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PREFACE

This Final Report describes the construction of the
Atlanta Research Chamber, and the research conducted in it. 1In
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 Bill 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 1labor, and
presenting legal, insurance, overseas practice and additional
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 efficient 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 Fruin-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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CHAPTER 1I.
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.l/ 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, Georgia (see Figures I-1
and I-2). It is included in the CN-120 contract for the
Peachtree Center Station, a part of the Metropolitan Atlanta
Rapid Transit Authority (MARTA) multi-billion 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 1is 1located in a
topographic "high" of excellent granitic gneiss, although the
entry and exit twin Running Tunnels extend away from this high
ground into 1less 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

1/ "Soaring Costs Could Nip New Rail Transit Plans", Engineering

News-Record, December 14, 1979, page 9.

WP-G-139-1I 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 1is 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 XKen 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-
sional Finite Element Method (2-D FEM) techniques, 1is 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-139-1I 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 1lining used elsewhere on the CN-120 con-

tract.

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 huge 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 1Investigator. 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 11,

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.

WP-G-139-I1I II-1
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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 seqguence
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 I1I-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 1II-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,
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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 valid
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 (176 1lb/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 1lining. After the successful demonstration of
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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-
reinforced shotcrete. Besides its superior material properties,
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, Jim Mahar and Gabriel
Fernandez-Delgado of the University of 1Illinois, who were the
team members in charge of the work, in the Research Chamber.
Also see the monographs by Tom Buchanan and Gene Root for details

of work in the Running Tunnels.
B. OVERVIEW

The Atlanta Research Chamber pioneered several "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, although 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. Scrihing of a drill hole could be accom-
plished easily in less than two minutes per hole. Proper orien-
tation of a scribing tool around the tunnel perimeter did not re-
guire special tools, but could be closely set by a competent
driller rotating the drill boom as required. Scribing bits
tended to wear, and sometimes tended to spiral down the drill
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, 1is 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 commoniy 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/

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.2/

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 Jjoints (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 temperaturé
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.

1/ 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.

2/ Fullager, P. D., op. 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 Jjoint fillings
include calcite, =zeolite, chlorite, and quartz. Similar joint
fillings are widespread through the Piedmont.

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 in 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 1less 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 1in
these investigations are typical for the Atlanta area, with bio-
tite gneisses 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 (Figqure III-2) were
developed from field observations. The Geologic Cross-Section
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(Figure 1III-3) was developed from examination of cores from
extensometer and overcoring holes which were drilled during Pilot
Tunnel construction'éf In general, the rock in the Research
Chamber is strongly foliated biotite gneiss, quartzite and
amphibole gneiss of excellent gquality 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-
portri/ 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 often containing
high percentages of biotite. 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 (g): Very hard, gquartz-rich, mica bearing

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

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

4/ Law Engineering Testing Company, 1976, "Report of Subsurface

Investigation, Final Design, DN-11/Tunneling Alternative, North
Line, Metropolitan Atlanta Rapid Transit Authority".

WP-G-139-1I11 ITII-4



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 foliation 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 1layers, which
serve as excellent "marker units".

There are no continuous joints in the Research Cham-
ber. Some very minor discontinuous Jjoints 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-
panyi/, the physical properties of the rock in the area of the
Atlanta Research Chamber have been presented. These properties
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.

5/ Law Engineering Testing Company, 1976, op. cit., and 1977,
op. cit.
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These data and other data indicate that unconfined com-
pressive strengths vary between 34.5 x 103 and 207 x 103 kN/m2 (5
and 30 ksi) and average 103.5 x 103 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
106 and 99.4 x 10% xN/m? (3.0 x 10% and 14.4 x 10% psi) and
average 47 x 10 kN/m2 (5.9 x 106 psi). In-situ modulus values
measured by flat Jack tests and overcoring techniques range
between 3.4 x 10° and 69 x 10® xN/m? (0.5 x 10® and 10 x 10° psi)
with the bulk of the values falling between 6.9 x 10° and 27.6 x
106 kN/m2 (1 x 106 and 4 x 106 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
which 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 1IV.
DESIGN
I. INTRODUCTION

During the last fifteen vyears, 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 1is really needed is
sound, basic engineering with careful construction control and
good excavation techniqgues.

Minor problems will always occur with underground open-
ings because it will always be the minor geologic details which
control the 1localized 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 1lithologic units and
their spatial relationships, the significant discontinuities at
the site, the mechanical behavior of the 1lithologic 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 squeezing or
swelling; or to provide psychological comfort for the designer
and the owner? These questions must be answered honestly to

properly evaluate the support system.
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The fourth design consideration 1is the effect of
construction itself and of time upon the project. 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.

IITI. 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 litera-
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-deforma-
tion characteristics for the rock materials and the rock

discontinuities, if warranted.

The minimum criteria for representing items A, B and C are dis-
cussed in detail by Kulhawy (1974)1/, and an approach for item 4
is given by Kulhawy (1975).2/

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 discontinuities.
The detailed geology and initial stresses often are not suffic-
iently known to generate a high level of confidence during the
initial 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. Since the
above factors are usually not known precisely, though, it is
often necessary to conduct analyses using models which represent
the bounding conditions so that wvarying behavior within the
expectable range can be evaluated. Published parametric studies
may be useful in this context.

1/ 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,

2/ 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 1IV-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 1IV-3. There are a number of reasons this section was
selected: (1) a plane strain approximation 1is 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 1IV-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 1IV-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 Pilot 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. 1In-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 0 to 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 1is given in Figure 1IV-8, which shows four essentially
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full-face operations - first the Pilot Tunnel, secondly the
Research Chamber, thirdly the left Running Tunnel and lastly the
right Running Tunnel. (The actual order of construction did not
follow this assumed sequence.)

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)'_2/ 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.

3/ Kulhawy, F. H., Duncan, J. M. and Seed, H. B., "Finite
Element Analyses of Stresses and Movements in Embankments During
Construction", Contract Report S-69-8, U.S. Army Engineer
Waterways Experiment Station, Vicksburg, Mississippi, Nov. 1969.
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(720,000 ksf}

(108,000 ksf}

Unit Weight Intact Reduced Poisson's
(pef) Modulus Modulus Ratio

Soil Overburden 105 5,880 psi 5,880 psi 0.40
(847 ksf) (847 ksf)

Weathered Rock 162 1 x 106 psi 0.15 x 106 psi 0.17
(144,000 ksf) (21,600 ksf)

Low Modulus Rock 180 3 x 10% psi 0.45 x 10° psi 0.10
(432,000 ksf) (64,800 ksf)

Medium Modulus Rock 180 5 x 106 psi 0.75 x 106 psi 0.17

Discontinuity

Normal Stiffness = 31,830 ksf/ft
iffness = 6,366 ksf/ft

Shear St

1 psi = 6.89 kN/m2

Note: Modulus for weathered rock taken as é times medium modulus.

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

Range of Rock Material Properties TABLE IV-1
Unconfined Poisson's Uniaxial Tensile Strength (psi})
Tangent Ratio Compressive # foliation L foliation
Modulus Strength
(psi) (psi)
Low Modulus Rock 3 x 10° 0.10 8 x 10° 75-250 1.4 x 10°
(Amphibole Grneiss) (1-4) {0.06-0.15) (6-10) {1-2)
Medium Modulus Rock 5 x ].06 0.17 12 x 103 75-250 1.4 x ].03
(Amphibole Gneiss, (4-8) (0.15-0.20) (8-186) {1-2)
Biotite Gneias)
High Modulus Rock 10 x 106 0.27 20 x 103 =1000 1.B x 103
(Grey and White (8-12) . (0.25-0.30) (15-25) (1.2-2.4)
Quartzites)
Range noted in parentheses. 2
1l psi = 6.89 kN/m
Properties Used in Analyses 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. (1967)4/ 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, 19783/ 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 antiéipated, 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

4/ Deere, D. H., Hendron, A. J., Jr., Patton, F. D. and Cording,
E. J., "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.

5/ 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 1locations 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 0.8 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 0.05 mm or 0.5 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 representative of the field conditions.

B. Stresses

The maximum (041) and minimum (03) principal stresses
computed for the different analyses are shown on Figures IV-11
through 1IV~14 in contour form. Thege stress solutions are
correct for any modulus assumptions, of course. These figures
also show the openings in correct relative size and 1location,
indicate the assumed excavation step for a particular opening,
and show future openings with dashed lines.

The o1 and o3 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 o4 contours during excavation for
the analysis with high horizontal stresses, while Figure IV-12
shows the final 9, 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 1IV-11 and 1IV-14 show the 03 contours for two
analyses. These figures show significant stress reductions
around the openings with the 1lowest c¢rown 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 performed by Tudor Engineering Compény 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. This 1is to be expected in a linear
elastic study.

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 1IV-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. Figure IV-17 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) 1is, 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 wuplift in the Research Chamber floor, as
discussed in the Monograph by Professor Einstein of MIT and his

co-workers.

G. SUMMARY AND CONCLUSIONS

The studies presented herein illustrate a logical pre-
dictive approach for the behavior of underground openings in
rock.

The 2-D FEM analyses did accurately predict that the
opénings would behave well. The maximum stresses predicted were
substantially 1less 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 Pilot Tunnel agree well with extensometer mea-
surements and indicate that the solutions with the reduced
modulus values and the higher initial horizontal stresses are
most consistent with the field behavior.

The openings have been completed through the Atlanta
Research Chamber study area and no instability 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 excavation. The cost of the 2-D FEM study was modest (less
than S10,000 - only 20%-25% of the cost of the 3D-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, cannot exactly predict real rock behavior,
and that engineering judgment is the most important factor in

underground design.
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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 information about the actual "in
situ" behavior of the rock mass which could be compared with the
predicted deformations obtained from the Finite Element Method
(FEM) design studies. 1In 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 history extending over
several vyears.

At the time of the initial examination of the site, it
was recognized that the rock mass deformations caused by the en-
largement of the Research Chamber, and by the subseguent 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 elas-
tic response would be any irrecoverable deformation and frac-
turing in the immediate vicinity of blasting.
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The study of the behavior of the rock mass around the
Research Chamber also was seen as a valuable opportunity for
comparing 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.

d. 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
collect 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 equipment used to obtain radi-
al deformation information consisted of six-position assemblies
employing hydraulically 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. Eaqually 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 4i-
ameter of the hole into which the extensometer is being 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
equipped 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 applied to the hydraulic ram until 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 infre-
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 possibility 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
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probe is typically moved in 0.6 meter increments, and after each
move the attitude in two mutually perpendicular directions is
monitored. 1In this way it is possible to determine the profiles
of the borehole, typically in north to south and east to west
directions, and by comparing the profile at appropriate time
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, time 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. 1In addition to the vertical exten-

someters, four inclined extensometers were located at station 20
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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 subjected 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 wasS 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
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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 in this location; the inclinometers of-
fered the best solution. In this location the inclinometer would
be capable of monitoring the horizontal deformations occurring
towards the Running Tunnels, and also those which had developed
towards the Peachtree Center Station cavern Jlocated 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 2zone 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
adit using 6.4 cm (2-1/2 inch) diameter 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 Pilot Tunnel drift be-
fore, during and after the development of the entire excavation
seguence. 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 microfractured 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.
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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 Runninag 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 distance to the south below and
beyond the Research Chamber. For this rcason, 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
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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 hori zontal 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 E1, there is evidence to suggest
that the collar station was initially disturbed between the end
of September and 1late October 1978, or that the readings are
guestionable. Further damage may have occurred between
October 28 and November 9, as the magnitude of the readings
decreases to a 1level which is in general agreement with the
results obtained from adjacent units. Some time 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 anomalous 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, E5 and E6

Figures V-9, Vv-10, V=11 and V-12 show the displacements
for the anchors at station 20 + 47.5.

Extensometer E4 is performing quite well. A minor 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 mid-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 E5 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 ES5. The displacement magnitudes are
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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, Figqures V-13 to V=16 show the

displacements of the various anchors.

The results obtained from extensometer E7, Figure V-14,
suaggest 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 magni-
tude. 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 Fiqure V-16 as the large offsets. Since the damage
occurred, little deformation has been measured. The initial dam-

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

Extensometers E10, E11, E12, E13, and E14

No data 1is available from extensometers E10, E11, 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



VECTORS ON 10X SCALE

| | |

TEST CAVERN

warn | Rivising I oee ] ran

WLIR- JONES  ENGINEERING
CUNSULTANTS 110

DISPLACEMENT VECTORS
MARTA TEST CAVERN @ 20+32

FRACTIONAL OIM 29 84, PICIMALS % DAY UNIENS SPECIDIID

raswa or L vt J1-3 <75 Jonawinc aumnin

CHICRED BY semd ~ T 3 WJIEC M 12

APPROVEE BY SNLET (1]

|

000
000

OUTLINE OF PRELIMINARY
TEST CAVERN

“COLLAR 158

166

FIGURE V-13




PTI-A JdNDOId

GRAPHICAL REPRESENTATION OF MARTA TEST CAVERN EXTENSOMETER DATA WEIR-JONES ENGINEERING CONSULTANTS LTD.

1310 WEST 6th AVENUE. VANCOUVER, B.C. VM 1A7
EXTENSOMETER NUMBER E 7
SEPTEMBER OCTOBER NOVEMBER DECEMBER JANUARY FEBRUARY MARCH APRIL

W 1% 20 2% S 10 1% M 2%

—- Tn

I (O I U4 L LI S A RIS EE Sl 1N 20 2% s 10 15 20 25 S5 10 15 20 2%

Tl

B
4l
1|

DEFORMATION IN INCHES

5
SYU3LIWITIIW NI NOILYWYO43Q

-10

- -11

sediaii]ling. i sttt i i} NI

5 10 15 20 25 S 10 15 20 25 5 10 15 20 25 5 10 15 20 2% s 10 15 20 25 5 16 15 20 25 5 0 15 20 25 5 10 15 20 25




ST-A ¥NDId

GRAPHICAL REPRESENTATION OF MARTA TEST CAVERN EXTENSOMETER DATA

EXTENSOMETER NUMBER E 8

DEFORMATION IN INCHES

SEPTEMBER

5 10 15 20

75 S

TOCTOBER

10 15 20 28

NOVEMBER

$ 16 1% 10 2% S

DECEMBER

1@ 1s 20 2%

JANUARY

S 10 15 20 2% B

WEIRJONES ENGINEERING CONSULTANTS LTD.

FEBRUARY

Wo)5 73 25

1310 WEST 61h AVENUE. VANCOUVER, 8.C. V6 1A7

. MAR

CH

W

_APRIL

S 10 15 20 2%

-

i

i

IR

)

Yoo 20 2% 5

W 15 20 25

20 2

5 43 15 L 2%

P2

023 2

te 15 20 2%

9 IC 15 2 25

11

10

SYILIMITIIN NI NOILVWYO43Q



9T-A HFUNDIJ

GRAPHICAL REPRESENTATION OF MARTA TEST CAVERN EXTENSOMETER DATA WEIR-JONES ENGINEERING CONSULTANTS 1.T1,

EXTENSOMETER NUMBER EQ NOTE CHANGE OF SCALE 1310 WEST 6th AVENUE. VANCOUVER, B.C. V6H 1A7
SEPTEMBER OCTOBER NOVEMBER DECEMBER JANUARY FEBRUARY MARCH APRIL
+.9 5 |7 15 20 2% 5 1n 15 20 2% S 10 15 29 2,5 “'A [ -] ?9 :f, 5 10 15 20 25 5 Y e 0yore L3 v 18 ok 5 10 1% 0 28

B

+.8

+.7

-1

404 2 30 d0LDV4d Ad AdILNN

-.2

DEFORMATION IN INCHES

SYILIWITIIN NI-NOILYWYO43Q

5 1 15 20 25 S 1015 20 25 5 10 15 20 2% 5 1o 15 20 2% S 0 i 20 2 EI SRR B¢



LT-A HINDTA

GRAPHICAL REPRESENTATION OF MARTA TEST CAVERN EXTENSOMETER DATA WEIRJONES ENGINEERING CONSULTANTS LTD.

1310 WEST 6th AVENUE, YAN! R, 8.C. Y6H 1A7
EXTENSOMETER NUMBER _E 13 couve
SEPTEMBER  OCTOBER NOVEMBER DECEMBER JANUARY FEBRUARY MARCH APRIL
+.45 5 19 ‘!': .2-9.25 5 18 M 2% - 5 I.(‘ 1% 20 2% 35 10 15 9 ?." ‘ .I’J 1% 20 ?5. 5 i 1% 20 2% s 1015 20 2% S 160 15 20 >4

yy Lol

7

+.25%

+.20

DEFORMATION IN INCHES

SYILMITIIW NI NOILYWHO043d

S 0 15 20 25 5 10 15 20 25 S 10 15 20 25 S 10 15 20 25

e

v v 20 2% 5 i 15 20 25 5 iJ 15 20 25

5 10 15 20 25




8T-A JINDIA

GRAPHICAL REPRESENTATION OF MARTA TEST CAVERN EXTENSOMETER DATA Wmml:}'ox N:T!:“ommmo CONSULTANTS LTD.
EXTENSOMETER NuMBer E 14 _ AVENUL VANCOUVER, B.C. V8H 1A7
SEPTEMBER OCTOBER NOVEMBER DECEMBER JANUARY FEBRUARY MARCH APRIL

+45 S0 15 02 S5 10 15 1 20 25 - 5 10 15 20 25 ° 5 10 15 20 2% 15 20 2% 5 10 15 20 2% 5 10 15 20 25
-
n T 7l RS TRt ™ T Lo BB 1 IEE o I Y IELT I
i

°h S 10

i

" IR
v

11

10

-4

-5

-6

DEFORMATION IN INCHES
SYILWITTIK NI NOILVWYO033G

gl O e i e T : -11
B . -

e e i 1491 H 1 bed P I iR j ! i1l
-.45 R B : R I3 HEs IR s R HeH B BirH BRI IR R R it i B :
5 10 15 20 25 5 10 15 20 25 5 10 15 20 2% 5 10 9 10 15 20 2% 5 10 15 20 25 5 10 15 20 25 5 10 15 20 2%




taken by the installation crew immediately after they had com-
pPleted their work. Inadeguate 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-22, 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
until early November. The data 1is 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
significantly less.

The inclinometers remain intact, but no measurements
have been made for several months. It is anticipated that, at
this point in the instrumentation program, no further lateral

deformations will take place.
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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 1IV). 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 guality, 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
magnitude 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 irreqular. 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 main 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.

WP-33-139-VI VI-1
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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 parallel., Relative to the final Chamber, the
Pilot 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 1long.

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
VIi-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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FIGURE VI-2 EXPLODED VIEW OF THE TEST CAVERN ROOF, FLOOR AND WALLS




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 effect 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.

Aqgreement 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 crack 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. 1Instead, limited work was done with mechanical scribing.
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D. CONTROLLED PERIMETER BLASTING METHODS

If an explosive charge is in direct contact with the
walls of the drill hole, 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 contact 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 are 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 45 centimeters to 76 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. 1In 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 1line. Any existing stress concentrator or weakness
in the rock will enhance crack propagation, as will 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 1long
cracks, rather than develop a larger number of small equal
cracks.

It is possible to make use of these principles 1in
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 conducted 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, excellent results were obtained without fracture-control
blasting (see Photo VI-2),. 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 rides along the drill boom as the steel
goes down the hole. The bit has been re-shaped to provide 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 tendency to scribe only the softer side of the hole,

This writer suggested changing the bit 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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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 0.6
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 0.3 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. Adeguate 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 drill 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 drill casts. This demonstrates the
benefit of de-coupling the <charges, 1i.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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PANEL 9 TWO-STAGE ROUND.
SMOOTH BLASTING WITH
o wg NO SCRIBING.
PERIMETER HOLES:
SPACING = I® INCHES,
BURDEN = 24 1NcHES (uP TO

L 32 INCHES IN CROWN)
DIAMETER = [ 3/U4 INCHES,
1" DEPTH = & FEET.
II5[I
| - [\ A kY LY L] 3 1] i
DELay "7 B/ s el

3% FT, T7-1 PLUS 100 GRAINS/FT. PRIMACORD

WHVE P VO IR ANA

5 FT. T7-1 PLus 100 GRAINS/FT. PRIMACORD

DELAY "2"

T AV T NS

DELAYS "3", :
nyw wgn 6 FT., T-1 PLus J00 GRAINS/FT. PRIMACORD

ALL HOLES STEMMED.

PRIMACORD TRUNKLINE USED FOR EACH DELAY GROUP
TO DEVELOP SIMULTANEOUS DETONATION

RESULTS - EXCELLENT,

FIGURE VI-4



PANEL 8 TWO-STAGE ROUND.
SMOOTH BLASTING WITH
EAST HALF SCRIBED.
" I " IIZII

- PERIMETER HOLES:
SPACING = [® INCHES.
BURDEN = 30 INCHES.

DIAMETER = [% INCHES.
SCRIBED TO 2 INCHES FOR

”2” Ilqll DELAY GROUPS IIIII AND 112”'
DEPTH = 7 FEET.
DELAYS "1” AND 3 : : L 4k
"z 3 FT, T-1 PLUS 50 GRAINS/FT. PRIMACORD
DELAY "2" == T IR

6 INCHES T-1 PLUS 50 GRAINS/FT. PRIMACORD

DELAY “4” | —— =
2 FT, T-1 PLUS 50 GRAINS/FT.

PRIMACORD
ALL HOLES STEMMED,
PRIMACORD TRUNKLINE USED FOR EACH DELAY GROUP
TO DEVELOP SIMULTANEOUS DETONATION
RESULTS:
“1" anp “3" - GooD.
“2" - LOADING INSTRUCTIONS WERE NOT FOLLOWED.
ONLY 6 INCHES T-1 USED IN BOTTOM.
BOTTOM BROKE OUT, LEAVING 5 FT. COLLAR.

“I}" - FRACTURED BUT NOT REMOVED.
CLEAN-UP SHOT WITH 5 FT. T-1 IN "2” anD "4",

FIGURE VI-5



PANEL / FULL-FACE ROUND.
ngu PERIMETER FIRED ON LAST DELAYS,
EAST HALF SCRIBED,

"gr \ PERIMETER HOLES:
SPACING = 24 INCHEs,

BURDEN = 20 INCHES.
DIAMETER= [% INCHES,

"1 SCRIBED HOLES “&”, "9”, "10"
SCRIBING DESCRIBED AS POOR, -
LESS THAN /8 IN, NOTCHES.

DEPTH = / FEET,

DELAYS “8" AND

nar 3 FT. T-1 PLUS I00 GRAINS/FT. PRIMACORD

DELAY "10” e— [re— RO |
2 FT, T-1 PLUS I00 GRAINS/FT. PRIMACORD

HOLES THOUGHT TO BE STEMMED - NOT VERIFIED
IN FIELD LOGS.
PRIMACORD TRUNKLINES USED,
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 b TWO-STAGE ROQUND,
SMOOTH BLASTING WITH
WEST HALF SCRIBED,

112”
PERIMETER HOLES:
SPACING = 30 IN, FOrR "1”

36 1N, FOrR “2"

IIIII

IIIII

(B) BURDEN = 36 IN. FOR
= |8 IN, FOR "2"

HOLES “I” AND "2” WERE SCRIBED,
nku BUT NOTCHES NOT WELL DEFINED,
(A) DEPTH = b FT,
DELAY "I"(A) i—u—'--l__..'-—-h:;:..:.-h&;i

3 T, T-1 PLUS 50 GRAINS/FT. PRIMACORD

pELAY "1"(B) e
AND “2" brr, T-1

ALL HOLES STEMMED.
NON-ELECTRIC CAP IN EACH HOLE WITH 50 GRAIN
PRIMACORD TRUNKLINE FOR EACH DELAY GROUP,
RESULTS:
HOLES (A) DID NOT BREAK WELL IN BOTTOM,
LEAVING A STUB.
HOLES "]1”(B) AND “2” BROKE TO FINAL LINE.

IIIII

FIGURE VI-7




PANEL 5A AND 5B 5A - TWO-STAGE ROUND,
SMOOTH BLASTING,
5B - PERIMETER SHOT AS PRE-SPLIT.
WEST HALF OF BOTH ROUNDS SCRIBED.
PERIMETER HOLES:
SPACING = 30 INCHES,
nyu BURDEN = ]2 INCHES,
DEPTH b FEET.

DELAY "1” ]
4 F1. 7-1 PLUS 50 GRAINS/FT. PRIMACORD

HOLES THOUGHT TO BE STEMMED.
RESULTS:
5A: AS SMOOTH BLAST, CHARGES WERE SUFFICIENT TO
BREAK ,
5B: As PRE-SPLIT, THE NEXT Row (AT I2 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 PRE-SPLIT BLAST,
WEST HALF SCRIBED,
ngn ngn PERIMETER HOLES:
‘\\\\\’ SPACING = 30 INCHES.
///"7 BURDEN I5 INCHES.
DEPTH = & FEET.
HoLES "0” AND "3" SCRIBED.

n I n IIOII

150 GRAINS/FT. PRIMACORD, IN SCRIBED HOLES,

300 GRAINS/FT. PRIMACORD, IN SCRIBED HOLES.

450 GRAINS/FT. PRIMACORD, IN UNSCRIBED HOLES,
FOUR ONE-FT, SECTIONS OF TOVEX T-1 WITH ALTERNATE
ONE-FT. SPACERS. IN UNSCRIBED HOLES,

DELAY "0”
DELAY 3"
DELAY "B
DELAY 1"

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 “6” FRACTURED BUT HELD TO THE PERIMETER WALL.,
HOLES “I” GAVE A CLEAN BREAK,

FIGURE VI-9



PANEL 3 PRE-SPLIT BLAST.
WEST HALF SCRIBED.
PERIMETER HOLES:
"z "1" SPACING = 30 INCHES.
////’—— “\\\\ BURDEN = b INCHES.
pepTH = IQ FEET.
HOLES “0” AND “I” WERE SCRIBED,
BUT THE INSPECTOR’S NOTES
INDICATE THAT THERE WAS A

DIFFICULTY WITH THE SCRIBING
TOOL ROTATING.

n 6 n " OII

THIS PANEL WAS SHOT IN THE SAME MANNER AS PANEL U4, EXCEPT THAT
THE BURDEN WAS REDUCED TO b6 INCHES.

DELAY “0” - 150 GRAINS/FT. PRIMACORD IN SCRIBED HOLES.,
DELAY “1” - 300 GRAINS/FT. PRIMACORD IN SCRIBED HOLES,
DELAY “3” - U450 GRAINS/FT. PRIMACORD IN UNSCRIBED HOLES.
DELAY “6” - FIVE ONE-FT. SECTIONS OF TOVEX T-1, 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-1 BROKE WELL.

FIGURE VI-10



PANEL 2

PANEL |

NO SCRIBING OF HOLES.

SHOT AS SMOOTH BLAST.

SPACING AND BURDEN = 30 INCHES,

DEPTH OF ROUND = [0 FEET,

SIMULTANEOUS DETONATION OF PERIMETER HOLES.,

PERIMETER HOLES LOADED WITH A /-FT. COLUMN OF TOVEX T-1.

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.

STMULTANEOUS DETONATION OF PERIMETER HOLES.
PERIMETER HOLES LOADED WITH A /-FT. COLUMN OF TOVEX T-1.

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 1lbs. 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 1inches). 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 0.9 meters left a stub at the bottom of each
hole. Thus, acceptable breakage occurred with a loading concen-
tration of 2.2 kg (1 1b.) for 1.65 square meters (18 square feet)
of perimeter surface, or 1.33 kg/m2 (0.055 1bs. per square
foot). This is less than normal loading and suggests that there
was indeed a benefit even to poorly developed notches. 1t 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 kg/m2 (0.07 1bs. 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 300 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-splitting, 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. 1In 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 1lines,
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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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 1load 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 drill boom. For a tunnel with about 32 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. Drilling time and related expenses thus would be
reduced, and, as noted earlier, lighter exposives loading would
be used. The method clearly has promise in suitable rock condi-

tions.
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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 1in 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 required in the MARTA
Peachtree Center Station CN120 contract. 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 more 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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FIGURE VII-1 Placement of Conventional Shotcrete




Shotcrete is essentially a low slump concrete which has
been consolidated upon impact. However, 1in order to
remain in place without sloughing, shotcrete must set
and harden rapidly. The required rate of 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.

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 1long-term, conventional inorganic accelerators
produce a strength loss, usually between 20 and 30 per-
cent at 28 days, compared with unaccelerated shot-
Ccrete, Recently-developed organic accelerators are
claimed to produce required rapid set and early harden-
ing, while not affecting 28-day strengths.

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 compatibility. 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.
When spraying shotcrete directly overhead, higher accel-
erator dosages are normally used than are used when
spraying vertical surfaces. Higher accelerator 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; mixing
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 1lining.
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 plus rebound, 1is
not represented.

Sampling of shotcrete by cutting cubes from test panels
or from 1large 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 vyields
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 civil 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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gquality 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 gquality 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 Specifications, 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.2/
In addition, the Bureau performed laboratory and field studies on
shotcretei/, to enlarge its knowledge of shotcrete properties.

It is standard Bureau quality control practice to utilize either

1/ 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 Metalurgical and Petroleum Engineers, Inc., 1970.

2/ 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.

3/ 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-inch cubes or 2-1/8-inch cores from test panels for precon-
struction testing, and 2-1/8-inch cores from in-place shotcrete
for testing during construction.

The American Concrete Institute (ACI) also recommends
preconstruction testing in their latest standard specification,
ACI 506.2-77, by testing 3-inch diameter cores or 3-inch 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 1in shotcrete specifications which were also
included in the revised WMATA Standard Specifications for Section
A-11b, in 1977. The procedure outlined for shotcrete precon-
struction testing includes a test for cement and aggregate
gquality, utilizing standard concrete cylinders, and a statis-
tically 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
reguired 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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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 vari-
ability of concrete production. The variability of the
concrete production, or coefficient of wvariation,
depends on uniformity of materials, precision of batch-
ing, quality of mixing and placement. The 1larger 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.
Standard cast cylinders are 6 inches diameter and 12
inches high made to specified ASTM requirements. If
cylinders of 1less 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).
Shotcrete is most effectively and conveniently sampled
by either removing drilled cores or sawn cubes from test
panels or insitu. However, drilled concrete cores have
been shown to exhibit 1lower 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.

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-11b. 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 1is 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 0.85 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 214-65
Title No. 73-22 is utilized.

f'c
f =
cr (1 - tV)
where
f.r = 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)
\% = 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 f.,., 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 f,.. To estimate

the required f the above formula may be applied. Utilizing an

cr’
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 0.91 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-inch 1long 3-inch diameter cores is 4,670 psi with 4,120 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-inch cores removed from the 1lining. 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 péi 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. 1In 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 1limits 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. 1In 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 1logic, assumed overdesign
factors, and restrictions contained in the CN120 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"i Two different accelerators, the Sika
Dryshot organic product, and Sika Sigunit inorganic accelerator

were tested. Numbers included in brackets following the name

4/ Mahar et al, "Shotcrete Practice in Underground
Construction," USDOT Report, FRA-OR&D 75-90, 1976.
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Signal Mountain Type I Cement

TIME OF SET DETERMINATION
ATLANTA RESEARCH CHAMBER

TABLE VII-1

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



Table VII-2
TIME OF SET DETERMINATIONS
ATLANTA RESEARCH CHAMBER

Signal Mountain Type 1 Cement
Sigunit (8010) Accelerator

Water: Cement Dosage Initial Set Final Set
Ratio Percent Min:Sec Min:Sec Testing
0.40 3 1:45 150:00 LETCO - 5/1/78
0.40 6 1:30 115:00 LETCO - 5/1/78
0.40 6 2:30 120:00 LETCO - 5/1/78
0.40 3 3:45 30:00 LETCO - 6/1/78
0:40 4 4:30 30:00 LETCO - 6/1/78
0.35 3 1:25 36:00 LETCO - 5/1/78
0.35 3 1:30 9:00 LETCO - 5/1/78
0.35 3 1:20 12:00 LETCO - 5/1/78
0.35 6 1:40 6:00 LETCO - 5/1/78
0.35 6 2:00 8:00 LETCO - 5/1/78
0.35 2 2:30 30:00 LETCO - 6/1/78
0.35 3 2:45 30:00 LETCO - 6/1/78
0.35 4 4:05 30:00 LETCO - 6/1/78
0.35 5 3:45 28:00 LETCO - 6/1/78
0.35 6 3:30 16:45 LETCO - 6/1/78
0.30 3 0:15 - LETCO - 5/1/78
0.35 2 1:05 2:35 SIKA - 3/1/78
0.35 3 1:05 2:10 SIKA - 3/1/78
0.35 3 1:00 3:10 SIKA - 4/26/78
0.40 2 4:30 60:00 BLANCK - 5/12/78
0.40 3 1:00 15:00 BLANCK - 5/12/78
0.40 4 0:50 4:30 BLANCK - 5/12/78
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Medusa Type 1 Cement

Table VII-3

TIME OF SET DETERMINATIONS
ATLANTA RESEARCH CHAMBER

Sikaset Dryshot (7005) Accelerator

Water: Cement Dosage Initial Set Final Set

Ratio Percent Min:Sec Min:Sec Testing

0.35 3 2:00 710:00 LETCO 05/1/78
0.30 3 1:20 5:30 LETCO 05/1/78
0.30 1 8:30 730:00 LETCO 3/27/78
0.30 2 2:15 38:00 LETCO 3/27/78
0.30 3 2:30 28:00 LETCO 3/27/78
0.30 4 2:30 21:00 LETCO 3/27/78
0.30 3 1:05 1:05 SIKA 03/1/78
0.35 3 2:45 4:20 SIKA 4/26/78
0.30 1 3:30 10:30 BLANCK 5/12/78
0.30 2 0:50 8:00 BLANCK 5/12/78
0.30 3 0:40 3:10 BLANCK 5/12/78
0.30 4 0:35 2:10 BLANCK 5/12/78
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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 Testing

0.40 6 2:00 >8:00 LETCO - 5/1/78
0.35 3 1:45 >8:00 LETCO - 5/1/78
0.35 6 1:30 >8:00 LETCO - 5/1/78
0.30 3 1:30 »8:00 LETCO - 5/1/78
0.35 2 2:15 4:15 SIKA - 03/1/78
0.35 3 2:15 4:00 SIKA 03/1/78
0.35 3 3:10 5:40 SIKA - 4/26/78
0.38 2 3:15 >60:00 BLANCK 5/12/78
0.38 3 1:30 55:00 BLANCK - 5/12/78
0.38 4 1:10 16:00 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. Setting times required
by CN120 specifications were sought. CN120 clause 1.01.C.2

requires:

Time of set and initial setting 90 second minimum

5 minutes maximum

Time for final setting 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 3 minutes maximum

Time for final setting 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 (LETCO), 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-11b specifications. These specifications based acceptance on
performance, without limiting the Contractor in aggregate grada-
tion, but only guality 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 CN120 reguirements, 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 mix 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 (Qsi)
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 tem-
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TABLE VII-6

COMPRESSIVE STRENGTH RESULTS OF SHOTCRETE PANELS, MIX 1
(#7 STONE, MANUFACTURED SAND, SIGUNIT ACCELERATOR)

Average Compressive Strength (psi)

Panel Designation Orientation 8 — 12 hr 3 day 28 day
CS 3v A vertical 2085 (6) 3100 (0) 4360 (6)
CsS 3H A horizontal 1800 (2) 2980 (4) 2900 (2)

TABLE VII-7
COMPRESSIVE STRENGTH RESULTS OF SHOTCRETE PANELS, MIX II
(PEA GRAVEL, MANUFACTURED SAND, SIGUNIT ACCELERATOR)

Average Compressive Strength (psi)

Panel Designation Orientation 8 — 12 hr 3 day 28 day
S1VB vertical 1700 (6) 4685 (6) 5470 (6)
S1HA horizontal 2050 (5) 2750 (4) 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
D1VB vertical 1565.(4) 5415 (6) 6240 (6)
D2VB vertical 2215 (6) 5370 (6) 6820 (6)
D2HA horizontal -— 2520 (3) 5390 (3)

WP-H-139-VII*



TABLE VII-9

COMPRESSIVE STRENGTH RESULTS OF SHOTCRETE PANELS, MIX IV
MANUFACTURED SAND, DRYSHOT ACCELERATOR)

(#7 STONE,

Panel Designation

CDh3va

CD3HA

Orientation

vertical

horizontal

Average Compressive Strength (psi)

8 - 12 hr 3 day 28 day
3165 (6) 5410 (6) 6400 (6)
3600 (3) 6000 (3) 7420 (3)

TABLE VII-10

COMPRESSIVE STRENGTH RESULTS OF SHOTCRETE PANELS, MIX V
(#7 STONE, WAUGH SAND, SIGUNIT ACCELERATOR)

Panel Designation

S161w
S162W
S163W
S1610H
S1620H

S1630H

WP-H~139-VII*

Orientation

vertical

vertical

vertical
horizontal
horizontal

horizontal

Average Compressive Strength (psi)

8 - 12 hr 3 day 28 day
1445 (3) 6330 (3) 7400 (3)
1630 (3) 2850 (3) 3520 (3)
1210 (3) 2810 (3) 3730 (3)
1465 (3) 2400 (3) 3605 (3)
1730 (3) 2530 (3) 2920 (3)
1610 (3) -—- -—=



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 28 day
DS1W vertical -—- 3730(3) 4440 (3)
DS2W vertical -—— 5680 (3) 7595 (3)
DS3wW vertical -— 5430 (3) 7340 (3)

TABLE VII-12

COMPRESSIVE STRENGTH RESULTS OF SHOTCRETE PANELS, MIX VII
(#7 STONE, WAUGH SAND, DRYSHOT ACCELERATOR-LIQUID)

Average Compressive Strength (psi)

Panel Designation Orientation 8§ - 12 hr 3 day 28 day
SDS1W vertical -—- 3820 (3) 6990 (3)
SDS2W vertical -— 3330 (3) 6090 (3)
SDS3W vertical -—- 3900 (3) 7230 (3)
SDS20H horizontal - 5240 (3) 8030 (3)
SDS30H horizontal -—- 4720 (3) 8030 (3)
SDS40H horizontal -—= 4980 (3) 7620 (3)
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peratures duplicated as closely as possible those to be antici-
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. 1In 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 660 1b.
Consolidated Crushed #7 Stone 1,300 1b.
Consolidated Manufactured Sand 1,790 1b.

The gradation of combined aggregates is shown on Figure
VII- and compared with CN120 Specifications. Accelerator per-
centages 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 1long 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 dgroups 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

WP-H-139~-VII VIiIi-17



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

Wt. (lbs.)
Signal Mountain Type I Cement 25.0
Consolidated Crushed #7 Stone 34.4
Consolidated Manufactured Sand 47.5
Water (added) 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.

WP-H-139-VII VIiI-18




The two vertical test panels achieved results as des-

cribed below:

TABLE VII-15
VERTICAL TEST PANEL RESULTS

Average Compressive

Panel Strength (psi) Unit Wt.
Designation Accelerator 9-11 hrs 3 days 28 days pcf

SIG Sigunit 1550(4) 5210(3) 6030(4) 143.0(4)

DS Dryshot 880(4) 6320(3) 8090(3) 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 regquirements. However, the results obtained indi-
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 normal underground construction con-
ditions; that is, no curing was performed.

During placement, some difficulty was experienced in
applying the overhead shotcrete with 3 percent Dryshot accelera-
tor, in that the 1layer 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

SHOTCRETE CORES FROM RESEARCH CHAMBER

Avg.
Age, Strength, Strength Unit Wt.
Panel Location Accelerator Days psi psi 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 142 .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, although
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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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.

The setting time 1limits 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. 1In 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. Existing specifica-

tions do not fix the required W/C.

a.

CN120 specifications refer to procedures described
in DOT Report FRA-ORsD 75-90 (Mahar et al, 1976)%/,
which specifies using W/C of 0.43 or duplicating the
W/C of in-place shotcrete.

Another DOT report performed by the same re-
searchers, FRA-OR&D 76-06, (Parker et al, 1975)§/,
reports an average measured W/C of shotcrete to be

0.31, utilizing conventional inorganic accelerators.

5/ Parker et al, "Field-Oriented Investigation of Conventional
and Experimental Shotcrete for Tunnels", USDOT Report FRA-OR&D-
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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 times 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-inch mesh. All of the mixes
utilized for preconstruction testing and Research Chamber con-
struction contained No. 7 stone or smaller maximum size. The No.
7 stone ufilized 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 Durability 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 for cast-in-place concrete are
specified to improve quality and workability of 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 gquantity, but may not
necessarily affect in-place guality. 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 guality, 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 guality shotcrete,
but some credence 1is 1lent 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 reguired shotcrete compressive strength. Since no conversion
of equivalent cylinder values to cores 1is suggested, it 1is
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:

I

4000 + 0.85
4710 psi

Required f'c

where 0.85 is the ACI 506.2-77 requirement for cores. For the

Research Chamber, the required cylinder strength would be
(7000 + 5000) x 4710 = 6590 psi,
which would be in accordance with WMATA criteria.

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
indicates 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

CN120 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 shall contain unit strength at failure "with and
without correction for L/D ratio and statistical quantity
adjustment”. The statistical gquantity 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 dgreater 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, All 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.

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.

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.

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.

WP-H-139-VII VII-26



6. There was no important difference in shotcrete strength
between panels wusing crushed stone or natural pea
gravel.

7. None of the test panels failed to comply with the 3-day
strength requirement. 1In 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-11Db
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 1lengths 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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The test panel utilizing Dryshot was difficult to core
at 9 to 11 hour ages due to slower hardening than
Sigunit samples. Considerable wash-out of material at
the cored surface was noted. Strength at 28 days
appeared similar to sidewall in-situ cores.

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 1lower than a
combined average of all sidewall samples.

Compressive strengths of sidewall samples of Panel 7
(Sigunit) were 24 percent lower than those removed from
Panel 5 (Dryshot).

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 1long nozzle for the Atlanta
Research Chamber placement of the Sigunit 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 the Sigunit itself, a
standard product being used for construction, rather
than the special formulation tested earlier in
preconstruction testing.

4, Problems indicated in preconstruction testing, such as
the difficulty 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 4870 to 8030
psi. This variation indicates the poor reproducibility
of testing for even immediately adjacent core samples.
Moreover, it indicates that a single core sample as
specified in CN120 may not represent a given area of
completed work.

6. The behavior of the Dryshot shotcrete seemed somewhat
contradictory. It had a very fast compatibility test
setting time (and appearance), while the early age
strength at 8 to 12 hours was lower than exhibited by
Sigunit 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 CN120 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 times 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. Test panels should be 18" x
18" x 4" deep and should be mounted vertically for
wall samples and overhead for horizontal 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, ana 28 days. Cores
should be cured and tested as per ASTM C31 and C4Z2
but not soaked for 48 hours, and no L/D corrections
should be made in reporting results. For approval
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 1lengths 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 (31 until tested.
Average, uncorrected core strengths should be 3740
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.

WP-H-139-VII VII-32



SECTION 03YT - SHOTCRETE

PART 1 - GENERAL

1.01

1.02

CN120
1977

DESCRIPTION.

A.

The work specified in this sSection consists of the aprlication of
shotcrete to the specified thickness at the locations indicated, and
furnishing of materials, equipment, tools and labor necerssary to perform
the preparation, application and the clean-up pertaining thereto.
Shotcrete may also be applied locally at the Contractor's option to
facilitate operations under this Contract.

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.

Definitions.

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, arplied 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 materjals into a special mechanical feeder or gun,
carrying the materjals by comgressed air to a special nozzle,
introducing the water and intimately mixing it with the other
ingredients at the nozzle. The mixture is then jetted from the
nozzle at high velocity ontc 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 comgressed air to the nozzle., The mixed
shotcrete shall be ajr-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 rrocess shall be added to the shotcrete
mixture in such a way that the quantity can be properly regqulated
and the material uniformly dispersed throughout the shotcrete whan
it is applied.

QUALITY ASSURANCE.

A.

Nozzlemen shall have had previous satisfactory experience in 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 fiwve years of such experience. Each
crew shall demonstrate, to the satisfaction of the Engineer, acceptatle
proficiency in the application of shotcrete of Field Trial quality to
vertical and overhead test panels before beginning production work.

Allowable Tolerance. Thickness of individual layers and tolerances
shall be as indicated.

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 work 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 and eight
bags per cubic yard. The fproportion of accelerator shall not exceed
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2.

5.

two percent unless required ry placement conditions; in rno case
shall it exceed six percent of the cement weight.

Compressive Strength. The mix design shall be such as to develop
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 72 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.

Accelerating Admixtures. Accelerating admixture shall be used as
required to meet the time schedule specified for development of the
specified progressive strengths.

Laboratory Tests.

a, Prior to making laboratory tests, a detailed plan shall be
submitted showing the methods and materials to be used 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, DOT Report FRA-OR & D 75-90, Section
D.1, using herein specifjed 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 ASTM procedures for 28 days.
The cylinders shall then be tested by 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.

Implementation.

a. The Engineer will inform the Contractor, in writing, of his
acceptance of mixes which meet the requirements. No shotcrete
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.

Mock-up and Field Trials.

After completion of the laboratory tests and their acceptance, field
trials shall be made using approved mixes acceptable to the Engineer
to demonstrate capability of equipment, workmanship, and materials
under field conditions at least 30 days prior to actual application
of shotcrete in permanent work. The 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 test panels to simulate construction
conditions. Test panels shall be made on wood forms and shall
measure not less than 20 inch by 20 inch by four inches. Ta2st
panels shall be cured in acccrdance with ASTM C31, except that test
panels shall not be immersed.

3. 86ix, three inch diameter cores shall be taken from each overhead
horizontal and each vertical test panel. Their ends shall be ‘
trimmed to provide cylinders three inches high. Except for cores
for the eight-hour strength test, the cores shall be taken two days
after shooting, moist cured, but not immersed, and shall be tested
according to ASTM C42. The average strength of all cores from a
test panel shall test at least 110 percent of the strength specifiel
for each age strength. Mixes failing to meet this requirement shall
be rejected.

4. All phases of field trial work shall be performed in the presence of
a representative of the Engineer. Upon completion, submit at least
36 core specimens of each mix proposed for use in the work together
with all relevart data which demonstrates conformance to the
specifications in all respects. The specimens will be tested by the
Engineer at varjous stages of curing ages to verify conformance with
these specifications.,

5. All test reports shall contain the unit strength at failure with and
without correction for L/D ratio and statistical quantity
adjustment.

SUBMITTALS. The following shall be submitted in accordance with tha2 SHOP
DRAWINGS, PRODUCT DATA, AND SAMPLES section prior to proceeding with
preliminary testing:

A. Bpecification 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 specified materials to the referenced standards;

E. Samples of shotcrete ingredients;

F. Evidence of applicatoia' qualifications.

JOB CONDITIONS

A. Permanent drainage shall 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
nozzlemen and helpers shall wear appropriate hoods supplied with
filtered air free of toxic or objectionable material. Gloves and
necessary protective clothing also shall be worn to protect against
dermatitis.

C. In addition to the lighting and ventilation required by OSHA for
tunneling operations, areas to receive shotcrete shall be lighted by
additional flood lights and additional exhaust ducts shall be installed
and connected to the ventilation systenm.

MEASUREMENT.

A. Shotcrete will be measured by the square foot on the A line for the

nominal thickness installed except that in subway line tunnels,
shotcrete will not be measured for payment.
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B. Welded wire fabric will be measured in accordance with the CONCRETE
REINFORCEMENT sectiomn.

C. Seepage Collector drains will be measured by the linear foot installed
including both drain and lateral giping.

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
prices per square foot for SHOTCRETE CAVERN,

B. The costs shall include all labor, equipment and materials, required for
development of trial mixes and their testing, test specimens, measuring
pins, testing, and curing. NoO separate measurement will be made of
shotcrete us2d to fill overbreak, nor for shotcrete wasted or rejected
for any purpose, nor to prefill irregularities in surfaces to be
shotcreted.

C. Wwelded wire fabric will be paid for in accordance with the CONCRETE
REINFORCEMENT 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 COLLECTOR 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

2,02

2.03

03yT-u

CEMENT. 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.

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 Percent Passing
Sieve Size Gradation
1 inch 100
3/4 inch 93- 98
1/2 inch 80- 95
3/8 inch 65- 85
No. 4 50- 70
No. 8 34~ 56
No. 16 22- 43
No. 30 12- 32
No. 50 5~ 20
No. 100 2- 10
No. 200 0- 5

All aggregates shall be unjiformly well graded and shall not exhibit extremes
of variation. The maximum size of the aggregate may be varied subject to
acceptance of the Engineer.

ADMIXTURES
A, Accelerating Admixture for use in the dry or wet mix process shall not

contain chlorides or materials corrxosive to steel and shall not entail
other detrimental effects such as cracking and spalling. The use of any
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2.04

2.05

particular brand or type of admixture shall be subject to approval of
the Engineer.

Water reducing and accelerating additives for use in the Wet Mix Process
shall conform to ASTM C 494 Type E.

WATER. Water for shotcrete shall ccnform to the requirements of the
PORTLAND CEMENT CONCRETE section.

WELDED WIRE FABRIC. Welded wire fabric shall conform to the requirements of
the CONCRETE REINFORCEMENT section.

PART 3 - EXECUTION

3.01

3.02

CN120
1977

PROPORTIONING AND MIXING.

A.

Proportioning of aggregate and cement shall be accomplished or. a weight
or volumetric basis by a suitalble batching plant. The batching plant
and proportioning devices shall conform to the applicable provisions of
the PORTLAND CEMENT CONCRETE section.

The moisture content of the combined aggregate at the time of mixing
with cement shall be in the range of three percent to six percent of the
oven-dry weight of the aggregate for aggregate used in the dry-mix
process.

Cement and aggregates shall be brought to the shotcreting site
separately and mixed at the site.

The accelerating additive shall be added immediately prior to final
mixing, or if in liquid form and for the dry-mix process, shall be
accurately proporticned 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 mixed with the other ingredients. All additives
shall be added by mechanical means. The dry process shall have the
powder additives proporticned by mechanical means at the mixer; liquid,
proportioned by metaring at the nezzle,

PLACING EQUIPMENT.

A'

Dry Mix Process. Placing equipment shall consist of a spray nozzle
providing for ejection of materials and water in an intimate mixturs,
separate hoses to deliver dry materials and water to the nozzle, a
suitable machine to introduce the dry materials to the delivery hose
under air pressure, and air and water supply system. The water supply
system shall consist of a local reservoir and a positive displacement
pump capable of supplying water through a regulating valve, easily and
accurately controllable by the nessleman, in sufficient amount and at
pressure recommended by the manufacturer of the delivery machine. The
entire system shall be sc arranged that the nozzleman may use ajir and
water in any combination to prepare surfaces on which shotcrete will be
applied.

Wet Mix Process. Placing equipment for wet-mix process shall be capable
of handling and applying shotcrete contajining the specified maximum size
aggregate and accelerating and hardening admixture.

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 manufacturer of the machine. No air supply system shall be
used that delivers air contaminated by oil or that is incapable of
maintaining constant gressocre.
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3.04

3.05
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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 ctipe shall be available to remove dust
and rebound during shotcrete application.

4. The equipment shall ke maintained in clean and proper operating
condition satisfactory to the Engineer.

SHOTCRETE 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 combination water and high velocity
air jet. The surface shall be moist at the time 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 tc 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 approximate 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.

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.

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.

Rock reinforcement shall be installed prior to applying the first full
layer of shotcrete in accordance with the ROCK REINFORCEMENT Section
except between Station NR 28400 and NR 29+10 and in other, localized
areas where, in the opinion of the Contractor and the Engineer an

immedi ate 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 be built up in individual layers not more
than four inches thick.

SHOTCRETE APPLICATION. Between approximately Station NR 28440 and Station
NR 29+10 the roof of each drift shall ke shotcreted individually at the
heading,

FIELD QUALITY CONTROL.

A.

Inspectiaon. The Engineer will inspect each shotcrete layer visually and
by sounding with a hammer. ®"Drummy" sounding shotcrete shall be
considered as defective shotcrete.

Test Cores.

1. The Engineer 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. 1I1f 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
1977
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determined by the Engineer shall be removed and replaced with rew
shotcrete.

3. Additional specimens may be required at any time by the Enginecr.
Should additional specimens gshow acceptable strength, the Contractor
will be reimbursed for the cost of obtaining such additional cores.
should these specimens fail, the cost ¢f 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 accordarce with ASTM
C42, Cores with obvious defects shall not be tested; additional cores
shall be taken as required. If the average strength of each se+ of
thesa 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 defectiva shotcrete.

Such remedial work shall be performed at no additional expense to the
Authority.

D. If the shotcreting system selected by the Contractor fails to proviie
satisfactory in place shotcrete in accordance with these specifications,
as determined by the Engineer, the Contractor shall be regquired to
change to another system of either of the two processes.

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.

DEFECTIVE SHBOTCRETE. Shotcrete which lacks uniformity, exhibits
segregation, honeycombing, 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.

END OF SECTION
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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-fiber-reinforced shot-
crete was very similar to that of corresponding conventional
shotcrete. At 8 to 12 hours, samples of steel-fiber-reinforced
shotcrete with a new organic accelerator (Dryshot) 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
Sigunit mixes. The compressive strength of steel-fiber-
reinforced 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-
reinforced 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.
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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.1l/

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. 1In 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 1lit-
tle chance for prehydration or for waste of 1large volumes of
batched materials. The batching equipment was checked periodi-
cally to insure that the materials were being supplied in the

newly specified proportions.

1/ Fernandez, G., J. W. Mahar, and H. W. Parker, "Structural
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 time regquired 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. Liguid 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-

pea" gravel

gates were used in these tests. A natural, round,
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. Steei Company and are designated

as U.S. fibers.
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d. Mix Design

The standard mix in the tests corresponded to a 7 bag
(658 1lbs. per cubic yard) mix. The batch proportions, per cubic
vard, are given in Table VIII-1.

Table VIII-1
STANDARD MIXES USED IN TESTS

Standard Conventional Standard Steel-fiber-
Shotcrete Batch reinforced Shotcrete Batch
Welghts (1bs) Weights (1bs)
Cement 660 660
Fine Aggregate 1790 1790
Coarse Aggregate 1300 1300
Fibers - 115
Total 3750 3865

As indicated in Table VIII-1, the fine 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 initially 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)3/ 3 to 13 minutes range. The accelerator dosage
was varied for some tests in order to fill overhead panels and

reduce lamination. (See Chapter VII, Section 7.3.2 for details.)

2/ Blanck, J. A. (1974), "Shotcrete Durability 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 shooting listed in Table VIII-2.

Table VIII-2
DATES OF SHOOTING

Series

Day 1 June 27, 1978

1 Day 2 June 28, 1978
Day 3 June 29, 1978
Day 4 November 16, 1978

2 Day 5 November 18, 1978
Day 6 March 22, 1979

3 Day 7 March 23, 1979
Day 8 March 24, 1979

For ease of reference, they will be referred to in this
report as shooting day 1 to 8. Specific 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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MIX CHARACTERISTICS

Table VIII-3
MIX CHARACTERISTICS AND CORRESPONDING WOOD PANELS SHOT

NUMBER OF PANELS

Coarse Dosage Fiber Vertical Overhead
Day Aggregate Admixture % % No. Code No. Code Total
1 natural SIGUNIT 2 - 2 S-1-v 2 S-1-1 4
1 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 1 S~-2-F-H 3
3 crushed SIGUNIT 2 - 2 CS-3~Vv 2 CsS-3-H 4
3 crushed DRYSHOT 1.3 - 2 CD-3-V 1 Ch-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 - 1 CS-6-V 0 1
7 crushed DRYSHOT * 4.0 -~ 1 CD-7-V 0 1
8 crushed SIGUNIT 1.5 3 3 CsS~-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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Table VIII-4
EXPLANATION OF PANEL-MIX DESIGNATION

V = Panel shooting position (vertical = V;
horizontal = H)

F = Fiber mix (in conventional mixes the letter F is
dropped)

2 = Day of shooting
S = Admixture type (S for Sigunit; D for Dryshot)
C = Type of coarse aggregate*

* C indicates crushed stone mixes; the letter C was dropped
for mixes in which natural gravel was used.

8.5 COMPRESSIVE STRENGTH OF FIBER SHOTCRETE FROM WOOD
PANELS

The primary emphasis of this portion of the testing
program was on the determination 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.

Table VIII-5

COMPRESSIVE STRENGTH TESTING PROGRAM
STEEL-FIBER-REINFORCED SHOTCRETE

Quantity of Core Samples Tested At:

Mix-Code 8-12 hours 3 _days 28 days Total
S-2-F-V 6 6 6 18
S-2-F-H 3 3 3 9
CS-4-F-V 6 6 6 18
CS-4-F-H 0 3 3 6
CD-5-F-V 0 6 6 12
CS-8-F~V 3 3 3 9
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8.5.3 Evaluation of Compressive Strength Results of Young

Shotcrete

Since 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
mi xes 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 12 HOURS

Average

Compressive Standard
Panel Age No. of Strength Deviation
Mi x Hours Specimens f'c (psi) (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, of Dryshot fiber-reinforced mixes
could not be obtained in this testing program. This indicates
that, at early ages, steel-fiber-reinforced mixes with Sigunit
admi xtures would provide a better and sounder in-situ shotcrete

material.

Reductions in the Sigunit 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 variations 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 evaluate the strength/time relationship for each 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 VfII—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 wvariations 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 SHOTCRETE

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 148
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, since
Dryshot 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-S8.

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
Mi x 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 Sigunit and Dryshot admixtures are plotted with re-
spect to time in Figures VIII-4 and VIII-S.

As indicated in Figure VIII-4, fibrous shotcrete with
normal 1.5 percent to 3 percent Siqunit 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 Sigqunit 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 Siqunit 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 1line, 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 normal varia-
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 scatter.

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" by 12"
cylinders of ordinary concrete at 28 days (Troxell, et al.,
1968)3/. 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
reinfoiced Dryshot mixes are shown in Figure VIII-5. As indi-
cated 1in 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 fiber-shotcrete

panels.

3/ Troxell, G.E., H.E. Davis, J.W. Kelly (1968), Composition and

Properties of Concrete, Second Edition, McGraw-Hill, pp. 5713.
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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 uniform 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:

= flexural stress (modulus of rupture)

-

= maximum applied load
span length

= average width of specimen at the failure section

Qo * T M
"

= 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., 1975)&/, 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 1is 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 og/oe = 0.19, which
has usually been found reasonably helpful (Parker et al., 1975)
in averagiﬁg data obtained from previous field tests.

A plot of the flexural ratio, J¢, versus the compres-
sive strength o, for the mixes tested is shown in Fig. VIII-8.
As indicated in this figure, at approximately one month the og/0.
ratio for the mixes tested was 0.13 and 0.17. The ratio for
ordinary concrete with similar compressive strength ranges
between 0.11 and 0.14 (Troxell et al., 1968). The difference may
be explained by the higher cement content of the in-situ

shotcrete.

Similar field tests carried out previously (Parker, et

al, 1975) indicate a tendency for the flexural ratio to decrease

4/ 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-day 10-day 28-day
Flexural 1005
Strength 742 705 714 861
Op 1241 881 839 871
(psi) 1257
Average Compressive
Strength, f', (psi) 6150 4600 6000% 6480
Flexural 0.16
Ratio = cf/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 time, Figure VIII-S8. 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 o0ld) 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 1liners performed at the University of Illinois
(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,, than those observed in the laboratory (a, varied from
0.07 fo for Test No. 4, to 0.15 f, for Test No. 2, which exhi-
bited slight curvature; values of a, = 0.05 fo 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, fg, equal to 0.1 f,, 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 f, (540 psi), as compared with 0.1 f, 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 irregularities;Athus,
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 phe 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 VITI-10

Summary of Shotcrete Capacity Tests. Atlanta Research Chamber.

Test Configuration Shotcrete Reinforcement Failure Capacity f'c Thickness Capacity Shear  Adhesive
No. Age Mode Strength Strength
psi in. 1b f3 a,
1 Arch 10 hr. None Shear P=fy.H.2L 1400 8 52,000 0.10 f£'¢ -
2 Flat 24 hr. None Adhesion P = 2 a5 . 2L 3500 8 50,000 - 0.15 f'4
3 Arch 7 hr. Fiber (3%) Shear P = fd . h.2L 400 4.5 7,000 0.08 f'. -
4 Flat 11 hr. Fiber (3%) Adhesion P =2 ag . 2L 900 4.5 6,000 - 0.07 £'
f'c = compressive strength of the shotcrete, measured in prismatic, 3 in. x 3 in. x 6 in. samples.
fd = shear strength developed along the shotcrete layer.
ag = adhesive strength developed between the shotcrete layer and the rock.
L = width of the shotcrete layer (24 in.)
H = thickness of the shotcrete layer.
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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-

reinforced 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 collected 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 delivery 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 1less 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 until 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 Jjack 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 vibra-

tions of the drilling equipment during the coring procedure.

The results of these few tests are shown in Table VIII-
1. As indicated by this Table, the adhesive strength of the
steel-fiber-reinforced shotcrete was 0.02 £, and that of the con-
ventional (non-fibrous) shotcrete ranged from 0.03 £, to 0.05 f..

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 to indicate that £fiber
shotcrete has a slightly lower adhesive strength than
conventional shotcrete.

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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TABLE VIII-11

PULL OUT TEST AT 28 DAYS

Mix Test a, (psi) f'c ao/f'C
No. Adhesion (psi)
D-7 1 220 7400 .03
2 375 7400 .05
S-8-F 1 129 5900 .02
2 130 5900 .02

WP-H-139







ADMIXTURE

Dryshot

Dryshot

Dryshot

None-Cont

NOTES:

WP-H-139-VIII*

TABLE VIII-A-1
CUBE COMPRESSIVE STRENGTH TESTS
ATLANTA RESEARCH CHAMBER
ATLANTA, GEORGIA

DOSAGE COMPRESSIVE STRENGTH, IN PSI, AT INDICATED AGE
8 hours 24 hours 3 days 7 days 28 days

1% 20 90 - - 5750

30 - - - 6120

30 - - - 6200

(30) (90) --= - (6020)

3% 160 220 - 4710 6550

160 220 - 4650 6790

160 220 -- 4560 6780

(160) (220) - (4640) (6710)

6% 630 2280 - 5900 7590

620 2290 - 6050 7640

590 2320 - 6050 7640.

(610) (2300) - (5940) (7540)

rol Mix - - 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
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 1% 370 2110 - 4080 5490
350 2100 - 4170 5410

350 2130 - 4100 5550

(360) (2110) - (4120) (5480)

Sigunit 33 360 2090 - 2870 4150
350 2110 - 2830 4150

370 2080 - 2970 4000

(360) (2090) - (2890) (4100)

Sigunit 6% 1080 2250 - 3860 4530
1110 2300 - 4000 4390

1080 2350 - 3750 4610

(1090) (2300) - (3870) (4510)

None-Control Mix -- - 3160 4190 7390

- - 3160 4360 7200

- - 3050 4100 7260

- - (3120) (4220) (7280)

NOTES: 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.
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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 1is 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
compatibility between cement and accelerator may be considered
acceptable if the initial set is less than 3 minutes and the
final set is less than 12 minutes (Blanck, 1974).
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ADMIXTURE

Sigunit(8010)
Sigunit(8010)
Sigunit (8010)
Sigunit(8010)
Sigunit (8010)

Sigunit(8010)
Sigunit(8010)
Sigunit(8010)
Siqunit (8010)

Dryshot (7005)
Dryshot (7005)
Dryshot (7005)

Dryshot (7005)
Dryshot (7005)
Dryshot (7005)
Dryshot (7005)

Dryshot (7005)
Dryshot (7005)

Siqunit (8010)
Siqunit(8010)

Sigunit(8010)
Sigunit(8010)

TABLE VIII-B-1
TIME OF SET DETERMINATIONS
ATLANTA RESEARCH CHAMBER

ATLANTA,

DOSAGE

3%
3%
3%
3%
3%

6%
6%
6%
6%

3%
3%
3%

6%
6%
6%
6%

3%
3%

6%
6%

3%
3%

GEORGIA

WATER : CEMENT

RATIO INITIAL SET
0.40 Tm 45s
0.35 1m 25s
0.35 im 30s
0.35 1m 20s
0.30 15s
0.40 Tm 30s
0.40 2m 30s
0.35 Tm 40s
0.35 2m
0.40 Tm 20s
0.35 50s
0.30 30s
0.40 im 30s
0.35 m 5s
0.33 im 5s
0.30 35s
0.35 1m 45s
0.30 Tm 30s
0.40 2m
0.35 Tm 30s
0.35 2m
0.30 Tm 20s

FINAL SET

2h 30m
36m

9m
>12m

1Th 55m
2h
6m
8m

>10m
>10m
8m

>15m
9m
Sm
6m

>8m
>8m

>8m
>8m

>10m
5m 30s




TABLE VIII-B-1 (CONTINUED)
TIME OF SET DETERMINATIONS
ATLANTA RESEARCH CHAMBER
ATLANTA, GEORGIA

WATER : CEMENT

CEMENT TYPE ADMIXTURE DOS AGE RATIO INITIAL SET FINAL SET
Medusa I Sigunit 1% 0.48 37m 120m
Medusa I Sigunit 1% 0.48 >20m -
Medusa I Sigunit 1% 0.43 13m >60m
Medusa I Sigunit 1% 0.40 13m >60m
Medusa I Sigunit 3% 0.40 4m30s 60m
Medusa I Siqunit 6% 0.40 6m 22m
Medusa I Sigunit 6% 0.40 9m45s >75m
Medusa I Dryshot 1% 0.40 11mé45s 27m
Medusa I Dryshot 3% 0.40 7m 14m30s
Medusa I Dryshot 3% 0.40 4m30s 14m30s
Medusa I Dryshot 6% 0.40 4m45s 9mi15s
Medusa I Dryshot 6% 0.40 4m 9m30s
Signal Mtn. I Sigunit 3% 0.40 2m30s >60m
Signal Mtn. I Sigunit 6% 0.40 5m15s >60m
Gifford Hill I11 Sigunit 1% 0.4 5m15s >30m
Gifford Hill III Sigunit 3% 0.43 3m >60m
Gifford Hill ITI 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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COMPRESSIVE STRENGTH OF FIBER

TABLE VIII-C-1

REINFORCED SHOTCRETE AT 8 TO 10 HOURS

Sample

Number

S-2-F-H-1
S-2-F-H-2
S-2-F-V-1
S-2-F-V-2
S-2-F-V-3
S-2-F-V-4
S-2-F-V-5
S-2-F-V-6
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

WP-H-139-VIII*

Unit
Age Weight
Hours (p.c.f.)
8.4 139.8
8.5 143.1
8.5 148.8
8.5 150.7
8.5 144.7
8.6 148. 1
8.6 143.0
8.7 145.5
10.1 135.7
10.0 140.3
10.0 136.9
9.6 146.7
9.7 143.7
9.7 145.6
12 -
12 -
12 -

L/D

.73
.82

.91
1.10
1.14
1.32
1.14
1.14
1.03

.97
1.03
1.00

1.03
1.03

1.06
.99
1.03

Failure
Stress

(psi)

2170
2010

1980
2080
1820
1790
1400
1490

1140
1600
1750
2580
2610
2480

1061
1102
1283



TABLE VIII-C-2

COMPRESSIVE STRENGTH OF FIBER
REINFORCED SHOTCRETE AT 3 DAYS

Sample
Number
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Unit
Weight
(E.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

L/D

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
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Unit
Weight
(p.c.f.)

144.9
142.2
144.7

148.7
151.9
142.8
150.3
148.9
155.8

142.9
145.1

143.9

149.7
148.9
145.0
150.1
149.9
148.7

146.1
142.9
143.1
149, 4
148.2
148.6

143.8
143.1
143.7

L/D

1.33
1.21
1.19

1.09
1.24
0.97
1.07
1.09
0.90

1.03
1.02

1.00

1.01
1.05
1.02
1.01
1.00
1.01

Failure
Stress

{psi)

3170
3540
4100

3700
3640
3960
4590
3840
3750

4385
3680
4670

6220
7215
7000
7500
8345
6365

7780
6930
6505
10115
10610
10045

6249
6258
6928



MONOGRAPHS

NBI-H-139-C1






MONOGRAPHS - SUMMARY AND OVERVIEW

Don Rose
Supervising Civil Engineer
Tudor Engineering Company

San Francisco, California

Summary

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.

Subsgequently, to balance these predominently 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 Weatherl 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
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A series of generally technical monographs follows the
overview papers. Modern instrumentation for tunnels is discussed

(by Weir-Jones), followed by a monograph on modern blasting (hy
Oriard). Three-dimensional finite element method (FEM) of com-
puter analysis is the subject of the next two monographs (by
Azzouz, Finstein 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 1live 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 monographs on NATM and the Furopean
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 1light 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-
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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, 1legal, and 1insurance experts all
expressed optimism in improving North American tunnel practices.

Owners remain to be convinced that new ideas are better ideas.
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AN ENGINEER'S OVERVIEW ON TUNNELING

Don Rose
Supervising Civil Engineer
Tudor Engineering Company
San Francisco, California

Introduction

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 1is 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. v

1/ "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
manipulatioh 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.
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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 often 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 2/ 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

2/ "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. BAmong 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. 1In 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<§/

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

3/ 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 authoritative 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 tunnel 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 1is
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 1its 1limitations.
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 parametric 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 1initial ground pressure.
Hence, no real tunnel 1lining will ever take the heavy ground
loads of a perfectly rigid 1lining, 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. Heavy steel supports are usually not
required.

For some 1lining 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.

Howevér, we must not misunderstand the situation regard-
ing North American tunnel theory. It has its place. There is no
doubt that Karl Terzaghi's arithmetiq 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-
guired 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 1lining, for
instance, FEM idealized computations indicate the shotcrete will
be stressed to its 1limit 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
are 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, since
dead loads of 1loose 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 1low-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
plagques 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 overconservative 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 will
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 other 1loss, and neither American contractors nor
engineers have any desire to altruistically accept these risks of
potential loss. 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 will, simultaneously,

hold engineers and contr