATM, first 

with the construction of small sections for hydroelectric schemes 
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in the Alps, then with power stations, road and railroad tunnels, 

and finally with tunnels in soil under low cover in urban areas. 

The method is widely applied in Europe, and several suc­

cessful applications can be cited in Japan, India, Pakistan, Iran 

and Turkey, as well as in South America and elsewhere where con­

ventional systems failed or were too expensive. There is still a 

long way to go until the mechanical principles governing the 

behavior of rock and soil are also fully incorporated in tunnel 

design concepts, and until an obscurantist conservatism and 

inertia are overcome. 

Basic Concepts 

The NATM is not actually a "construction method", but a 

tunnelling concept based on principles derived from rock and soil 

data and on systematically observed experiences. 

The principles of the NATM were published fifteen years 

ago and amplified in later papers by Rabcewicz, but there still 

exist differing views about the meaning of the term. 

Use of more direct nomenclature, such as the 

"Shotcreting Method" or the "Observational Method" does not solve 

the problem, since these terms aescribe only parts of the NATM. 

The NATM is based on the following concept: 

The ground (rock and soil} which surrounds the excava­

tion will be activated to a load bearing ring, enabling the 

ground to become an important support member in itself. 

Using this method, a number of basic features have to be 

taken into consideration: 

Consideration of the geornechanical qround behavior 

Most suitable statical shape of profile 
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Avoidance of unfavourable stresses and deformations by means 

of suitable support works, installed in the proper sequence . 

- Optimization of the support resistance as a function of 

allowable deformations 

Control by measurements. 

A tunnel is a composite structure consisting of rock and sup­

ports or strengthening elements (e.g. shotcrete, anchors, steel 

ribs, etc.). In excavating a tunnel, the prevailing primary 

state of equilibrium is transformed to a new state of stability 

or (secondary) equilibrium. The aim of the NATM is to influence 

these processes in a way which is both economical and technically 

safe. 

The deformations of the rock or solid should therefore 

be controlled during excavation such that they: 

remain small in order to avoid a decrease of rock strength 

and 

- at the same ti me are large enough to activate the rock to 

form the load-bearing ring necessary to reduce the required 

support resistance. 

To reach this goal, a series of subordinate aims must be consi­

dered: 

Creating or conserving triaxial stress conditions compatible 

with the rock strength, and avoidance of detrimental loos­

ening. 

- Establishment and consideration of geotechnical parameters 

(by laboratory tests or in-situ tests), their variation and 

time dependancy. 
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- Choice of profile shapes with due reqard for the mechanics 

and condition (especially the primary stress condition) of 

the rock; strenqth parameters; and joint systems in the rock. 

- Thinness and flexibility of lining within required limits. 

Avoidance of heavy overexcavations to ensure thinness of 

lining. 

- Direct contact between rock and support elements for load 

transfer. 

Adjustment of construction procedures to chanqinq rock condi­

tions; standup time; and stability of the face by choosina 

the proper excavation sequence and length of rounds, with re­

gard to practical and financial aspects. 

Careful excavation without disturbing the rock. 

Installation of support elements without delay and in the 

correct sequence. 

Ring closure time and distance from 

the theoretical rock behaviour and 

linina resistance. 

the face, dependinq on 

as a function of the 

Continuous control of rock and support elements by means of 

measurements. These constitute an intearal part of the 

method for controlling the safety of the tunnel from prelimi­

nary design to final design of the support elements durinq 

construct ion, and they optimize constructional procedures, 

permitting a correct interpretation for geomechanical 

documentation. 

If an inner concrete rinq is foreseen in the design project, 

this should also be a thin one. 

These demands are in clear conflict with what we see oay by day 

in actual tunnel construction all over the world. 
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We fina desiqns in poor qround, showing horseshoe shapes 

with sharp corners and thick, heavily reinforced lininos. We ob­

serve tunnel drivinq methods where the existence of smooth blast­

ing methods seem to be unknown, and where the self-supporting 

capacity of rock or soil is systematically beina disturbed by in­

adeauate support systems. 

The erroneous belief that heavy reinforcement via thick 

linings is safer than lininas creating a properly enqineered 

tunnel is wide spread and definitely leads to wrong-headed, poor 

designs. 

Our aim should be to make rock and soil our partner, to 

understand the time-dependant behavior of these materials, and to 

avoid fightinq against rock and rock pressures with inadeouate 

means. 

The art of tunnellina lies in controlling deformations 

so that a new state of eauilibrium is reached with a minimum of 

support resistance and, simultaneously, in avoidino detrimental 

loosening in order to roaintain the strenath parameters of the 

surrounding mass. 

According to the concept of limited deformations, the 

NATM could also be characterized as a method where "a new se­

condary state of eauilibrium after excavation is reached by con­

trolled pressure release". 

The time-dependent stress rearranqement process can be 

influenced hy the seauence of excavation and support installation 

procedures, and is to be monitored by in-situ measurements. Such 

measurements include deformation measurements and stress measure­

ments, usinq converqence measuring devices, extensometers, le­

vellina, pressure cells, strain measurements, etc. 
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In Europe, hundreds of miles of water tunnels and more 

than 200 miles of road, railroad and subway tunnels have been 

driven usinq the NATM. 

To understand the successful and fast development of the 

method, it should be mentioned that owners and contractors have -

while takinq care of their own leqitimate interests - qenerally 

endeavored to reach their common aoal in a combined effort. It 

is most likely that this obvious teamwork among all involved 

persons as partners springs from a particular conception of con-

tract conditions. European contractors and the consultants work-

i ng for them are much more involved in the des ion process than 

are their counterparts in the United States, since they are not 

only permitted but even invited to develop and submit alternative 

designs. The effect of alternative bidding is, that contractors 

have an incentive to develop improved construction methods and 

ideas usinq their own extensive practical experience. Most of 

the subway contracts in Germany built according to the principles 

of the NATM were alternative proposals submitted by contractors. 

Where is the incentive for our engineers who are sup­

posed to develop new, better and more economical desians? Pro­

fess ion al ethics is obviously not sufficient. Cornpensat ion for 

design work as a percentaqe of construction costs may cause inner 

conflicts; while compensation for hours spent in the production 

of huge amounts of partially useless drawinqs by an extensive 

staff is not efficient. Neither stimulate the development of 

proaressive new designs. I see the only solution in competitive 

alternative bidding and 1n a more efficient use of value engi­

neering. 
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Case Histories 

Adoption of these two solutions shall be shown at work 

with two examples, one from the subway in Muni ch and one from 

Bochum. Both cases were alternative solutions prepared by the 

Contractor. 

1. Muni ch 

In the case of Munich, the design project of 1974 foresaw a 

conventional steel support in a horseshoe shaped tunnel, with a 

heavily reinforced 60 cm thick final inner lining. The bottom 

slab for the single track tubes would have been 70 cm thick. 

We prepared an alternative design, which was approxi­

mately 30 percent cheaper than the conventional design. The 

longitudinal section (Figure 1) shows the geological situation. 

The Quaternary soil was cohesionless gravel with maximum 

size aggregate of approximately 2 inches. 

The tubes had to pass at a di stance of 1. 5 m beneath a 

concrete canal. The clearance underneath a road and a school was 

- 3m, and only 6m from a church tower foundation (94 m high). 

The alternative solution is shown in Figure 2. The top 

heading has been excavated with a temporary invert and forepoling 

in the Quaternary soil. 

The injection (rock) bolts were omitted after placement 

in the first measuring section because the stresses measured 

proved to be much less than the computed values. Also the length 

of rounds in the bench excavation could be increased after the 

favorable measuring results. 

settlements is shown in Figure 4. 

A typical development of 

The surface settlements were ,maximum 12 mm, an outstand­

ing result for cohesionless soil conditions (Figure 5). 
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2. Bochum 

In Bochum, the Contract B-1 foresaw a solution accordinq 

to Figure 6 where the left section was for the silt and fill and 

the right section for marl. Figure 7 shows the plan and Figure 8 

the longitudinal section with the geology. 

The NATM solution for Section I is shown in Figure 9; 

for Section II, in Figure 10, and Section IV, in Figure 11. 

The alternative solution was 25 percent cheaper than the 

design solution. The costs for the ci vi 1 works were on average 

U.S. $16,800 per lined meter of subway. 

The costs in Germany for single tubes and double track 

subway tubes with the NATM vary between $1 50 and $250 per cubic 

meter excavated depending on soil conditions. 

In cases where chemical grouting, freezing, etc. are 

used to underpass extremely sensitive structures, costs increase 

beyond the above values and may even be tripled. 

Tunnel costs ( ci vi 1 works) in non-urban areas such as 

the highway tunnels in the Alps vary between approximately $90 

per cubic meter excavated and approximately $200 for very heavy 

rock with high rock pressure as for instance in the Arlberg 

Tunnel West. 

The range of applicability of the principles of the NATM 

is very wide. The main advantages of the method are the good 

adaptability to frequently changing rock and soil conditions, the 

flexibility to varying shapes for Station and Switch sections, 

and the better economy. 

The Method also has, however, one di sad vantage in its 

demand for well-trained site staff and experienced working 

crews. This difficulty can be overcome by good training, and by 

WP-F-139-15 



The New Austrian Tunnellinq Method (N.A.T.M.) 
Johann Golser 
Page 9 

keepinq good teams together. Enoineers and owners should abandon 

overly conventional design 

rock/soil conditions, and 

structural design principles. 
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THIN SHOTCRETE LININGS IN LOOSENING ROCK 

by 

Gabriel Fernandez-Delgadol./, Edward J. CordingY 

James W. Mahar.l.l, and Michel L. Van Sint Jan!/ 

INTRODUCTION 

Shotcrete behavior observed in subway tunnel construction 

in the U.S. has been primarily in blocky or blocky and seamy 

rock. One condition, in which rock loads develop from the self 

weight of i ndi vi dual rock blocks that tend to loosen from the 

wall and roof of the opening, can be classed as loosening 

ground. In contrast, squeezing ground refers to a condition in 

which high pressures are generated on the tunnel li ni nq with 

time as the ground creeps under the influence of natural ground 

stresses. In the philosophy often associated with the New 

Austrian Tunneling Method (NATM), emphasis is placed on the use 

of shotcrete and other support elements under squeezing condi­

tions and highly stressed ground, where the support system is 

designed to allow controlled movements so that high lining 

stresses do not develop. In contrast to these conditions, the 

concern with loosening ground is to provide support soon enough 

to minimize loosening that would cause instability in the tun­

nel heading or would apply excessive load to the tunnel lining. 

Very small movements will relieve high pressures; thus, it is 

not necessary to make special accommodations in the design to 

allow movements in blocky loosening rock. 
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The present methods for designing or selecting thin shot­

crete tunnel linings for use under loosening rock conditions 

are largely based on empirical rules formulated from experi­

ence. Reliance on experience is appropriate, if the rules are 

related to the significant rock and shotcrete parameters 

influencing lining requirements. Careful field observations of 

shotcrete behavior, and descriptions of failure modes and the 

significant rock conditions affecting behavior are needed in 

order to improve the methods for selecting shotcrete linings. 

Shotcrete has proven its capabilities in many applications, 

but there is a continuing need to determine both its capabili­

ties and limitations for various rock conditions so that more 

realistic evaluations can be made prior to using it on a 

Project. 

The studies outlined in this paper have been directed 

toward evaluation of the requirements for using shotcrete in 

tunnels in jointed rock having blocks or wedges that require 

support. Emphasis was placed on observing the effect of 

specific rock geometries and rock surface characteristics on 

the magnitude of the rock loading, and ascertaining the bond 

characteristics between shotcrete and rock. To accomplish this 

goal, both field and large-scale laboratory model studies have 

been conducted over the past 8 years. The field studies were 

first carried out in the Washington Metro tunnels, in blocky 

and seamy foliated gneisses and schists in which the boundaries 

of rock wedges were formed by continuous, planar joints and 

shears. Shotcrete-rock adhesion was often poor, particularly 

along sheared surfaces and foliation planes. Observations were 
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made of rock fallout and overbreak, and the relation of rock 

displacement to cracks and strains in the shotcrete lining. 

Where rock surfaces were planar and smooth, slippage along the 

shotcrete-rock interface was observed, with tensile fractures 

developing on the portion of the shotcrete membrane covering 

the protruding rock block (Mahar, Gau, Cording, 1972). 

Other investigators have noted similar conditions in 

loosening ground where the bond conditions were poor. Ceci 1 

(1970), in a survey of Swedish and Norwegian tunnels, observed 

adhesion failure on clay-coated bedding plane surface. Brekke 

(1972) noted adhesion failures in which rotation and displace­

ment of isolated blocks tended to puncture and break out of the 

shotcrete lining. 

Subsequent to the Washington Metro studies, a series of 

large scale model tests were conducted at the University of 

Illinois to further evaluate the factors influencing shotcrete 

support in loosening (or blocky) ground. Shotcrete was sprayed 

on a loading frame simulating various rock geometries. Rock 

geometries and surface roughnesses were controlled in order to 

evaluate failure modes under both good and poor shotcrete-rock 

bond conditions. Tensile failures similar to those observed in 

the Washington Metro tunnels developed where the bond was poor. 

Recently, studies were carried out at a test site in the 

Atlanta Research Chamber, Atlanta, Georgia. The rock was a 

high quality gneiss with widely spaced joints, with no sheared, 

planar joints in the test area. Thus, the test area was 

excavated and was stable with no support. The test program at 

the Atlanta Research Chamber was an extension of the model 

studies, rather than a field investigation of the support 

requirements at the test site. Loads were artificially imposed 
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on a shotcrete lining sprayed on the rock surface, in order to 

investigate actual rock-shotcrete adhesion characteristics. 

Exposed rock surfaces were fresh and rough, and the bond 

between the shotcrete and rock exceeded the "good bond" that 

was present in the model tests. 

LABORATORY MODEL TESTS 

Large-scale tests to evaluate the structural behavior of 

thin shotcrete liners were carried out at the University of 

Illinois Laboratory (Fernandez, Mahar and Parker, 1977). Rock 

block loading was simulated with a 2-foot x 2-foot movable 

plate loaded by a ram against a shotcrete layer sprayed over 

the surface of the plate and the adjacent abutment. The model 

was made two-dimensional, by placing the shotcrete in a 2-foot­

wide strip across the plate. Failures occurred on two opposite 

sides of the plate; the other sides of the plate were free. 

The main variables studied in these tests are summarized in 

Table 1. 

Table 2 summarizes the principal failure modes observed in 

the laboratory tests. The main variables controlling the mode 

of failure are: ( 1 ) geometrical conf i gura ti on of the concrete 

wall (the simulated rock surface), (2) end condition of the 

shotcrete layer, ( 3) thickness of the shotcrete, and ( 4) bond 

strength between the shotcrete and the simulated rock surface. 

Adhesive failure developed in poorly bonded shotcrete 

layers with free end, irrespective of the geometry of the simu­

lated rock surface or the shotcrete thickness. As the bond 

strength increases, the thinner layers develop a shear failure 

and the thicker layers, where shear strength exceeds adhesive 

strength, show adhesive failure. For the adhesive strengths 
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developed in the laboratory tests, the maximum thickness at 

which a shear failure would sti 11 develop was found to be 2 

inches. The support capacity when shear failure occurs is pro­

portional to the lining thickness; on the other hand, once the 

adhesive stength is exceeded, increasing shotcrete thickness 

provides no additional capacity. Field evidence from in-situ 

tests performed in a good quality granitic rock (gneiss) in the 

Atlanta Research Chamber showed that the adhesive strength 

developed between rough rock surfaces and the shotcrete can be 

several times larger than the values observed in the laboratory 

so that shear failures can develop in thicker layers. 

Moment-thrust failure developed in supported end layers 

with a smooth arch configuration. Prior to developing the full 

thrust capacity, the shotcrete separates from the model rock 

surface. The thrust coefficient, tc, a measure of the capacity 

at failure, was found to vary between 0. 30 and 0. 60 depending 

on the inclination of the arch and the slenderness ratio of the 

layer, h/1. 

Finally, bending failure was observed in end-supported flat 

layers and in end-supported arched layers over protruding rock 

blocks with low bond. Bending failure developed after separa­

tion of the shotcrete from the rock surface. Relationships 

established from the large-scale test results for determining 

the capacities of thin shotcrete layers are shown in Table 3. 

As indicated in this table, the mode of failure determines the 

magnitude of the support capacity as well as the typical dis­

placements at · failure. Typical values of the adhesive 

strength, a 0 , as well as the shotcrete shear strength, fa, 

developed for the different geometrical configurations tested 

are also given in Table 3. Typical thrust, Tc, and bending, 
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Failure Mode 

Capacities of Unreinforced Shutcretc Layers 
Tested in the Laboratory 

Capacity e Range of 
Typi ca 1 

00 15° 30° 
Displacements 
at Failure 

{in.) 

·shear P = f d • h • 2L fa 0.05 0.05 f' 
C 

0. 10 f' 
C 

.004 - .07 

Adhesion P = 2a • 2L 
0 

a {l) 
0 

0.05 0.05 f' 
C 

0.10 f' 
C 

.02 - .05 

Moment thrust P = 2T • sin 8•f'•h•L Tc - 0.30 0.45 to . 15 - .25 
C C 0.60 

Bending P = Be f' h2 L/d( 2) 
C BC 0.12 (3) 0.12 

0,32(3) 
0.25 .02 - .20 

0.32 

(1) a
0 

values are for good bond 

(2) d .. distance bet1-1een rock bolts or any other support element when planar 
conditions are present. 

d ,. half of the moving block width in the case of an arch configuration, 
e ~ 300. 

(3) Using a 4 x 4 x 1/8 in. mesh as reinforcement. 

P .. total load 
fd,. shear strength developed along the shotcrete layer 
2L,. total length of contact between the movable and fixed blocks 

(48 in. in the tests) 
h ,. thickness of the layer 

f' • 
C 

B • 
C 

adhesive strength developed between the shotcrete layer and the 
rock. 
dimensionless thrust coefficient, given by the ratio of the axial 
layer load at failure to the maximum compressive strength times 

::the cross-sectional area of the layer 
compressive strength of the shotcrete, measured in prismatic, 
3 in. x 3 in. x 6 in. samples 
a dimensionless bending coefficient. 

Model Configuration 

TABLE 3 
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Be, coefficients measured in the end-supported layers tested 

are given in Table 3 also. 

The effect of different types of reinforcement in the 

planar shotcrete layers tested can be appreciated in Figure 1. 

As indicated in this figure, the presence of steel fiber rein­

forcing (3 percent by weight of 1 x 0.01 x 0.022 inches; 2.54 x 

0.025 x 0.055 cm fibers) did not affect the value of the resi­

dual capacity. However, the presence of the fiber signifi­

cantly increased the "ductility" of the layer which exhibited 

an undiminished residual capacity at movable block displace­

ments 3 ti mes greater (. 90 inches) than the fai 1 ure displace­

ments for unreinforced planar shotcrete layers. 

A 4-inch x 4-inch square, 1/8-inch diameter mesh placed 

close to the outside surface of the layer, with 8-foot span 

supports, resulted in a five-fold increase in the residual 

capacity of the layer. Moreover, this residual capacity was 

maintained through movable block displacements five times 

larger than those at which complete collapse of unreinforced 

shotcrete layers took place. 

In the case of planar end-supported layers, the beneficial 

ef feet of reinforcement cannot be so effectively achieved by 

any other means. However, in other cases, such as irregular, 

poorly · bonded shotcrete layers, it may be effective to increase 

the capacity of the layers by filling up the recess areas until 

a smooth arch configuration is obtained. It should be noted 

that this procedure wi 11 change the failure mode from bending 

along the apex into a moment-thrust failure along the inclined 

portion of the layer. 
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FIELD OBSERVATIONS, WASHINGTON, D. C. METRO 

Documented field cases observed in the underground excava­

tions carried out for the Metro System in Washington, D.C. are 

presented here in order to illustrate the performance of shot­

crete linings in tunnels excavated in blocky to blocky and 

seamy rock conditions, where bond strength is often poor. 

Observations were performed during construction of 30-foot 

wide and 22-foot high double track tunnels (Mahar, Gau, and 

Cording, 1972). These tunnels are either supported with shot­

crete and rock bolts or with shot crete and steel ribs. The 

initial support consisted of approximately two inches of shot­

crete sprayed over the crown and arch within one to two hours 

after blasting. Concurrently, muck was removed from the tunnel 

heading. When these operations were complete, the drill jumbo 

was moved up to the heading in order to install either the rock 

bolts or steel ribs. 

The rock is predominantly foliated schists and gneisses, 

with foliation dipping approximately 50° to 70° to the west and 

striking north-south, almost parallel to the long axis of most 

of the rock stations. The major geologic feature affecting 

support in this rock are (1) the shear· zones parallel to the 

steeply dipping foliation and (2) sets of joints and shears 

which are planar, slick, and sometimes coated with a clay 

gouge. The joint sets and shears a re present in suf fi ci ent 

orientations to produce blocky rock, with blocks typically 2 to 

6 feet in dimension, which must be supported as the headings 

are opened. Typical shotcrete compressive strength at 28 days 

was equal to 5000 psi. 
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Case 1 

An example of rock wedge movement in a section where steel 

ribs were used as pa rt of the permanent support is shown in 

Figure 2a. A rock block approximately 8 feet x 8 feet was 

bounded by joint surfaces coated with clay and chlori te. The 

slickensided joint surfaces not only facilitiated block move­

ment along the joints but also presented a poor adhesive sur­

face allowing the block to slip along its contact with the 

shotcrete. Maximum block movements were 0.17 inches. The rock 

block eventually settled onto the steel supports. 

A comparison between the maximum weight likely to develop 

per unit length of liner ( equa 1 to the weight of the rock 

wedge), and the maximum support capacity that could be 

developed per unit length of liner can be expressed as: 

F.S. 
p 

= W(rock wedge) 

where w = 8(ft) X 8(ft) X 1 (ft) X 160 pcf = 10,240 lbs 
I 

h2 _!:. p = BC f C d (Table 3) 

Large scale tests results indicate an average value of B = . C 

0.25 for this configuration. It is assumed that a portion of 

the weight of the rock wedge began to act on the shotcrete 

liner a few hours after the shotcrete was applied. It is known 

that measured rock wedge movements after two days were equal to 

0.10 inches, which is almost equal to the failure displacements 

measured in the large scale tests. It is estimated that the 

compressive strength of the shotcrete material, fc, at the time 

of loading would have been equal ' to or less than 2000 psi; 
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therefore, 

P = 0.25 X 2000 X 6.25 X 

Assuming that only 25% of the wedge 

1 -
4 - 780 lbs. 

weight was actinq 

on the liner at this ti :me, the resulting factor of safety can 

then be expressed as 

F. S. 
p 780 0.33 = = = w 2560 

The low factor of safety is consistent with the observed 

behavior; cracking of the shotcrete liner took place and addi­

tional support elements, steel ribs in this case, were required 

to provide adequate roof support. 

In other cases, as i 11 ustra ted in the following example, 

even though the load was larger than the capacity of the shot­

crete liner, the combined action of the shotcrete and timely 

installation of additional support, such as rock bolts, pro­

vided adequate roof support without cracking the shotcrete 

liner. 

Case II 

The sliding rock wedge treated in this example was observed 

in the section of the tunnel supported with shotcrete and with 

15-foot long rock bolts fully grouted with resin and placed on 

4-foot centers. Rock bolts were installed within 2 feet of the 

tunnel face. In this case, continuous joints combined to form 
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an 8-foot x 10-foot wedge of rock hanging in the tunnel arch, 

as indicated in Figure 2b. Both joints were coated with up to 

1/4 inch of soft clay gouge, exhibited minor slickensides, and 

contained water. On previous rounds, overbreak had been 

occurring along both of these joint surfaces. Bolts were 

angled forward at the heading through the block prior to 

advancing the tunnel. These bolts prevented further overbreak 

along the joint planes. The entire wedge consisted of several 

blocks averaging 1.5 to 2.0 feet in size, separated by several 

tight joint planes. 

Rock movement of 0.030 inch was recorded between the crown 

and the 40 foot anchor when the heading was advanced 5 feet be-

yond the extensometer on Day 18. Most of the movement is be-

lieved to have involved separation along the continuous joint 

surfaces which bounded the wedge. Less than 0. 002 inch move­

ment was recorded behind the No. 2L plane ( between the 4-foot 

and 24-foot anchors). Measured rock wedge movements indicate 

that only a small portion of the wedge load was transferred 

into the shotcrete liner and most of the load was taken by the 

rock bolt. Case II provides a good example of a successful 

combination of shotcrete and rock bolts. 

Field observations of different displacement modes of rock 

blocks · covered with shotcrete are illustrated in Figure 3. 

Rotation, outward displacements of a block, and slippage along 

the shotcrete-rock interface were observed for the tunnels in 

Washington D.C., where the shotcrete was placed over irregular 

surfaces bounded by clean smooth planar and often slick joint 

surfaces (Cording, 1974). 

Field observations at sections of the Washington D.C. tun­

nels instrumented with strain gages embedded in the shotcrete, 
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have shown that tensile stresses are often developed in the 

shotcrete placed over the smooth surfaces of protruding blocks 

(Jones and Mahar, 1974). These results have also been modelled 

using the Finite Element Method (Jones, 1976), and provide 

further confirmation of the importance of using tensile rein­

forcement when shotcrete is placed on tunnels with irregular 

and smooth or slick surfaces. 

In the blocky and seamy schi stose rock of the Washington 

D.C. tunnels, shotcrete was primarily used in combination with 

other supports and was not adequate as sole support (a) in the 

larger tunnels (20 feet or more in diameter); or (b) in zones 

where blocks were bounded by smooth to slick joint surfaces, 

overbreak was prominent, and block sizes were typically 4 feet 

or more in width; or (c) on vertical side walls greater than 10 

feet in height that were backed by steeply dipping joints. 

IN-SITU TESTS, ATLANTA RESEARCH CHAMBER, MARTA 

A shotcrete testing program has been conducted in a test 

section in the Atlanta Research Chamber. The rock is a 

foliated granitic gneiss, with foliation dipping approximately 

15° to 25° to the SE and striking north-northeast, almost 

parallel to the axis of the cavern. Foliation joints are 

tight, wavy and very irregular. The two other major joint sets 

have almost vertical dip; one strikes north-south and the 

second strikes east-west. 

dry and irregular. 

The rock surface in the cavern is 

During the testing program, four 2-foot x 2-foot steel 

plates embedded in the shotcrete were pulled to evaluate the 

capacity of the shotcrete placed in-situ and to obtain a direct 

comparison with the laboratory tests ( Figure 4). The plates 
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Summry of Shotcrete Cap:lci ty Tests. Atlanta Research OlanDer. 

Thickness Cap:lcity Test Configuration Shotcrete Reinforcenent Failure Cap:lcity f' 
No. Pge fwbde C 

psi in. lb. 

1 Ardl 10 hr. lt>ne Shear P = fa • H • 2L 1400 8 52,000 

2 Flat 24 hr. None Adhesion P = 2 ao. 2L 3500 8 50,000 

3 Ardl 7 hr. Fiber (3%) Shear P = fa • h • 2L 400 4.5 7,000 

4 Flat 11 hr. Fiber (3%) Adhesion P = 2 ao. 2L 900 4.5 6,000 

f'c = cx:mpressive strength of the shotcrete, rooasurErl in prisratic, 3 in. x 3 in. x 6 in. sanples. 

~ 

fa = shear strength developed along the shotcrete layer. 

ao = adhesive strength aevelopErl between the shotcrete layer arrl the rock. 

L = width of the shotcrete layer (24 in.) 

H = thickness of the shotcrete layer. 

~ 
,i::,. 

Shear ldhesive 
Strength Strength 

fa ao 

0. 10 f I c 

- 0.15f'c 

0.08 f'c 

- 0.07 f'c 
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were placed in contact with the rock and covered with a layer 

of shotcrete slightly wider than 2 feet and extending some 8 

feet away from each plate. After the shotcrete had set, the 

plates were pulled with a hydraulic jack and the load measured 

with a load cell. Two plates were covered with conventional 

shotcrete and two with steel-fiber-reinforced shotcrete. In 

each case, the two plates were placed so as to test one planar 

and one arch configuration (Figure 4). The results are sum­

marized in Table 4. 

Shotcrete layers in flat configuration failed by adhesion 

and developed adhesive strengths higher than those observed in 

the laboratory (a
0 

varied from 0.07 f'c for Test No. 4 to 0.15 

f'c for Test No. 2, which exhibited a slight curvature; values 

of a 0 = 0.05 f'c were obtained in the planar lab tests). Both 

the 4 inch and 8 inch thick shotcrete layers with arched con­

figurations failed in shear; shear stenqth values, fa, equal to 

0. 1 f 'c' consistent with the lab test results, were exhi bi tea 

by the arch shaped surfaces. However, the results indicate 

that the adhesive strength required for the shear failure to 

develop was considerably higher than that measured in the lab. 

Test No. 1 on the 8 inch layer indicated that the adhesive 

strenqth for the good quality, rough-surfaced qnei ss in the 

_arch configuration may be as great as O. 4 f 'c ( 540 psi), as 

compared with 0.1 f'c for the lab tests on concrete surfaces. 

The results from all tests sugqest that natural irregulari­

ties in a dry and _ clean rock surface can increase the adhesive 

strength several times beyond the values measured in the labor­

atory where shotcrete was applied over a concrete surface. The 

increase is larger for layers in ,arch configuration because 

compressive stresses tend to develop at the irregularities and 
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the shotcrete must fail in shear. Figure 5 summarizes the ca­

pacities of these layers and compares them with the laboratory 

results. 

The addition of fiber reinforcement increased the ductility 

of the layers a 1 though it did not increase their capacity. 

Visual observations during the tests demonstrated that the flat 

shotcrete layer with fiber reinforcement developed a series of 

visible cracks and moved 1 inch to 2 inches before failure, 

whereas the flat shotcrete layer without fiber reinforcement 

failed brittlely, with little warning. 

ESTIMATING SHOTCRETE REQUIREMENTS 

Rock Conditions Affecting Shotcrete Loads and Behavior 

Prior to specifying shotcrete, the following rock condi­

tions should be evaluated at a potential tunnel or cavern site. 

1 • Determine the geometry of the critical rock wedges 

requirinq support. Irregular, discontinuous and tight 

joint surfaces will cause only local fallout within a 

few feet of the openi nq ( Fi qure 6) • Such joint sur­

faces are most likely to cause overbreak when they 

form less than a 30 ° angle to the tunnel surface. 

Sheared planar surfaces can form deeper wedges. 

Therefore, one of the major goals of the exploration 

program should be to evaluate the frequency, occur­

rence, and the characteristics of the potential shear 

planes and shear zones at the site. The size of the 

potential rock wedges in the cavern or tunnel can be 

estimated by cot1si deri ng relationships such as those 

outlined in FiqUre 6. 
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2. Estimate the potential configuration of the tunnel 

surface. Both the rock properties and excavation pro­

cedures should be considered in determining whether 

the tunnel surface wi 11 be planar, smooth arches, or 

irregular and overbroken. 

3. Determine the adhesion characteristics of the rock 

joints. Micaceous foliation planes, shale bedding 

planes, slickensided and polished shear surfaces, and 

altered and clay-filled ioints are examples of natural 

rock fractures having low adhesion. Such features 

wi 11 si qni f i cant ly reduce the capacity of shotcrete 

applied to planar or over broken and blocky rock sur­

faces. 

BASIC DESIGN PROCEDURE 

Figure 7 illustrates how the field and lab test results can 

be applied to design liners for underground openings. Rock 

wedge sizes are deterrni ned by the geomet ri ca 1 cha ra cteri sti cs 

of the di sconti nui ti es present in the surrounding rock mass. 

Joint Sets 1 and 2 in Figure 7 are assumed to have shear 

strengths and irregularities on their surface that are not suf­

ficient to keep wedge ABC from di spia ci ng into the tunnel. In 

this case, the displacement reduces the normal force, PN, along 

the joints, increasinq the load to be supported by the liner. 

A li mi ting load condition, assuming firm rock surrounding the 

tunnel, will be that in which the total weight of the moving 

wedge, W, is acting on the support liner. 

For an abutment angle, 0 , of 30°, the wedge width, w, would 

be equal to the tunnel radius, r, and the geometrical configu­

ration of the wedge-support system approaches that of the steep 
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(0 = 30°) smooth-arched layers tested in the laboratory, Table 

3. Minimum thickness of shotcrete required to provide a safety 

factor of one, assuming the layer to have an adequate end sup­

port, can be calculated using a thrust coefficient of 0.45. 

Preliminary results indicate that, in most cases, if a uniform 

lining has a thrust capacity sufficient to support a large 

wedge, a smaller wedge of similar shape will also be adequately 

supported. As the wedge size and weight decreases, the thrust 

coefficient also decreases and the thrust acts at a flatter 

angle. However, since the decrease in maximum support capacity 

is less than the decrease in wedge weight, the smaller wedge 

has a higher factor of safety than the larger wedge. For a 

wedge with a width, w, less than 0.5R (0 < 15°), the planar 

geometry case described in a previous section, Table 3, would 

be the limiting, and conservative, case. 

POOR BOND 

If the shotcrete to rock bond is poor, then, in most cases, 

a thin shotcrete lining is not adequate for sole support of 

rock blocks. However, the shotcrete may serve as a supple­

mental support between the major elements of the support 

system, such as rock bolts. Where bond is poor, shotcrete 

failures are in tension and the use of reinforcement to develop 

bending and tensile capacity also becomes important. 

In poor bond cases, the shotcrete can provide only limited 

support of rock blocks in the tunnel heading, and it is often 

necessary to place other support elements, such as rock bolts, 

close to the face in order to provide adequate protection. 

Blocky and seamy rock, with large blocks and sli ckensided sur­

faces, would fall into this category. 
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In bedded deposits such as shales, a thin shotcrete layer 

may be placed on a horizontal beddinq plane parting in the roof 

to limit slakinq and deterioration of the rock surface. How-

ever, if the bond is poor, the shotcrete may tend to loosen and 

separate from the roof under its own weiqht. The shotcrete can 

be held in place if it is reinforced with wire mesh which is 

tied into the rock bolt support system. In this case, it would 

be necessary to place the reinforcement with the first applica­

tions of shotcrete. 

The capacity of a shotcrete layer reinforced by a 4-inch x 

4-inch x 1/8 inch wire mesh between rock bolts can be analyzed 

as a slab in bending with an average moment coefficient, 

M/(fcbh 2 ) equal to 0.08. 

Another alternative where shotcrete bond is poor is to 

increase the thickness of the shotcrete so that irregularities 

are filled in and the shotcrete acts as a continuous arch. The 

lining can . then be analyzed as an arch, usinq appropriate 

thrust coefficients, as illustrated in Fi qure 7. In such 

analyses, the larger wedge widths are usually critical, because 

their weight increases faster than does the thrust coefficient, 

which grows larger with the increase in abutment angle ( Refer 

to Fi qure 7) • Cri ti ca 1 wedge sizes can be selected on the 

basis of considerations given in Figure 6. Continuous, regular 

arches with good bond can be analyzed in a similar manner. 

GOOD BOND 

Thin shotcrete li ni nq applied to i rreqular rock surfaces 

can provide substantial capacity when the rock-shotcrete bond 

is good. The size of two-dimensional (lonq) wedges that can be 

supported with a mini mum two-inch thick layer of shotcrete is 
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Wedge 

Inter-
mediate 

Wedge 

Shallo\v 
Wedge 

Wedge Shape Maximum Wedge Maximum Cavern 
Width, w radius if w ~ R/2 

ft ft 

A i 5° 7.6 15 

~45° 15 29 

~oo 19 39 

7 hr (1000 psi) shotcrete: Wedge Weight= 3000 lb/ft 
for a

0 
= .05 f~ 

Wedge Shape Maximum Hedge Maximum Cavern 
Width, w radius if w ~ R/2 

ft ft 

_A_ 15° 2.5 5 

A 45° 5 10 

~ 60° 6.5 13 

' 
Two-dimensional Wedge Sizes for Adhesion Failure of 
Well-bonded Shotcrete Layer, 2 inches or More Thick 

TABLE 5 
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illustrated in Table 5, assuming that the rock surface in the 

vicinity of the wedge is planar or protrudinq, rather than 

arched. The values given in Table 5 are not design values. 

Load factors and factors of safety are not addressed. 

The block size that can be supported at the tunnel heading 

would be determined on the basis of the early strengths of the 

shotcrete. At 2 hours, with f c = 400 psi, the maxi mum wedge 

weight for adhesive strength equal to 0.05 fc would be 1200 

lb/ft, equivalent to a slab 4 feet wide and 2 feet deep. 

Wire mesh reinforcement can be beneficial for limitina 

crack widths and providing the post-crack resistance that 

permits a more ductile failure. Steel-fiber-reinforced shot­

crete would be particularly useful in the tunnel heading, 

because it would provide ductility that cannot otherwise be 

provided, due to the difficulty in installinq mesh immediately 

in the heading. The results of the laboratory model tests and 

the field tests in the Atlanta Research Chamber clearly show 

that the steel-fiber-reinforced shotcrete allowed substantial 

deformation and visible cracking to occur prior to collapse, 

rather than the more brittle failures that are typical of the 

unreinforced shotcrete. 

Guidelines for shotcrete use can be established, but exact 

requirements are difficult to establish prior to construc­

tion. Small differences in rock and construction conditions 

can result in changes in support requirements. For this 

reason, simple field observations are useful early in the 

project for developing the support requirements. One of the 

advantages of shotcrete is the flexibility of the operation, 

and the ability to place it incrementally, observing the rock­

shotcrete behavior as the support is increased until it can be 

determined that an adequate support has been achieved. 
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It is difficult to predict exact requirements for shotcrete 

use prior to construction. Ideally, there should be enough 

flexibility in the contract to permit additional shotcrete to 

be placed, if required. For example, in poor ground, more 

shotcrete can be placed close to the tunnel heading to develop 

stability, while the shotcrete may be delayed and kept out of 

the tunnel cycle if ground conditions improve. 

Even with flexibility in the usage of shotcrete on a 

project, it is important that, prior to preparing the specifi­

cations, the designer properly assess the potential behavior of 

the support system to determine if shotcrete is a feasible 

system; determine the need for reinforcement: and estimate the 

timing and amount of additional support elements required to 

provide adequate support. The characteristics of the rock must 

therefore be carefully analyzed prior to construction. 

The final shotcrete requirements for a cavern also depend 

on other factors, such as the maintenance requirements and per­

manence of the lining, and the potential exposure of job per­

sonnel or the public in the cavern. 
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USE OF STEEL-FIBER-REINFORCED SHOTCRETE 

IN ATLANTA SUBWAY ROCK TUNNEL 

by 

Torn Buchanan 

Staff Soils Engineer 

Parsons Brinckerhoff/Tudor 

Atlanta, Georgia 

PURPOSE OF STUDY 

Steel-fiber shotcrete, with its desirable propert i es o f 

ductility and resistence to sudden brittle failure, is expected 

to be an improvement over conventional shotcrete when appropri­

ately used to support tunnels cut through rock. In the course 

of researching steel-fiber shotcrete under actual production 

conditions, this material was placed on a 200-linear foot (61-

linear meter) section of one of the twin running tunnels of the 

Metropolitan Atlanta Rapid Transit Authority ( MARTA) system. 

This full-scale placement of steel-fiber-reinforced shotcrete 

on a production basis was used to compare field behavior, lab­

oratory properties, and costs of placement with the properties 

of conventional shotcrete in the adjacent twin tunnel. The 

documented use of steel-fiber-reinforced shotcrete is a signif­

icant step forward in American tunnel practice. 

CONTRACTUAL ARRANGEMENT 

The steel-fiber shotcrete was applied as a part of the 

MARTA contract for Peachtree Center Station and Subway Lines, 

Project Number CN120. The design was done by Parsons, 
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Brinckerhoff, Quade & Douglas, Inc. /Tudor Engineering Company 

(PB/T), a joint venture. The construction was done by a joint 

venture of Horn Construction Co., Inc. and F'ruin Colnon Corp. 

(H-F/C). The Url:;>an Mass Transit Administration (UMTA) of the 

United States Department of Transportation qranted funds 

totalling $430,000 for various research endeavors, including 

engineering studies and field inspection, relating to construe­

ting subway tunnels in rock; the steel-fiber-reinforced shot­

crete was part of this study. The Atlanta Research Chamber 

(Ref. 1) constituted the bulk of the UMTA research expendi -

tures. The application of steel fiber shotcrete to a running 

tunnel was not in the original contract. A change order for a 

net cost amount of $1,662 for time and materials added 200 feet 

( 61 meters) of steel fiber shotcrete and deleted 200 feet of 

conventional shotcrete with wire mesh. 

TUNNEL CONDITIONS 

Steel fiber shotcrete was placed in the NR tunnel beqinninq 

315 feet (96 meters) and ending 115 feet (35 meters) south of 

the southern limit of the Peachtree Center Station cavern (Ref. 

2). This section of running tunnel was selected on the basis 

of consistency of rock, both as to hardness and as to the 

absence of major significant faults, shear zones, or other dis­

continuities. This tunnel section had been mined in October, 

1978. 

The street surface elevation varies from 1069 feet ( 326 

meters) at the south end to 1076 feet (328 meters) at the north 

end of the steel-fiber-reinforced shotcrete section. The 

elevation of refusal to soi 1 bori nq and sampling procedures 

varied from 1053 feet (321 meters) at the south end to 1059 

feet (323 meters) at the north end. The invert elevation 
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varied from 960 feet (293 meters) at the south end to 958 feet 

( 292 meters) at the north end. The crown was 18 feet ( 5. 5 

meters) above the invert. Hard rock cover above the crown of 

the tunnel varied from 65 to 75 feet ( 20 to 23 meters). The 

original water table elevation varied from 1047 feet (319 

meters) at the south end to 1051 feer f320 meters) at the north 

end. The bearing of the tunnel section varies from N15°E at 

the south end to N6°E at the north end. 

The predominant rock type is muscovite-biotite qneiss with 

lesser 

tation 

NO 1 ° E, 

50°NW. 

no. 3, 

amounts of biotite gneiss and amphibole qneiss. Orien­

for the four distinct joint sets are N55°W, 30°SW; 

85°SE; N55°E, 15°SE (follows foliation); and N10°E, 

The joints were generally healed except for joint set 

which was open. Below a level 15 feet ( 4. 5 meters) 

above the crown, the average value for jointing intensity is 

0.16 joints per foot (0.52 joints per meter). At the tunnel 

elevation interval, the recoveries in NX and NQ cores were 100 

percent; rock quality designation (RQD) index was usually 100 

percent with a minimum of 90 percent. 

The tunnel had been driven from north to south by drilling 

and blasting. The only support prior to shotcrete was occa­

sional epoxy rock dowels as needed for rock blocks adjacent to 

unfavorable joints. Due to joint set NO 1 ° E, 8 5 °SE, there were 

some slabby breaks along the wall. The crown was slabby, being 

controlled by the foliation and subparallel open joint set no. 

3. The rock surface was blocky and angular, having broken 

mainly along joints and foliations. No water was seeping from 

the crown, and only traces were in the walls. Significant 

amounts of water had accumulated in the invert, primarily due 

to drainage from upgrade. 

The clearance width of the tunnel is 16'6" (5.0 meters). 

Each wall is 9 feet (2.7 meters) high, and the arch length is 
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about 21 feet ( 6. 4 meters). Drawings indicated nominal thick­

ness of four inches (0.1 meter) for shotcrete on the walls and 

crown of the tunnel. This four-inch thickness of shotcrete 

would average about 13 square feet (1.2 m2 ) in cross-sectional 

area, per running foot of tunnel. 

MIX DESIGN 

The mix design of steel fiber shotcrete consisted of the 

following proportioning of solid ingredients per cubic yard 

(cubic meter): 

Portland Cement 660 pounds (392 kilograms) 

Fine Aggregate 1790 pounds ( 1 062 kilograms) 

Coarse Aggregate 1300 pounds (771 kilograms) 

Steel Fibers 120 pounds (71 kilograms) 

Accelerator 9.9 to 14.7 pounds (5.9 to 8.7 kilograms) 

The . dry-mix process was specified. The ingredients used by 

the Contractor included Williams Bros. Type I cement, Siqunit 

powder accelerator by SikaR, and United States Steel FiberconR 

carbon steel fibers having dimensions of . 010 " x . 022" x 1" 

(.25 x .56 x 25 mm). 

Gradation of coarse aggregate was according to ASTM C33, 

Size Number 7, as follows: 

Sieve Percent Passing 

19.0 mm (3/4 in. ) 100 

12.5 mm ( 1 /2 in. ) 90 to 100 

9.5 mm (3/8 in. ) 40 to 70 

4.75 mm (No. 4) 0 to 15 

2.36 mm (No. 8) 0 to 5 
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Gradation of fine aggregate 

follows: 

Sieve 

9.5 mm (3/8 in.) 

4.75 mm (No. 4) 

2.36 mm (No. 8) 

1. 18 mm (No. 16) 

600 µm (No. 30) 

300 µm (No. 50) 

150 µm (No. 100) 

was according to ASTM 

Percent Passinq 

100 

95 to 100 

80 to 100 

50 to 85 

25 to 60 

10 to 30 

2 to 10 

All aggregates were manufactured at a local quarry. 

EQUIPMENT 

C33, as 

Bagged cement was hauled by an eight cubic yard Wagner ST-

8. Aggregate was hauled by a 2-1/2 cubic yard ( 1.9 cubic 

meter) crawler-mounted front-end loader, Case Model 1450. The 

platform for the nozzleman was mounted on a modified D-6 

Caterpillar crawler. 

The dry mix machine was a five-cubic yard (3.8 cubic meter) 

Blanck-Alvarez unit with an air-driven ICOMA IGM-75 pump 

mounted on a trailer (see Photo paqe 4). The dry mix machine 

was not specifically designed for fiber shotcrete, so a Hansen 

Fiber Meter was added (see Photo page 3 and Figure 1). It con­

sisted of a dispensing drum to drop fibers onto the belt feed­

ino into the pump. The drum had constant rpm, but the quantity 

of fibers was regulated by a baseplate within the drum, which 

is extended or retracted by four all-thread bolts, controlling 
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Blanck-Alvarez ICOMA Pumping Unit 
with Close-up of Hansen Fiber Meter. 

Photo page 3 



Grout Pump and Hopper 
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HANSEN FIBER-METER 

MODEL 200 
(Patent Applied For) 

SPECIFICATIONS 

Height 

Width 

Length 

Hopper: 
Height above base 
Width 
Length 

Fiber Drum: 
Diameter 
Length 
Capacity 

Fiber Discharge Height 

Power 0.5 hp 

Weight 

41 in. 

34.5 in. 

62 in. 

38.5 in. 
13 in. 
26 in. 

24 in. 
23-31 in. 
6-8 cu. ft. 

1 in. 

115v. 

3 71 lb. 

This machine meters steel and stainless steel fibers for concrete, gunite and 
refractory mixes. Fibers are dumped into the hopper and they are discharged 
completely separated at a uniform, predetermined rate (about plus or minus 
1%). 

The r.p.m. of the drum is constant. The rate is adjusted by turning only 4 
nuts to expose more or less of the grate througl, which the fibers fall. 
Metering rate may vary from Oto about 90 pounds per minute depending upon the 
kind of fibers. 

Fibers can be metered into conveying augers carrying a uniform volume of 
material. Only about 3 feet of auger length is necessary to mix the fibers 
into either a dry mix or a concrete mix. Premixing fibers with sand may be 
done for gunite. When using a drum mixer, the fibers can be spouted into the 
revolving drum. A timer can be used to deliver the correct amount of fibers. 

When it is not possible or desirable to mount the meter so that fibers flow 
into the mix a blower can be used for conveying the fibers from the meter. 

Because fibers will not flow out of a bin it is suggested that a belt conveyor 
be used to load the meter if once-a-day loading is desired. The length and 
speed should be selected for the job. Packages of fibers can be dumped on the 
belt and it can move automatically or by manual control. 

FIGURE 1 
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the size of the opening between the end of the drum and the 

baseplate. Rods extending outward from the end of the drum 

sift the fibers to prevent them from falling in clumps. 

The mix hose was 100 feet (30 meters) long. The nozzle had 

an inside diameter of two inches ( 50 rnm). There was no air 

gage, but pressure was assumed to be between 40 and 80 psi (276 

and 552 kPa). The velocity of discharqe from the spray qun is 

unknown, but the contractor was directed to decrease discharge 

velocity for steel-fiber-reinforced shotcrete from the velocity 

used with conventional shotcrete, to compensate for its 

relatively greater rate of fallout. 

To the south, about four hundred linear feet ( 120 meters) 

of conventional shotcrete on wire mesh was appli e d in approach­

ing the tunnel section, requiring steel-fiber-reinforced shot­

crete. The nozzle length was varied with the conventional 

shotcrete. The nozzle was about ten inches (254 mm) long 

originally, but the mix appeared 

iently. When a 20-inch (508-mm) 

appeared· to be starting to set up, 

to be agitated insuffic­

nozzle was used, the mix 

according to the Contrac-

tor's shift engineer. The nozzle was shortened a little at a 

time and ended up 15-3/4 inch (400 mm) long. This length of 

nozzle then was held constant for the steel-fiber-reinforced 

shotcrete. 

SHOTCRETING OPERATIONS 

The steel fiber shotcrete was applied in November 1979 from 

south to north. Shotcrete was applied in two shifts. A 

typical crew consisted of one operator at the pump end of the 

mix machine, one part-time operator , on the front-end loader 

bringing in sand and stone, one man on top of the machine dis­

pensing cement and fibers, and one nozzleman. 
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To begin operations, the nozzleman shot water at the rock 

surface, cleaning and prewetting it, so that the rock had a 

clean appearance before the dry mix was fed into the nozzle. 

He held the nozzle with one hand near the muzzle end while he 

regulated the water valve with his other hand. He applied 

shotcrete on the walls up to eight feet (2.4 meters) high while 

standing on the invert. He shotcreted the arch while standing 

on the platform. The nozzleman generally applied two lifts on 

the walls and three on the arch, building up the thickness 

slowly enough so that the shotcrete would not become overloaded 

and fall off before it could begin to set up. 

The day shift nozzleman shot the crown overhead by holding 

the end of the nozzle about three feet from the rock surface 

and methodically making oscillations at the rate of about 45 

cycles per minute, with each oscillation two to three feet (0.6 

to 0.9 meter) wide. The nozzleman _on the swing shift exhibited 

a less methodical coverage. 

In the early stages of shotcrete application, there were 

frequent cloggi ngs of the hose, severely li mi ting production. 

When the hose clogged, the crew would feel along the hose and 

massage it unti 1 the stoppage was cleared. Apparently, the 

clogging resulted from excessive moisture in the sand, which 

caused arching bulking. Later, when precautions were taken to 

supply drier sand, the clogging problem was largely alleviated, 

unti 1 there were only about two occurre n ces of clogging per 

shift. Partial and temporary clogging within the hose can be 

detrimental to uniformity of shotcrete, causing cement-poor 

sand seams and weak shear zones indicated by low-strength core 

breaks with failure along sand seams. 
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PROTECTIVE ACTIONS 

More dust was generated at the mix machine than at the 

nozzle. The batch men and the nozzlernan wore breathing 

masks. The nozzlernan wore gloves; usually the batch men wore 

gloves also. The nozzlernan used goggles only while shooting up 

on the arch, not while shooting level at the walls. The batch 

men did not wear goggles. The nozzlernan did not like to be 

close to the target, but usually stayed about four feet ( 1. 2 

meter) away from the wall being shot. 

Anytime the shotcreting was shut down for moving, meal 

break or shift change, the batching pump was disassembled and 

cleaned to prevent accumulation of hardened cement. 

PRODUCTION RATES 

Mixing and shooting enough shotcrete to require 150 bags of 

cement was considered a good shift' s work. The production of 

one shift shot about a length along both walls of about 50 feet 

(15 meters), with a volume of 21.4 cubic yards (16.4 cubic 

meters). The next shift covered the corresponding 50 feet (15 

meters of arch. On one especially productive shift 20,000 

pounds (9,072 kg) of cement was used, which supplied about 30.3 

cubic yar,ds (23.2 cubic meters) of shotcrete. 

The rebound percentage was never actually measured, but was 

estimated to be one third, for purposes of calculating mix 

quantities. Rebound of steel-fiber-reinforced shotcrete on the 

Atlanta Research chamber was measured at 22 percent. Rebound 

accumulated so high along the walls that it had to be removed 

so that the lower wall down to invert could be shotcreted. 

About 120 pounds of fibers was used per linear foot, or 

about 3. 2 percent of total mix weight. Over break and rock 
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roughness required shotcrete thickness to average about six 

inches instead of the nominal four inches, causing the original 

supply of steel fibers to be depleted in 150 feet of tunnel 

instead of the required 200 feet. More fibers had to be 

ordered. 

FINAL APPEARANCE 

Fiber stickout is less than one might expect from the fiber 

content. In some places, one could feel with one's hand the 

fibers sticking out every three to six inches, although in 

other places they were much more frequent. Fiber sti ckout 

varies by factor of several times. In some places the fibers 

lie flat. Some variation in quantity of stickout might be due 

to variation in fiber content. 

As water content is increased, the rebound decreases; but 

at some point the proportion of water to mix is reached at 

which sag, slough, and fall-off become a problem. The optimum 

water content from the nozzleman's point of view (least 

rebound) is considerably higher than the optimum water content 

for the designer (highest strength). Most shotcrete applied 

was wetter than the mix in which the water/mix ratio results in 

highest strength. The final appearance of the shotcrete i ndi­

cates the water content at the time of application. 

When the applied shotcrete mix is too dry, the resulting 

surface is rough, with a sandy or grainy texture, and has a 

clumpy appearance, with numerous small voids, next to which the 

fibers are visible. Evidently the mix is not plastic enough to 

close the voids. When the mix is dry, the rebound of large 

aggregates is high, but most of the paste adheres to the wall. 

When the water content corresponds to the highest strength, 

the surface appears neat and smooth and, except for protrudinq 
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coarse aggregate, has a dull luster and takes on the subdued 

shape of the rock surface. Few fibers stick out, and no voids 

are apparent. 

When the mix is too wet, the final surface is uneven, with 

mounds averaging about 2 inches across. Many fibers are 

visible around and between the mounds. The general appearance 

tends to be somewhat sloppy, and the surface begins to have a 

shiny luster as the water content increases. Some evidences of 

slough, sag, and creep become apparent, indicating the highly 

plastic state of the shotcrete during application. 

When the mix is much too wet, there are some craters left 

by fallout of large aggregates, and some holes left by slough 

or fallout. Fibers generally do not stick out, but are visible 

parallel to the surface and are covered with cement. The sur­

face appears glazed, and shows grout drips and chevron creep 

patterns where, in an area a few feet (one meter) across, the 

center sags more than the edges. The walls somewhat resemble 

those of a limestone cavern. 

CONTRACTOR'S EXPRESSED VIEWS 

The fiber shotcrete superintendent liked fiber shotcrete 

better than wire mesh shotcrete. With wire mesh the overbreaks 

(considerable in gneiss) have to be filled in thickly up to the 

mesh, since it cannot be bent back into the overbreaks. There­

fore, for irregular rock surfaces, more shotcrete is required 

where wire mesh is used than where fiber shotcrete is 

applied. The one additional ingredient of fibers does not slow 

down operations much. 

pump and hose than 

Fiber shotcrete causes more wear on the 

conventional shotcrete. Fiber shot crete 

itself is definitely less expensive than conventional shotcrete 

with steel mesh when labor cost of anchoring wire mesh is 

included. 
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One Contractor's engineer said that fiber shotcrete went on 

more easily and adhered better with less rebound than regular 

shotcrete with wire mesh. On the other hand, another 

Contractor's man said the conventional shotcrete adheres to the 

mesh better than the fiber shotcrete adheres to the rock with­

out mesh. This is true, however, only if the nozzlernan takes 

aim at the mesh holes rather than shooting at random; this 

extra attention minimizes rebound off the wire and covers the 

mesh from behind so that voids are not formed behind the mesh 

wires. 

However, wire mesh evidently is not the contractor's pre­

ferred rei nforcernent. For him, chain link fence constitutes 

more convenient rei nforcernent for conventional shotcrete than 

the regular four-inch steel mesh. In the first place, it is 

flexible and can be pulled back into the overbreaks. Secondly, 

the closer wire spacing greatly reduces rebound losses, almost 

paying for itself. Thirdly, stiff wire mesh vibrates shotcrete 

off in the vicinity of impact. 

less, causing less fall-off. 

RESULTS OF CORING AND TESTING 

The chain link fence vibrates 

The coring mach i ne was powered with compressed air. The 

drill was anchored to the rock face by rock dowels, and the bit 

was advanced by a jack on the drill assembly. 

Many times during the coring operations the cores broke off 

through the rock along foliation planes rather than along the 

shotcrete-to-rock contact surface, indicating effective bonding 

to the rock. Cores revealed that where the rock surface was 

rough and angular, some voids had formed in the shotcrete in 

sheltered corners. In the cores no layering is evident except 

for the di sti ncti ons between the lifts. Occasionally, there 
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TABLE 1 - CORE STRENGTHS OF STEEL-FIBER-REINFORCED SHOTCRETE 

Specimen Station 
Letter NR 

7-day Strength 
Each Avg. 

21-day Strength 28-day Strength 56-day Strength All Ages 
Each Avg. Each Avg. Each Avg. Avg. 

A 19+50 8110 4892 3605 3797 

7080 4281 4174 4602 5034 

B 6051 3670 4742 5407 

C 19+80 4699 3670 4184 5728 

D 7145 6373 3733 3605 4699 4785 4505 4977 4935 

E 7275 3412 5471 4699 

F 20+00 8175 6051 4506 5728 

G 6566 7339 4956 5386 4570 4549 5182 5364 5659 

H 7275 5150 4570 5182 

I 20+15 6244 5600 6508 5793 . 

6630 5439 5153 5956 5729 

J 7016 5278 3798 5600 

Avg. 6856 4641 4665 5162 

NOTES: BREAK DATES: 

1. All strength values are in pounds per square inch ( 6. 9 kPa) . 7-day 12-05-79 
2. All values have been corrected by a factor of 0.91 

to make them correlate with an L/D ratio of 2.0. 21-day 12-19-79 

3. The specimen letters do not correlate between ages. 28-day 12-26-79 
Only the station groupings can be compared as to 
location. 56-day 01-23-80 

4. All cores were taken from either the crown or the 
quarter arch. No further identification of location was 
made. 
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Specimen 
Number 

A-1 

A-2 

A-3 

A-4 

A-5 

A-6 

A-7 

A-8 

A-9 

B-1 

B-2 

B-3 

B-4 

B-5 

B-6 

B-7 

B-8 

B-9 

B-10 

B-11 

WP-DCR-2305 

TABLE 2, PART 1 

CORE STRENGTHS 

OF CONVENTIONAL SHOTCRETE 

Strenqth 
Station Aqe in Esi 

NR 14+70 28 3282 

NR 14+70 28 3605 

NR 14+70 28 3990 

NR 14+70 28 2897 

NR 14+70 28 3540 

NR 14+ 70 28 4055 

NR 14+70 28 4441 

NR 14+70 28 3089 

NR 1 4+70 28 3797 

NR 14+60 28 3927 

NR 14+60 28 3927 

NR 14+60 28 3797 

NR 14+60 28 5472 

NR 14+60 28 3540 

NR 1 4+60 28 3089 

NR 14+6 0 28 4505 

NR 14+60 28 3155 

NR 14+60 28 4120 

NR 14+60 28 3089 

NR 14+60 28 29 61 

Date Avq. 
Tested Stren9:th 

10-26-79 

10-26-79 

10-26-79 

10-26-79 

10-26-79 

10-26-79 

10-26-79 

10-26-79 

10-26-79 3633 

10-30-79 

10-30-79 

10-30-79 

10-30-79 

10-30-79 

10-30-79 

10-30-79 

10-30-79 

10-30-79 

10-30-79 

10-30-79 3780 



Specimen 
Number 

C-1 

C-2 

C-3 

C-4 

C-5 

C-6 

C-7 

C-8 

C-9 

C-10 

C-11 

C-12 

C-13 

C-14 

C-15 

C-16 

C-4 

C-11 

C-14 

WP-DCR-2305 

OF 

Station 

NR 14+80 

NR 14+ 90 

NR 15+00 

NR 15+10 

NR 15+20 

NR 15+3 0 

NR 15+40 

NR 15+50 

NR 15+60 

NR 15+70 

NR 15+80 

NR 15+90 

NR 16+00 

NR 16+10 

NR 16+20 

NR 16+3 0 

NF 15+10 

NR 15+80 

NR 16+1 0 

TABLE 2, PART 2 

CORE STRENGTHS 

CONVENTIONAL SHOTCRETE 

Age 

29 

29 

29 

29 

29 

29 

28 

28 

28 

28 

28 

28 

28 

28 

28 

28 

42 

41 

41 

Strenqth 
in J2Si 

2768 

3476 

3347 

N/A 

3862 

4249 

4312 

3797 

4635 

218 9 

N/A 

3283 

4184 

N/A 

2574 

4312 

5214 

3991 

3797 

Date 
Tested 

11-29-79 

11-29-79 

11-29-79 

11-29-79 

11-29-79 

11-29-79 

11-29-79 

11-29-79 

11-29-79 

11-29-79 

11-29-79 

11-29-79 

11-29-79 

11-29-79 

11-29-79 

11-29-79 

1 2-12-79 

1 2-1 2-79 

12-1 2-79 

Avg. 
Strenqt h 

3614 psi 
(1-16) 

3614 

4334 



Specimen 
Number 

C-17 

C-18 

C-19 

C-20 

C-21 

C-22 

C-23 

C-24 

C-25 

C-26 

C-27 

C-28 

C-29 

C-30 

C-31 

TABLE 2, PART 3 

CORE STRENGTHS 

OF CONVENTIONAL SHOTCRETE 

Station 

NR 16+40 

NR 16+50 

NR 16+60 

NR 16+70 

NR 16+80 

NR 16+90 

NR 17+00 

NR 17+1 0 

NR 17+20 

NR 17+30 

NR 17+40 

NR 17+5 0 

NR 17+60 

NR 17+70 

NR 17+80 

28 

28 

28 

28 

28 

28 

28 

28 

28 

28 

28 

28 

28 

28 

28 

Strength 
in psi 

4249 

6566 

5407 

6308 

5471 

6309 

6244 

N/A 

4635 

4377 

N/A 

418 4 

4982 

4248 

N/A 

NOTE 1: N/A denotes unusable samples. 

Date 
Tested 

1 2-13-79 

1 2-13-79 

1 2-13-79 

1 2-15-79 

12-15-79 

12-20-79 

12-20-79 

12-24-79 

12-24-7 9 

12-25-79 

12-25-79 

1 2-26-79 

12-26-79 

12-26-79 

12-27-79 

Avg. 
Strenqth 

5793 

4467 

NOTE 2: All cores were taken from either the crown or the quarter 

arch. 
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are voids at contact between lifts, although the specific 

amount of time that lapsed between lifts is unknown. 

The Contractor cut cores three inches in diameter and three 

inches long from four different areas in the crown and quarter 

arch. The PB/T laboratory broke the steel fiber shotcrete 

cores at ages of 7, 21, 28 and 56 days, as shown in Table 1 , 

and broke the conventional shotcrete cores at ages of 28 and 42 

days, as shown in Table 2. The required compressive strength 

in 28 days was 4000 psi (27,580 kPa) minimum for test specimens 

having a length to diameter ration of two. 

The only comparable data between strengths of fiber shot­

crete and strengths of conventional shotcrete are the 28-day 

breaks. The averaqe 28-day strengths for conventional shot­

crete ranged from 363 3 psi (25,050 kPa) specimens A-1 through 

A-9 to 5793 psi for specimens C-17 throuqh C-23. These values 

are comparable with the average 28-day strengths for steel 

fiber shotcrete of 4665 psi (32,170 kPa) for specimens A 

through J. 

There is no definite explanation for why the seven-day 

strenqths exceeded all later strengths in all four zones. How­

ever, there is a general trend of increasinq strength with 

order of application (station), probably indicating that as the 

crews gained experience the strenqths increased. 

CONCLUSIONS 

The key to making or breaking steel fiber shotcrete is the 

nozzleman. If he is well trained, he can provide quality work 

at a profit. The compressive strenqth of steel fiber shotcrete 

is comparable to that of conventional shotcrete under actual 

field conditions. There is a tendency for roof shotcrete to be 

thinner and weaker than wall shotcrete, because of the nozzle-
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man's lack of ease when working with the materials, because of 

the addition of accelerators to the mix to hasten drying of the 

roof work, and, obviously, because of the counter-productive 

force of gravity. The nozzleman tends to add more water when 

shooting the crown in order to reduce rebound. Perhaps more 

protection, such as a grinder's visor, would lessen this temp­

tation to add more water to the mix. 
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A CONTRACTOR'S VIEW OF STEEL-FIBER-REINFORCED SHOTCRETE 

W.E. (Gene) Root 

Project Manager 

Horn/Fruin-Colnon Corporation Joint Venture 

Atlanta, Georgia 

Editor's Note: 

The following letter is from Gene Root, Project Manager for 

Horn/Fruin-Colnon on the MARTA Peachtree Center Station CN-120 

contract in Atlanta, Georgia. After steel-fiber-reinforced 

shotcrete was placed and tested successfully in the Atlanta 

Research Chamber, the General Consultants (PB/T) made a design 

change in one of the CN-120 twin line tunnels. The Contractor 

was directed to use steel-fiber-reinforced shotcrete for 200 

lineal feet, instead of the conventional shotcrete with wire 

mesh. The Owner provided the Hansen Fiber Meter, which retails 

for about $2,500.00. The Owner also provided the steel fibers, 

which, in 1978, retailed for about $.265 per pound. The steel 

fibers were used in lieu of the 8 x 8 - W2.1 x W2.1 welded wire 

fabric. 

Although Gene Root's letter refers to this section of line 

tunnel as "research", the desiqners (PB/T) consider the steel­

fiber-shotcrete as the permanent final subway tunnel lining, 

made with a proven construction material. 
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HORN CONSTRUCTION CO., INC. 
AND 

FR UIN-COLNON CORPORATION 
A JOINT VENTURE 

161 SPRING ST., N.W., SUITE 523 
ATLANTA, GEORGIA 30303 

(404) S77-7S50 

February 12, 1981 

Tudor Engineering Company 
149 New Montgomery 
San Francisco, Calif. 94105 

Attn: 

Re: 

Dear Don: 

Don Rose 

MARTA Contract CN-120 
Fiber Shotcrete 

On the MARTA Peachtree Center Station, a research project was 
authorized by the owners and performed by Horn/Fruin-Colnon forces. The 
details of the research involved the following series of events. 

1. The location of the research was in a 650' section of 
line tunnel that originally was contractually specified 
to be shotcreted by the conventional method of first 
placing wire mesh and then applying standard shotcrete. 

2. The research section directed to eliminate the wire mesh 
in a 200 foot section, and to apply shotcrete with steel 
fibers blended in the mix. 

Listed below are the observations that I notice based upon my 
personal opinion. 

1. Time duration to apply fiber shotcrete about 50% less due 
to the elimination of wire mesh installation. 

2. Less rebound due to the absence of wire mesh. 

3. Better yield since the specified shotcrete thickness could be 
used as a guideline and not a thickness that was greater than, in most cases 
was controlled by the clearance necessary to cover wire mesh. To help clarify 
the previous statement, one must visualize the near impossibility of installing 
mesh uniformly against rock in all the cavities that are created by conventional 
rock blasting methods. 

The only difference in applying fibrous shotcrete as far as the equip­
ment that was being used, was the need of a metering device to dispense the 
steel fibers into the mix prior to entering the distribution chamber of the 
shotcrete machine. This metering device was furnished by the research team and 
the cost is unknown to me, but due to the size and the apparent simplicity, I 
would estimate the cost of it to be very minor. 

,. 
"EQUAL OPPORTUNITY EMPLOYER" 



Page 2, continued 

February 12, 1981 

Tudor Engineering Company 

Attn: Don Rose 

Re: Fibre Shotcrete 

The difference in material required is the difference in 
as opposed to the cost of the fibers. The cost of the fibers was 
the research project and is also an unknown cost to the writer. 
a general evaluation of the steel fiber shotcrete is as follows: 

wire mesh 
borne by 

In conclusion 

1. Eighteen months after the application it appears 
structurally as sound as the conventional applied shot­
crete adjacent. 

2. Concern, by the parties, of having a rough cutting 
surface due to the steel fibers is not a factor after 
the passage of time that we have experienced. 

3. It is my opinion that the use of fiber shotcrete is 
a more economical method than conventional and is 
structually as sound for the intended purpose. 

Very truly yours, 
HORN/FRUIN-COLNON,J.V. 

Z{/~/1_ (!z; L w.f-: Rboy-
Project Manager 
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TUNNEL PHOTOGRAPHY 

by 

John Oliveira 

Rodney Morrison 

Parsons, Brinckerhoff, Quade & Douglas, Inc./ 

Tudor Engineering Company 

Atlanta, Georgia 

INTRODUCTION 

Photography in tunnels may present some unusual, but not 

insurmountable, problems. This discussion is an attempt to 

better prepare the individual to deal with some of these 

problems. It is assumed that the reader has a limited working 

knowledge of photographic theory and techniques. 

Equipment 
Almost any camera with adjustable exposure control may 

be used successfully underground. The tunnel envi r onment may be 

hostile to the equipment, however, so some thought must be given 

to the protection of equipment. Because there are often high 

moisture and/or dust levels in the tunnel, it would be ideal if 

the camera could be completely sealed, as is equipment used for 

underwater work. Si nee this is generally not done, however, the 

next best thing is to be aware of the problem and to attempt to 

neutralize the adverse effects of working underground as much as 

possible. A thorough cleaning after use to remove dust particles 

and moisture from all mechanical and electrical parts, as well as 

any expos~d lens elements, is an excellent precaution. The use 
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of a clear filter such as Ultra-Violet on all 

practice. Not only wi 11 this protect the lens, 

will be easier to clean than the lens element. 

lenses is good 

but the fi 1 ter 

There are no real limits to the format size which may be 

used. However, it is assumed that most people will choose to use 

the 35mm format. All principles discussed here apply equally to 

all sizes. If a choice of equipment is available, a camera with 

a large, bright vi ewscreen wi 11 be easier to focus. Also, any 

focus system using more than one focus screen type, for example 

ground glass and split screen, is better than a single. This is 

largely due to the low light situations commonly encountered in 

underground work. 

Moderate wide angle lenses may be better than normal or 

telephoto lenses, primarily because these lenses allow work 

closer to the subject. The advantages of this are: 

1. Commonly the tunnel working area is limited, so wide 

fields of view allow better subject representation. 

2. Working close to the subject wi 11 reduce the problems 

caused by fog and dust in the air. This is of particu­

lar importance when working with flash. 

If any "available light" work is planned, some sort of 

rigid camera support is essential. The ideal is a sturdy Tripod 

or Mini pod. Some other methods may be useful such as a clamp 

with a tripod hand attached or, if exposure times are relatively 

short, a Monopod or Chest Support. Cable Releases are very help­

ful, particularly if long exposure time is to be used. 

Also if "available light" work is planned, a light meter 

is necessary. Preferably the meter used should be of the combi-
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nation reflected/incident type. Any type electronic flash may be 

used. However, the limited output of some of the smaller units 

may make them unacceptable for tunnel work. 

Light 

The two most important aspects of light in a photograph 

are intensity and color balance. Color balance is important only 

in color photography, but intensity is important with both black 

and white and color. Both problems apply equally to available 

light and to flash work. Ambiant light levels may be measured 

with the standard light meter. 

In many underground work areas, such as large caverns 

and openings, a single light reading may not be sufficient. It 

is then necessary to take readings in several areas of the scene 

and pick an average exposure, or make several different exposures 

and then choose the photo which best suits the purpose at hand. 

The incident light meter wi 11 be very helpful in scenes 

which include light sources. The incident light meter will also 

be of importance at times when low reflective surfaces are being 

photographed. The procedure with the incident light meter is to 

take a reading with the meter at the area of the most important 

aspect and facing the general direction of the light source. An 

alternative but less effective procedure is to take a reflected 

light reading from a standard photographic "Gray Card II placed in 

the "interest center" of the scene. 

Regardless of the procedure used to measure ambiant 

light, it is advisable to bracket exposures, that is, to take 

several shots at several different exposures both above and below 

the measured setting. It must be remembered that you wi 11 usu­

ally not have a lot of opportunity to go back and re-shoot at the 

original location. An alternative to this is to provide addi-
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ti ona 1 light for the scene. 

several ways. 

This is accomplished in any of 

1. Flood lights may be brought in to illuminate the area. 

This has the advantage of allowing absolute control of 

illumination patterns, color balance and exposure. The 

disadvantages are the substantial time and effort 

required to handle the equipment and set up each shot. 

Power requirements can also be a problem. 

2. Flash liqhtinq may be used. 

A. Multiple Flash Strobes - Studio Type 

These uni ts allow a complete control of color and 

light. However, experience is necessary before 

they can be effectively used. 

B. Multiple Flash - Portable Units 

These weigh light and easy to use. However, the 

light output of small units is somewhat limited and 

exposure calculations can be difficult. 

3. Use of a Single Strobe - This is probably the simplest 

method but may have the greatest 1i mi ta ti ons. The J.i ght 

output of a single unit is 1i mi ted and puts parameters 

on the size of the area to be photographed. 

When electronic flash units are used, some caution 

should be used in exposure calculations. Several factors may 

influence the performance of the flash unit that lower the effec­

tive light output. The greater the amount of particulate matter 

in the air, the less effective the flash output will be. Dust 
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and fog have the effect of both dispersing and blocking some of 

the light produced. This may cause underexposure due to less than 

anticipated light levels reaching the subject and/or a "hazy or 

foggy" picture caused by the flash illuminating the individual 

ai rborn particles. The greater the di stance from flash to sub­

ject, the worse this effect becomes. Haze may be reduced by: 

1. Placing the flash closer to the subject than the cam­

era. This requires a long flash line connecting the 

flash to the camera, or a photocell "slave" on the main 

flash and a smaller flash unit on the camera used only 

to trigger the main flash. A second person can also 

manually fire the flash. 

2. Placing the flash unit to one side of the subject rather 

than on the camera will reduce the "haze" effect by not 

directly illuminating the particulate matter from the 

camera's perspective. 

3. Using automatic flash units will tend to override some 

of the exposure problems of the conventional units. 

These units have a light sensor which measures the light 

reflected to the unit from the subject area. This sen­

sor controls the duration of. the light pulse and cuts 

the flash off when enough light has reached the sensor 

to correctly expose the scene. These units must be used 

with caution when the scene has a large object in the 

foreground and an underexposed background. If exposure 

problems come up with this type unit, they may be 

adjusted by changing the film speed to cause an increase 

or decrease in light output as needed. 

WP-0-139 



Tunnel Photography 
John Oliveira 
Rodney Morrison 
Page 6 

If single flash units are being used in conjunction with 

"wide-angle" lenses, it may be necessary to place a diffusing 

lens on the flash to insure even light coverage, as most units 

are designed to illuminate an area roughly the size of the normal 

lens coverage. In some situations it may be possible to supple­

ment available light with an artificial source. If flash is used 

in this situation, the exposure is calculated somewhat differ­

ently. The f/stop is controlled by the flash unit in the normal 

procedure. However, 

not be illuminated 

f/stop is then used 

needed shutter speed. 

Example 

a light meter reading is taken in the area 

by the flash. The previously determined 

with the light reading to determine the 

The scene to be shot is a large cavern illuminated bv 

floodlights but with one notable dark area. The flash unit is 

set up at the appropriate spot and it is determined from the ex­

posure sea le that the correct exposure is f/8. A light meter 

reading is taken of the other areas of the scene. The reading 

indicates a required exposure of f/8 for 12 seconds. The lens is 

set at f/8 and the shutter is opened, the flash is fired either 

manually or by electrical connection to the camera, and the shut­

ter remains open for 12 seconds. 

Large areas may be illuminated by small flash units 

using another method. This requires that the camera be set up on 

a tripod or other stationary support and the shutter locked open, 

as in the "B" shutter setting on foca 1-plane shutter cameras. 

The lens is covered with some opaque material such as a black 

changing bag. One or more people move into the picture area with 

flash units and position themselves at a point where they can 

illuminate a portion of the picture area. The lens is uncovered, 
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the flashes fired, the lens covered, and then each person moves 

to another area and the process is repeated unti 1 the desired 

area has been covered by flash. Automatic flashes should be used 

for this process since the flash will give the correct amount of 

light on the subject each time it is triggered. Manual units may 

be used if the flash is positioned the same di stance from the 

subject each time. 

Ideally each flash should have an identical output, but 

this is not mandatory. Care is necessary, when attempting this, 

to guard against overlap of flashes and a resultant over expo­

sure. It is a good practice to always place the flash holders' 

body between the camera and the flash. This will quard aqainst a 

light flare from the flash. This procedure is slow and cumber­

some; however, it may be the only way in some situations. It is 

particularly difficult in that careful planning is necessary to 

insure adequate liqht coverage and communication between camera 

and flash operators. 

With both this and the preceeding example an additional 

problem exists if color film is used. It wi 11 be necessary to 

make some sort of color correction of one of the liqht sources in 

order to get a good color rendition. This wi 11 be discussed in 

detail later. 

Film 

Film choice wi 11 be controlled by the prevalent condi­

tions, the intended uses of the photos, and the preferences of 

the individuals involved. If high intensity lighting is avail­

able, low speed films may be used; otherwise, high speeds are 

recommended. Genera 11 y, the higher the film speed, the qrea ter 

the "grain" of the photo and, as a result, the lower the overall 

image quality. 
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The choice of black-and-white or color is simply a mat­

ter of need and/or preference. Black-and-white films are avail­

able up to very high speeds and in a wide range of contrast qual­

ities. High contrast films are useful in portraying shapes but 

not necessarily detail. Many black-and-white films have a wide 

exposure latitude; that is, they will render a subject adequately 

even if they are over or under exposed by several f/stops. This 

is of particular importance if the photo areas have high and low 

light areas. If custom processi nq or dark room faci li ti es are 

available, corrections may be made during printing to adequately 

portray both types of situations. 

If both black-and-white and color are required, either 

color transparencies or color negatives may be made. A black­

and-whi te negative is made from the transparency, or the color 

neqative may be printed onto black and white paper which is sen­

sitive to all colors such as Kodak "Panalure". 

The choice between color negative and positive film will 

be controlled by personal preference and needs. Generally, 

transparencies are less expensive than prints, with the added 

advantage that color reproduction is largely not affected by pro­

cessing. Color printing requires a color reference in order to 

achieve natural color rendition, and color shifts are not uncom­

mon in automated lab runs. Color neqative films generally have a 

greater exposure latitude than most transparency films. 

One problem with some color negative films is their ten­

dency to shift strongly toward the blue end of the spectrum when 

exposed to electronic flash (for example: Kodacolor and 

Vericolor). 
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The film speed should be based on the nature of the 

light used. Generally, some transparency films may be "Push 

Processed" to allow the use of a higher film speed. Pushing film 

one f/stop wi 11 not severely affect the results; 2 or 3 stop 

pushing is possible but should be pursued with caution. It is 

not advisable to push color negative films as they are less com­

patible with this process than the transparency films. Not all 

transparency films can be pushed. Check the manufacturers' 

literature to be certain. 

All films suffer a loss of effective speed when exposed 

for long periods of time. The phenomenon known as Reciprocity 

Failure may be corrected by a slight increase in exposure. The 

film manufacturer will have data sheets giving suggested exposure 

corrections for this. Any exposure longer than 10 seconds should 

be suspect, and a slight increase in exposure time or decrease in 

f/stop will be in order. Reciprocity Failure may also cause a 

slight shift in color balance. 

Transparency films suffer from Reciprocity Failure more 

severely than negative films. The color shifts which result from 

this are mi nor, but may be found to be obj ecti ona ble. In this 

case, the use of color compensating (c.c. series) filters may be 

necessary. The type of filtration needed is supplied by the film 

manufacturer. 

Exposure and Filter compensation for reciprocit y of some 

Kodak film is tabulated on the following page. 
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Film 

1 

Exposure Time (seconds) 

10 100 

Kodacolor II +1/2 Stop 

+1/2 Stop 

+1/2 Stop 

+1/2 Stops +2 1/2 Stops 

Kodacolor 400 

Ektachrome 200 

cc 10c 

+1 Stop 

Not 

& cc 10c & 10G 

+2 Stops 

Not 
& cc 10R Recommended Recommended 

(Tungsten) 

Ektachrome 160 

Most Black & White 

+1/2 Stop 
& cc 10R 

+1 Stop 

+1 & cc 15R 

+2 Stops 

Not 
Recommended 

+3 Stops 

(Data from Eastman-Kodak, Rochester, New York) 

When a scene is viewed, the brain interprets the colors 

seen in terms of those it expects. Light from different sources 

wi 11 have some slight differences in actua 1 color. Color films 

are designed to render the image in terms of the colors that the 

brain expects. 

The balance of color in li qht is measured in terms of 

color-temperature expressed as Degrees Kelvin. This is based on 

the behavior of incandescent liqht sources which exhibit changes 

in color of light emitted as their temperature changes. Each 

color film is designed for use in light of a particular color 

temperature by chemically adjusting the emulsion layers to repro­

duce colors as the brain expects them. Below is a general guide 

to color temperatures: 

Household Light Bulb 

Flood Light (incandescent) 

Daylight 

Electronic Flash 

Skylight 
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If it is obvious that for most of your work you will be 

using available light, and the light source is incandescent 

bulbs, it is advisable to use tungsten light film. If dayli qht 

film is shot under only incandescent light, the result wi 11 be 

photos with a yellow-red tint. If tungsten film is shot in day­

light or electronic flash, the result will be a strong blue 

cast. It is not advisable to try to correct for this in the 

printing process. The best approach is the use of filters during 

shooting. The following table gives filter corrections for 

several film-light combinations. 

Type of Light 

Daylight 

Tungsten 3200K 

Tungsten 3400K 

Fluorescent 
Daylight 

Cool White 

White 

Warm White. 

Filtration & Exposure Compensation 

Film Type 
Daylight Tungsten 3200K 

None BOA+ 3 Stops 

85B + 2/3 None 

85 + 2/3 82A + 1/3 

cc 40m + 30y 85B + cc 30M 
+ 1 + 10y + 1 2/3 

cc 30M + 2/3 

CC 20 C + 30M 
+ 1 

cc40c 40M 
+ 1 2/3 

cc SOM+ 60y 
+ 1 2/3 

cc 40M + 40y 
+ 1 

cc 30M + 20y 
+ 1 

Tungsten 3400K 

80B 

81A 

None 

85 + cc 30M 
+ 10y + 1 2/3 

cc SOM+ 
50y + 1 2/3 

cc 40M + 30y 
+ 1 

cc 30M + 10y 
+ 1 

(Data from Eastman-Kodak, Rochester, N.Y.) 
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Light sources may be mixed successfully with a little 

planning. For instance: if a scene illuminated primarily by 

tungsten light is to be photoqraphed and additional light is 

needed, tungsten film may be used in conjunction with an elec­

tronic flash if the flash has a filter over the tube to change 

the color rendition. The filtration will reduce the light out-

put, so unless the flash is an automatic unit the exposure will 

have to be increased. 

Some individuals may find no objection to the color ren­

ditions resulting from tungsten light on daylight film. In this 

case, the use of filtration will be unnecessary. If, however, 

absolute color control is necessary, additional precautions are 

necessary. The most involved method would require the use of a 

color meter to measure color temperature and use of filtration to 

correct the colors. A more practical approach, if color prints 

are required, is to include a color reference in the picture. 

This may be accomplished by having a person in the scene so that 

the skin tones are clearly visible, or by including a standard 

photographic neutral gray card in the scene. The best way is to 

place the gray card in the center of interest or in an area which 

receives typical lighting for the entire scene. The card should 

be in a prominent location and close enough to the camera to be 

clearly visible. An exposure is made of the card, then the scene 

is photographed without the card but using exactly the same expo­

sure as the first shot. Durinq the printing process the card can 

be used as a standard to set up exposure and filtration; then the 

second shot is printed at the corrected values. The gray card 

has a known color and density, so the photo lab can recreate 

these. The inclusion of a person is much less precise, but the 

skin tones may be manipulated to within a generally acceptable 

range. 
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This process and a number of other custom operations 

discussed below are easily within the reach of everyone simply by 

using a high quality professional color laboratory. It is of 

paramount importance, however, that good communication exist be­

tween the lab and the photographer. Take some examples of typi­

cal work to the lab and discuss with the lab personnel what 

exactly is needed. This way, when the work is submitted, the lab 

personnel may be aware of what type of alterations are expected 

and the work will go much more smoothly. 

Custom Operations 

A number of custom operations are possible. Color 

prints can be produced from transparencies by using a positive 

color paper such as Kodak "Type R" or "Ciebachrome", or the 

transparency is used to make an interneaative. The negative is 

then used in a standard printing process. Good color rendition 

is possible from both, and the choice wi 11 be control led pri­

marily by cost considerations. If single prints are needed, the 

first will suffice; if multiple prints are needed, the second 

will probably be more cost efficient. 

Transparencies may be produced either from color nega­

tives or from color prints. The cost is relatively high for the 

first transparency, but it has the particular advantage of allow­

ing a color corrected print to be copied onto transparency 

film. Then multiple duplicates can be made from the copy at a 

relatively low cost. Trans-pa renci es may be slightly altered so 

that color and density are more acceptable duri nq the copyi nq 

process. 

During the printinq process, the composition of any 

given shot may be altered. This is accomplished by selectively 

framing and cropping so that unwanted areas are removed from the 
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photo. Although this is not an expensive operation, it is better 

simply to give a little extra thought to the set-up and framing 

of the oriqinal at the time of shooting. A much more expensive 

but useful alteration is air brushing. By this process the lab 

can take some unwanted focal points completely out of the 

photo. It consists essentially of painting over the unwanted 

image with dyes so the background becomes consi stant. This 

requires a very skilled operator, thus the price can be high. It 

does, however, have its uses, and you should be aware of the 

possibility. 

Techniques 

In instances where emphasis on one particular feature is 

desired it may be advisable to take action to enhance it. This 

may be accomplished by, for example, painting symbols, outlines, 

etc., directly on the rock face. If the shot is of a rock 

feature, it is good practice to include some object as a size 

reference. A small scale or coin in close shots, or, possibly, 

people in larger areas will suffice to give a point of reference. 

If the intention of a shot is to show the tunnel out­

line, someone may be placed in the section to be shown. This 

person faces away from the camera holding a flash: either he man­

ually fires it while the shutter is held open, or the flash is 

connected to the camera by a long electrical lead. This results 

in a li qhted area in the background with the foreground bei nq 

dark. Thus a silhouette is formed outlining the tunnel shape. 

A technique has been successful where time exposures in 

a darkened tunnel have been used with a flashlight beam tracing 

an outline of the walls, roof and floor at a known tunnel 

station. This photographic outline can then be compared to a 
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template of the design tunnel outline at the same sea le, to 

reveal the presence of "tights'' or other unacceptable as-built 

conditions. 

We recommend that ti me be taken to shoot sever a 1 test 

rolls trying as many different exposures and techniques as pos­

sible. This may allow you to find what works best for you. If a 

particularly important subject must be recorded, making a number 

of exposures "bracketing" and changing camera and light angles 

wi 11 help insure some acceptable results. Also, remember that 

some seemingly unusable exposures may be salvaqed by custom pro­

cessing procedures. 

Two publications which may be helpful are "Kodak 

Professional Photoguide 11..!.I and "Cave Photography". Y 
We wish to express our appreciation to Messrs. Chuck 

Nelson and David Payne of Meisel Photochrome Corporatio1 

Atlanta, Georgia, for the assistance and consi aeration extended 

to us • 

..!.I "Kodak Professional Photoguide", Eastman Kodak Company, 
Rochester, N. Y. 1977. 

21 "Cave Photography", National Speleological Society, 
Huntsville, Ala. 
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