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CHAPTER l 

INTRODUCTION 

Reinforced concrete segmented tunnel liners have the potential 

for providing substantial cost savings over steel liners. This i s particu­

larly true with the recent increases in steel prices; yet they are se ldom 

used. Thd cost advantage of concrete segmented liner, could be increased 

further by eliminating some or all of the tie bars and shear reinforcement 

in each segment. This may be poss ible with a better understand ing of the 

behav i or of a segmented liner under loading cond itions that occur in the 

ground . Also, it may be possible to replace part or all of this secondary 

rei nforcement with randomly oriented steel fibers i n the concrete. The steel 

fibers also provide resistance to chipping and other damage during handling 

and e rec t i on . 

Glass fiber reinforced conc rete segments have been used to rel ine 

a 1.7 m diameter existing sewer in England by bolting toget her t he segments 

inside the old tunnel and grouting them in place (BRE News, 1974). The 

segments, cast by Kinnear Moodie Concrete, Ltd., were 10 mm thick and weighed 

50 kg each. The success of this project suggests the advantages of f iber 

reinforcement for segments. Steel fibers appear to present some advantages 

of strength and toughness, but have the possibl e disadvantage of corrosion. 

Analysis and testing is underway to improve the understanding of 

overall behavior and fa ilure modes of tunnel liners. Part of this 

program is described in this report. One object ive of the tests reported 

herein is to improve the techni ques for predicting the load capacity of 
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liners, particularly those constructed of steel-fiber-reinforced concrete. 

The failure mechanism of a liner section subjected to the combinations of 

thrust, shear and moment associated with ground loading is not well under­

stood and cannot be inferred easily from conventional tests. 

There are two significant problems associated with segmented con­

crete liners: damage during transportation, erection, and waterproofing. 

Waterproofing of segmented concrete liners is such a great problem that 

this type of liner has been used very little in the United States in 

ground with significant water present. Sound concrete can be waterproofed 

adequately as shown by its use in sewage treatment tanks and other struc­

tures of this nature. The primary problem occurs in waterproofing of j oints 

that will deform during the life of the liner. Through an improved under­

standing of joint behavior and of the interaction between joints and seg­

ments in the liner, it may be possible to design liners with joints such 

that the overall deformations can occur without significant joint deforma­

tions. The waterproofing of joints would then be much easier and will hope­

fully make possible the design of an ine xpensive and easily installed water­

proofing system. The segment itself may be more di fficult to design as it 

will be required to deform without excessive cracking. To this end struc­

tural tests of complete liners and of joints are descri bed. 

A series of beams that were cast with steel-fiber-reinforced 

concrete and designed to fail in shear was tested, and the results are des­

cribed in Chapter 2. These tests are used to develop a means for predicting 

shear strength of beams. The long range purpose of the effort is to obtain 

information which will be useful in predicting the shear capacity of 
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segmented liners constructed of steel-fiber-concrete. An equation of the 

form used in Building Code Requirements for Reinforced Concrete (ACI 318-71) 

is obtained from the test data in Chapter 2, and is later used to predict the 

capacity of liners that were also tested. 

Chapter 3 describes the structural testing of segment joints simi­

lar to those that were used in large scale liner tests. The specimens were 

subjected to eccentrically applied load, so thrust and moment in various 

combinations were present at the joint. They were cast with steel-fiber­

reinforced concrete, and during the test the joint opening and overall defor­

mation were measured. Tentative methods for predicting the strength of 

joints of the type tested are presented. 

Tests of three circular, segmented, steel-fiber-reinforced-concrete 

liners are described in Chapter 4. They were 10 ft (3.05 m) outside diameter 

and loaded with hydraulic rams in a manner that approximates a ground loading 

and includes a passive loading mechanism to represent the passive forces near 

the springlines. There were 6 segments and a key in each ring and the seg­

ments were ribbed to allow bolting them together. Two tests were on single 

rings of segments, and the third test was on 3 rings bolted together. These 

tests, together with the results described in Chapters 2 and 3, may be used 

to formulate procedures for determining the interaction between joints and 

segments in a ring and the interaction between rings. This information will 

allow the prediction of liner deformability for use in predicting its be­

havior in the ground. In addition, methods can be formulated for predicting 

liner capacity and modes of failure which will allow liners tn hR 

designed for varying ground conditions and improvement of designs. 
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The research described in this report concerning the behavior of 

segmented liners is the first phase of a continuing program in this area. 

Additional tests will be performed, and analytical procedures will be de­

veloped to aid in the prediction of interaction of the liner with the ground 

and the structural response of the liner. 
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CHAPTER 2 

SHEAR STRENGTH OF STEEL-FIBER-REINFORCED CONCRETE BEAMS 

2.1 INTRODUCTION 

A series of seven singly reinforced beams made of steel-fiber­

reinforced concrete that were designed to fail in a mode designated classi­

cally as 11 shear" were tested. There was no shear reinforcement in the beams. 

The purpose of the study was to determine a procedure for predicting the 

shear capacity of segmented concrete liners made with steel-fiber-reinforced 

concrete. Liners of this type were tested and are reported in Chapter 4. 

The ACI Code formula for shear capacity prediction for conventional 

beams was altered to provide satisfactory prediction of steel-fiber-reinforced 

beam capacity. This formula was then modified to account for axial load and 

shape of section so that it could be applied to the segmented liners. The 

modification used for thrust was taken from the Building Code Requirements 

for Reinforced Concrete (ACI 318-71; 1971), and that for shape of section 

from the ACI-ASCE Task Committee 426 Report (1973). The modifications for 

conventional concrete were applied directly to steel-fiber-reinforced con­

crete because they are related primarily to the compressive strength of the 

concrete, which changes very little with addition of steel fibers. 

Two variables were considered: amount of steel fibers in the 

concrete, Pf, and shear span, a, the latter being an indication of the 

moment-shear ratio. Table 2. l summarizes the material properties of the 

beam specimens, steel fiber content and the geometric variables. The steel 
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fibers used were U.S. Steel Fibercon with di men sions 10 mils x 22 mils (0.25 

mm x 0.56 mm) cross section by 1 in. (25 mm) length, with a volume content 

ranging from 0.24 to 1.51 percent. These fibers are sheared from sheet 

steel with a thickness of 10 mils (0.25 mm ) . The surface of the fiber 

resulting from the shearing operation may influence the concrete-steel bond 

characteristics. 

Behavior of beams that suffer distress due to shear forces will 

be reviewed briefly. As loading of a member subjected to flexure and shear 

progresses, vertical flexure cracks normally appear first , and result from 

tension stresses in the direction of the long itudinal axis of the beam . 

This stress is maximum at the bottom of the member. In the region of the 

member subjected to shear force, there are shear stresses on a vertical 

section through the member which are maximum at or above the midheight of 

the member and zero at the top and bottom faces. The horizontal shear 

stress is equal to that on a vertical section so these two shear stresses 

result in a tension stress on a 45-degree pl ane. This tension stress also 

increases toward the midheight of the member from zero at the top and bottom 

faces. The flexure crack due to tension progresses vertically as load is 

increased; tension above this crack on an inclined plane due to the shear 

stress increases also causing the principal tensi on stress from the flexure 

and shear combined to be inclined, and, thus, the tension crack to become 

inclined. When this occurs, the first inclined cracking is said to occur. 

ii;~{~~~i~~~t ·rnc,1,..i-ned cracking load is significant because it is an 

indication that the shear stresses are large enough to cause the combined 

tension stress to exceed the tensile strength of the concrete. The load 
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at which this occurs is not just a function of the shear, but depends on 

the relative amounts of flexure and shear. For example, if there is less 

flexure, the flexure cracks will not progress as high in the beam, so a 

greater shear force must be applied to reach the critical shear stress that 

will cause inclined cracking. 

Inclined cracking may or may not cause collapse of the member. 

There are two mechanisms (at least) to resist the shear forces,and the 

tension stress across a potential inclined crac k is one of them. Once the 

inclined crack develops, the shear force may be resisted by a shear force 

in the compression region of concrete above the neutral axis. If the shear 

capacity of the latter mechanism is larger than that which developed the 

inclined crack, the mechanism of resistance will be changed and more load 

can be added until the concrete in the compression region fails due to the 

combined forces, and a "shear-compression" failure is sa id to occur. If the 

shear capacity of the latter mechanism is smaller, ~ollapse will occur imme­

diately, and a diagonal tension failure is said to occur. This brief dis­

cussion i s illustrated more completely in Fig. 2.1. 

The type of failure that occurs is closely associated with the 

relative amounts of moment and shear in beams and for simple beams this can 

be related to the length of the shear span divided by the effective depth 

of the member (a/d). The important point is that this ratio is also a mea­

sure of the relative amounts of flexure and shear stresses in the member. 

Figure 2.2 shows the range of a/d ratios associated with various 

types of failure as described by the Joint ASCE-ACI Task Committee 426 on 

Shear and Diagonal Tension (1973) for conventional concrete beams; the 
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approximate range of a/d for flexura l failures was taken from a series of 

tests reported by Kani (1964). The range O < a/d : applies to deep beams 

in which a significant amount of the load is resisted by an arch that forms 

in the shear span between the load point and react ion . 

In the range l < a/d: 2.5 failures shown in Fig. 2.2d and 2.2e 

may occur, and are called shear-tension and shear-compress i on failures. 

The former type results from insufficient anchorage of the tens ion reinforce­

ment and can be avoided with proper detailing. One beam in the present study 

failed in this way, but is not inc luded in the data used to develop the 

formulas for predicting shear strength. Shear-compression failures are the 

type described earlier that result when the resisting mechanism changes after 

a diagonal crack has formed, and finally the compression region fails from 

compression and shear after the application of additional load. Though the 

final collapse is sudden, the diagonal crack formed at a smaller load so 

distress i s indicated before failure occurs. 

In the range 2. 5 < a/d: (5-8) diagonal tension failures occur in 

which the member collapses upon formation of the critical diagonal crack 

because the shear-compression mechanism has less capacity than that of the 

diagonal tension in the member. This failure is very sudden, and has no 

prior indication. The diagonal crack must have a particular location to 

cause failure . Some inclined cracks may appear at the end of flexure cracks 

and not propagate through the beam and result in failure, either because 

they are too near the end of the specimen where the flexure is low, or they 

are too close to the load so the crack would propagate into the zone under 

the loading block where large localized compressive stresses exist. 
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Long beams fail in flexure and are not significantly influenced 

by the shear forces though some inclined cracking may occur due to shear 

stresses (Fig. 2.2g). 

The behavior of beams fabricated using steel-fiber-reinforced 

concrete will differ in some details from that described for conventional 

concrete beams, but the overall modes of failure will be very similar. 

Therefore, the available information on conventional beams provided a 

valuable guide in the investigation. 

2.2 DESCRIPTION OF TEST 

The specimens were singly-reinforced, steel-fiber concrete beams 

measuring 6 x 12 in. (150 mm x 300 mm) in cross section with lengths of 

51 to 120 in. (1.3 m to 3 m). They were tested as simply-supported beams 

by applying two concentrated loads at the top of the member; the beam span 

and spacing of the loads are described in Table 2.1 and the nomenclature is 

defined in Fig . 2.3. 

The load was applied by a hydraulic ram operated by an electric 

pump. Three load cell s were used: one at the ram and one between a distri­

buting beam and the test specimen at each of the two load points, as shown 

in Figs. 2.3 and 2.4. A steel ball was used under the top load cel l and 

steel rollers at the two load points on the beam. 

In order to produce failure on one side of the beam so that only 

one side need be instrumented.an external clamp was used on one shear span 

(region of constant shear). The clamp consisted of a steel plate 9 in. x 

5 in. x 3/4 in. (229 mm x 127 mm x 19 mm) on the top and bottom of the beam 
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Specimen pf f' 
' 

C 

percent psi 
by VO 1 . (MPa) 

0.90 4410 
(30.40) 

2 0. 24 5140 
(35.45) 

N 3 0.91 5170 I 
ex, (35.65) 

4 0,93 5810 
(40.05 

5 0.25 6560 
(45.25) 

Tl 1.51 7950 
(54.80) 

T2 1.51 7960 
(54.90) 

TABLE 2. 1 

DESCRIPTION OF TEST SPECIMENS 

f f a, r ct 
psi psi in. 

(MPa) (MPa) (mm) 

555 525 22 
(3. 85) (3.60) (560) 

670 425 22 
( 4. 60) (2. 95) (560) 

710 610 17 
( 4. 90) (4.20) (430) 

780 630 44 
(5.40) (4.35) (1120) 

650 560 44 
(4.50) (3 .85) (1120) 

1320 not taken 44 
(9.10) ( 112 0) 

1370 not taken 22 
(9.45) (560) 

L, d' a/d, A 

in. in. 
P = _s_ 

w b d 
(mm) (mm) w 

66 9.6 2.3 0.0208 
(1675) (245) 

66 9.6 2.3 0.0208 
(1675) (245) 

51 10. 1 1. 7 0.0198 
(1295) (255) 

120 l O. 1 4.4 0.0198 
(3050) (255) 

120 1 0. l 4.4 0.0198 
(3050) (2 55) 

120 l 0. 1 4.4 0.0198 
(3050) (255) 

66 1 0. 1 2.2 0. 0198 
(1675) (255) 
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pulled together by two steel rods 7/8 in. (22 mm ) diameter. This clamp is 

shown in Figs. 2.3 and 2.5. Load was appl ied at a rate of approxi mately 

1000 lb/min (4.5 kN/min) at each of the two load points. 

The test data consisted of the fol lowing: ram load, two concen­

trated loads on the beam specimen, deflections at both midspan and the load 

points, and axial strains in the longitudinal reinforcement at a cross sec­

tion in the shear span located 1.5 in. (38 mm) from the edge of the l oading 

plate, and at midspan. Strains were measured with 1 in. (25 mm) electrical­

resistance wire strain gages. However, for the last two specimens, Tl and 

T2, the data consisted only of the three loads and deflections . Photographs 

of the test arrangement and instrumentation are shown i n Figs. 2.4 and 2.5. 

All strains and loads were read with a portable strain indicator. 

The constituents used in the mixes for each test specimen are 

listed in Table 2.2, converted to a saturated surface-dry moisture state 

of the aggregates, i.e., SSD. 

For the first five specimens, l through 5, mi xing was done in 

the laboratory, using a cylindrical six-vane mixer, but one of these vanes 

was removed to reduce balling of fibers. The procedure in mi xing consisted 

of adding to the mixer the required quantities of cement and aggregates, 

distributing the fibers to this dry mixture while the mixer was in opera­

tion, adding the water containing an air entrainer in solution, and mi xi ng 

for three minutes thereafter. 

The last two specimens, Tl and T2, were prepared in a drum-type 

mix truck. Mixing was done at a commercial batching plant, and the sequence 

in mixing consisted of the following : the mix truck was fi rst loaded with 
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TABLE 2 . 2 

CONCRETE MIX QUANTITIES 

-------
Cement 1 • Sand, Gravel , Fibers, Water, Air entr. Cement ~.Jater , Fiber 

Speci men fa cto r , Cement co ntent, 
lb/ cu yd lb/cu yd lb/cu yd lb/cu yd lb/cu yd fl .oz/cu yd sacks/cu yd by weight percent 
(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (cm3/m3) (sacks/m3) by VO l. 

-------------

544 1629 1095 120 307 13.4 5 . 8 0.56 0.90 
(322.5) (966.5) (649.5) (71 . 0) (182.0) (520) (7.6) 

2 587 1384 1390 32 276 14.6 6 . 2 0 . 47 0.24 
(348 . 5) (821.0) (824 .5 ) ( 19 . 0) (163.5) (565) (8.2) 

3 547 1638 1102 121 314 l 0. 1 5.8 0 . 57 0.3 1 
(324.5) (972. 0) (654.0) (72 .0 ) (18n.5) (390) (7.6) 

4 556 1662 11 20 123 31 6 6.9 5.9 0.57 0.93 
N (330.0) (986.0) (664.5) (73.0) (187.5) (265) (7. 7) I __, 
w 

5 594 1400 1402 33 275 7.8 6.3 0.46 0.25 
(352.5) (830.5) (832. 0) (20.0) (163.0) (300) ( 8. 3) 

Tl 800 1476 1065 200 469 none 8 . 5 0.59 1.5 1 
(474.5) (875.5) (632.0) (118.5) (278.0) ( 11. l ) 

T2 800 1476 1065 200 469 none 8.5 0.59 1.51 
(474.5) (875. 5) (632.0) (118.5) (278.0) ( 1 l. l) 

----- ---

1 Cement type I for 1 through 5; cement type III fo r Tl and T2 . 



the gravel, then portions of sand and fibers were added intermittently fol­

lowed by 2/3 of the total water and the total amount of cement required; 

finally, the rest of the water was added in three steps to reach the desired 

slump. The truck arrived at the laboratory, just prior to casting, with a 

count of 110 drum revol utions. 

The material was consolidated in the forms by external vibration, 

with care exercised to minimize segregation of aggregates and fibers. Oc­

casional balls of fibers were encountered in the concrete coming from the 

mix truck and were removed. Table 2.3 contains the results of tests made 

on the fresh concrete, together with concrete ages and days of moist curing. 

The method of curing consisted of covering the specimens first with wet 

burlap, and finally with a layer of polyethelyne plastic to prevent loss 

of moisture; the burlap was rewet daily for seven days. At the end of 

this period, the specimens were exposed to the laboratory air environment 

of approximately 70 F (21 C) and 58 percent relative humidity until and 

during the beam tests. 

Tests on the No . 7 grade 60 reinforcing bars used for tension 

steel gave a yield stress of 69.l ksi (476 .4 MPa). 

2.3 TEST RESULTS 

Results of the tests are summarized in Table 2.4 , where the load 

at which the flexure-shear crack, Ver' formed, the ultimate load Vu, and the 

failure modes are given. Flexure-shear crack formation was defined as the 

appearance of the first inclined crack at the advancing top of a flexure 

crack. First inclined-cracking load is defined as the condition at which 
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TABLE 2.3 

CURING AND PROPERT IES OF FRESH CONCRETE 

----- - ------ -----
Unit Total Age at time Mo ist cur i ng 

Specimen Slump, 1ve igh t air content , of t est, time, 

in . (mm) lb/cu ft(kg/m3) percent by volume days days 

N 
I _, 

1 4 ( 100) not t aken not taken 28 7 (J1 

2 3 1/2( 90) 136(2180) 8 . 9 29 7 

3 3 1/2( 90) 138(2210) 8 .0 29 7 

4 2 1/2( 65 ) 140(2240) 5.8 34 7 

5 2 1/2( 65) 137(2200) 8 . 2 31 7 

Tl 4 1/2(115) 148(2370) 1. 3 31 7 

T2 4 1/2(115) 148(23 70) 1. 3 34 7 



a (nearly vertical) flexure crack bends to an angle of about 60 degrees 

(1 .05 rad) from the axis of the beam. The ultimate load occurred at final 

collapse of the beam, which was also the maximum load. 

The two basic types of shear failure, shear compression and 

diagonal tension, were obtained in this test series. Photographs of each 

specimen after testing are shown in Figs. 2.6 and 2.7. Additionally, one 

specimen, designated 0, is shown in Fig. 2.6 which failed by shear tension. 

In this case, failure occurred by loss of bond to the longitudinal tension 

steel which was caused by insufficient anchorage as these bars did not have 

an end hook as in the other specimens. For this reason, the test results 

for this specimen were not used in the computations. In Table 2.4, the 

basic mode of failure for each beam is noted and additional features ac­

companying the failures are described. 

Load-deflection curves are shown in Fig. 2.8 for all specimens 

except specimen 1. Deflections at the midspan and under one of the loads 

are shown and indicate low ductility for all specimens except Tl which had 

an a/d ratio of 4.4 and the highest fiber content used, 1.51 percent. The 

large deformation of specimen Tl relative to the others indicates more 

bending deformation resulting from yield of the tension steel, though failure 

was precipitated by an inclined crack. 

Specimens 4, 5 and Tl had a/d ratios of 4.4, lengths of 12.0 in. 

(3050 mm) and fiber contents which ranged from 0.25 to 1.51 percent. The 

load-deflections at midspan are almost identical up to the collapse of 

4 and 5, while the defl ection of Tl continued to about 3 times that of the 

others, as shown below. 
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FIGURE 2.6 SPECIMENS l TO 5 AFTER TEST 
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FIGURE 2. 7 SPECIMENS Tl AND T2 AFTER TEST 
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N 
I __. 

\D 

TABLE 2.4 

SUMMARY OF TEST RESULTS 

- -- ----- -- - - - - - - -- - - - - -

FaiTure 
Specimen a 

V 
1 

V 
1 

crack ang le, 8 , pf d er, u, , degrees (rad) 
percent kip kip 

(kN) (kN) 
- -----·--· ------

0.90 2.3 15.3 23.8 36(0.63) 
(68.0) ( 1 06. 0) 

2 0.24 2.3 12. 2 26 .2 32(0.56) 
(54.5) ( 11 6 . 5) 

3 0.91 1 . 7 15.0 36 . 6 51 (0.89) 
(66 .5 ) (163.0) 

4 0 . 93 4.4 11. 9 15 .4 29.5(0.52 ) 
(53 .0) (68.5) 

5 0.25 4.4 10.6 ]3.8 27.5(0 .48) 
(47 .0) (61 . 5) 

Tl l. 51 4.4 16.8 19.7 31 (0.54) 
(74 . 5) (87 ,5 ) 

T2 l . 51 2.2 17.7 35 . 8 38(0 .66 ) 
(78.5) ( 159.0) 

1one-ha lf the tota l load, including dead weight o f distributing beam and test specimen. 

2Fail ure Types 
SC= s hear compression failure 
DT = diagonal t ension f a ilure 

Addit ional Features 
ancho ra ge= sp l itting cracks around hook of longitud inal rebars 
sp li tt ing= opening of c racks along straight po rti on o f longitud i na l reba r s 
wedge = appearance of tri angular wedge produced by failure mechanism near load 
crack under load= fai l ure s urface extended under load in to fl exure span 

Mode of fa i 1 ure 
2 

SC-anchorage 

SC-anchorage 
crack under load 

SC-splitting and 
anchorage 

DT-spl i tt ing and 
ancho rage. \./edge 

DT-s p l i tt ing and 
anchorage. \./edge 

DT-spl itt inq 
Crack under l oad. 

Partial Wedge 

SC-sp litt ing and 
anchorage 
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f' Pf' 
maximum midspan 

C' deflection, 
Specimen psi (MPa} a/d percent in. (mm) 

4 5810 (40.05) 4.4 0.93 0.64 (16.3) 

5 6560 (45.25) 4.4 0.25 0.60 (15.2) 

Tl 7950 (54.80) 4.4 l. 51 l.88 (47.8) 

Thus, it appears that the increase in fiber content accounts for this addi­

tional ductility by delaying the shear failure, though the hi gher compressive 

strength of Tl may also have influenced this effect. 

Specimens 2 and T2 show (see table below) that for the range of 

a/d from 2.2 to 2.3 and length of 66 in. (1675 mm), an increase in fiber 

content from 0.24 to 1.51 percent does not modify the behavior of the beam 

to give a ductile load-deflection curve as it did for an a/d of 4.4. 

f' Pf' 
maximum midspan 

c' deflection, 
Specimen psi (MPa) Af.2. percent in. (mm) 

2 5140 (35.45) 2.3 0.24 0.33 (8.5) 

T2 7960 (54.90) 2. 2 l. 51 0.34 (8.6) 

The lower group of load-deflection curves for specimens 4, 5 and 

Tl ended with failures that have been classified as diagonal tension while 

the remaining group was classified as having shear-compression failures, 

except for specimen 0. The load-deflection curves are grouped in the same 

way as _the failure mode, as a consequence of the different a/d ratios. In 

these tests, specimens wi~h a/d of 4.4 failed in diagonal tension while 

those with a/d of 2.2 and 1.7 failed in shear-compression. The appearance 

of the two types of failure mode may be observed in the photographs of 

Figs. 2.6 and 2.7. 
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Failure of specimens 4, 5 and Tl may be distinguished from the 

others in two respects, the cracking sequence and the failure crack angle. 

First, the crack growth from ·the advancing tip of the flexure cracks had 

become only slightly incl ined near the upper one-third of the effective 

depth when the failure crack flattened out toward the load point forming 

a wedge in the shear span . Failure was sudden at this point. Second, the 

angle of inclination, e, from the longitudinal axis of the member of the 

failure crack varied from 27.5 to 31 degrees (0.48 to 0.54 rad), increasing 

slightly with fiber content (Table 2.4). In reference to the second group 

(specimens 1, 2, 3, T2), inclined crack growth was mo re gradual and con­

tinuous up to a load at which the crack essentially stopped advancing for 

a few load increments before failure. At failure, the crack terminated in 

crushing near the loading block for beams 1, 2, and 3; for T2 crushing was 

not so obvious, but the inclined crack advanced through the compression 

region . In all cases, the course of failure was more progressive and pre­

dictable than for the diagonal tension failures, though it was still explo­

sive at the final stage. For specimens 1, 2, and T2, inclination of the 

failure surface from the beam axis varied from 32 to 38 degrees (0.56 to 

0.66 rad) with the angle increasing with fiber content. For the final 

specimen in this group, specimen 3, an angle of 51 degrees (0.89 rad) was 

obtained, which falls in the range of inclination for deep beams as sum­

marized by the ASCE-ACI Task Committee 426 (1973) for nonfiber concrete. 

This is indicative of a third mode of failure typically associated with 

shear behavior of deep beams . 

Strains in the tension steel at midspan and in the shear span 
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1.5 in. (38 mm) from the edge of the loading block are shown in Fig. 2.9 

for specimens 0, 1, 2, 3, 4 and 5. The strains at failure of the beams are 

compared with the yield strain of 2350 psi and show that only the steel in 

specimen 4 in this group passed the yield point of the steel, and only by 

about 300 µ. It may be concluded that the tension steel in specimen Tl was 

well into the yield range at failure since the deflection was l arger than 

that for specimen 4. 

2.4 DISCUSSION 

Results of the beam tests are summarized in Fig. 2.10 where the 

shear loads at first inclined cracking and ultimate are divided by b d lfT 
W C 

and plotted against the a/d ratio. This graph shows a strong influence 

of the parameter a/don the results; the effect of different compress ive 

strengths is taken into account by modifying the nominal shear stress 

Vc/bwd by the square root factor. With so few tests, conclusions drawn 

must be tentative, but certain trends can be noted. At the large a/d ratio 

of 4.4, steel fibe r content influenced the ultimate shear capacity as ex­

pected, with an increase in capacity with fiber content; however, the effect 

is not shown as conclusively for a/d ratios of 2.2 to 2.3 . 

First inclined cracking is difficult to detect in the tests, be­

cause cracking i s progress ive. The shear stress influences the flexure 

cracking from the start causing it to be somewhat inclined, but at first 

this influence is negligible. When the crack shou ld be considered inclined 

depends on the judgment of the observers. In these tests, first incli ned 

cracking load was considered to occur when the crack became inclined about 
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60 degrees (1.05 rad) to the axis of the beam. The first inclined cracking 

loads appear more erratic than the ultimate loads in Fig. 2.10 . This re­

flects the observer's judgmen~ and the scatter in the concrete tensile 

strength. These loads show a tendency to increase with decreasing a/d 

ratio as expected, since this ratio is a measure of the relative amounts 

of moment and shear, but the variation of first cracking load is not 

nearly as marked as it is for ultimate load. However, at an a/d ratio of 

4.4 the first inclined crack load increases with steel fiber content, 

because the concrete-fiber composite tensile strength increases with fiber 

content. 

A series of beam tests is reported by Batson, Jenkins and Spatney 

(1972), in which some of the beams failed in shear. Comparison of the pres­

ent tests with one group of results reported by those authors is of interest 

because of the similarity of the results, in spite of the many differences 

in the test specimens. The tests were on beams containing 0.22 to 1.76 per­

cent by volume of rectangular-section crimped fibers. The cross sections 

of the fibers were 0.016 x 0.010 in. (0.41 x 0.25 mm) and 0.015 x 0.025 in. 

(0.38 x 0.64 mm) , and the lengths were 0.75 and 1.0 in. (19 and 25 mm), 

respectively. Concrete compressive strengths varied from 4817 psi (33.20 

MPa) to 5830 psi (40.20 MPa). Figure 2.11 shows the shear stress as a 

function of a/d for the present tests and the range of data for the group 

of tests cited. The same trend is observed in the data and the scatter 

appears well within the range expected for shear failures of beams. The 

shear stress used in this comparison is calculated in the same manner 
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suggested by Batson, et al . and was determined by the formula VQ/It at 

the neutral axis of the beam in the shear span, where 

V = shear force 

Q = first moment of area above the neutral axis about 

the neutral axis 

I = second moment of the uncracked, transformed area 

of the section 

t = width of the beam 

Bui l ding Code Requirements for Reinforced Concrete (ACI -318-71) 

(1971) contains a formula for defining the allowable shear capacity of con­

ventionally reinforced concrete beams without special shear reinforcement 

in terms of stress. 

V d 
= 1.9~ + 

u 2,500 p - < 
w M 

3.5~ psi 

VC = 0.1578~ + 

u 

V d 
17 .24 PW r < 

u 
0.2906~, 

( 2. 1 ) 

MPa (2.1-SI) 

The allowable load corresponding to this stress is given by Ve= vcbwd, 

where 

Ve = total allowable shear force resisted by the concrete at 

the section 

vc = allowabl e shear stress resisted by the concrete at the 

section 

d = effective depth of the beam 

bw = web width or width of a rectangular beam 
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p = A /(b d) w s w 

As = area of tension steel reinforcement 

Vu = total applied design shear force at section 

M = applied design load moment at a section u 

f~ = specified compressive strength, psi in English system 

and MPa in SI system of units 

~ = square root off~, but the units remain psi in Eng lish 

system and MPa in SI system of units. 

Formu l a 2.1 may be divided by IF to give 
C 

= IF 
C 

b d IF 
W C 

= l. 9 + 

V 
C 

17. 25 pw V ud 

IF = 
C 

b d IF 
W C 

= 0.1578 + IF M 
C U 

< 3.5 (2.2) 

< 0.2906 (2.2-SI) 

It is desirable to evaluate the shear strength of stee l fiber 

reinforced concrete beams in these same terms in order to compare the 

strength with conventional beams, and to determine whether the same pro­

cedure, and perhaps the same formula with slight modifications, can be 

used for design purposes. One problem with the comparison is that the 

tensile capacity of fiber concrete varies with fiber content and is not 

reflected we1l by the compressive strength. Thus, if tensile strength af­

fects the shear capacity, a different formula is needed for each fi ber 
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content. To avoid this, the fo rmula can be changed to depend on the modulus 

of rupture, fr' which will then reflect the effect of fiber content. The 

formula for conventional beams will not be changed if a constant relation 

is assumed between f~ and fr. A reasonable relation for conventional con­

crete is fr= 7.5 ~' psi (0.6228 ~' MPa). With this substitution into 

Eq. 2.2, the formula is unchanged for conventional beams and becomes appli ­

cable to fiber reinforced beams. 

2500(7.5) 1.9 + 

< 3.5 

< 3.5 

(2 .3) 

At the capacity of the beam, the resisting shear on the left side of the 

equation (Ve) is taken equal to the design shear on the right (Vu). In 

Fig. 2.12, the dimensionless variable on the left of the equation which is 

a function of shear capacity is shown as the ordinate and the dimensionless 

variable on the right is shown as abscissa for nonfiber concrete beams. 

The equation applies over a part of the range of abscissa, after which the 

limit becomes active. The formula is based on a fit of data consisting of 

194 beam tests (Journal of t he ACI, 1962 ) of constant cross section and 

subjected to one or two concentrated loads in any one span (diagonal ten­

sion cracking occurs in a region of constant shear). The outline of points 

representing the data is shown in Fig. 2. 12 also, where it can be compared 

with the formula. There is considerable scatter in the data and no distinc­

tion is made in the type of failure that occurred. The formu l a is near the 
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lower limit of the data at the left side of the graph which corresponds to 

large values of a/din the range in which diagonal tension failures are 

more likely to occur. As discussed in the last section, these types of 

failure are more sudden and give less warning so greater conservatism is 

desirable. Values of the abscissa from 0.6 and larger apply to deep 

beams. It is also important to note that a particular procedure was used 

to define the moment-shear ratio (Mu/Vu) used for plotting the data, in 

an effort to define the section at which failure actually occurred in a 

consistent manner. This definition may be expressed symbolically as 

shown below, which basically considers the moment at the distanced from 

the load point: 

where 

M 
( max 

V 
d) 

u 

Mmax = maximum moment in the shear span considered 

a = length of shear span defined as the distance between 

a concentrated load and the nearest reaction, that is, 

length or a region of constant shear 

The same definition of critical section was used in comparing the tests in 

this program with the ACI formula. 

The ultimate loads obtained in the 7 tests are shown on the graph 

of Fig. 2.12, and indicate a significant increase in shear capacity over 

those made of conventional concrete except for very low values of the 
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abscissa at the left edge of the graph. In this range, the beams are long, 

shallow and tend to fail in flexure as well as shear. The lowest test 

point, the one that falls below the AC! formula curve, corresponds to 

specimen Tl; this beam had yielded in flexure with a deflection of 1.88 in. 

(47.8 mm) before it failed in shear. It is questionable to consider this 

a shear failure as the shear capacity would have been higher if the failure 

section had not already yielded and deformed a great deal in flexure. 

A straight line fit to the test points can represent a reasonable 

prediction tool for ultimate shear capacity of the fiber-reinforced test 

beams . 

Ve 7.5 1.07 
Vud 7.5 

bwd f = + 20,700 PW Mu f r r 

Ve 7.5 1.07 
pwVud 

(2.4) 
bwd -r; = + 155,000 f M 

r u 

The straight line represented by this formula i s shown in Fig. 2.12, and 

represents the test data quite well. There should be an upper limit placed 

on the capacity, as in the case of conventionally reinforced beams, but it 

is not possible from the data to establish such a limit. 

Axial compression in a member, combined with bending and shear, 

tends to increase the shear capacity . A simple method for taking thrust 

into account is given in Building Code Requirements for Reinforced Con­

crete (1971) that would calculate v from the formula 
C 
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where 

VC = 

N u = 

Nu 
IP' 3.5 ~ /, Nu 

(2.5) 2 ( l - .0005 A) < + .002 A 
C -g g 

design axial load normal to the cross section occurring 

simultaneously with Vu, to be. taken as positive for com­

pression, and to include the effects of tension due to 

shrinkage and creep, lbs 

f t
. . 2 Ag = gross area o sec 10n, 1n. 

The amplification factor used in Eq. 2.5 allows the increase of unit shear 

stress, up to a limit, by the factor 

(l + 0.0005 N /A) 
u g (2.6) 

(2.6-SI) 

and will always result in an increase in shear capacity due to thrust. In 

the absence of data on the effect of axial force on shear capacity for 

steel-fiber-reinforced members it is suggested that this approximate 

relation for conventional concrete members may be applied, though it is 

not possible at this time to determine what the li mit should be. 

A waffle-type segmented liner can reasonably be considered a 

T-beam if the flanges on either side of the segment are considered to form 

the stem of the T. Building Code Requirements for Reinforced Concrete 

(1971) treats T-beams by taking the stem width to be the width of the beam 

for shear calculation purposes. This i s a conservative approach, and the 

ACI-ASCE Task Committee 426 (1973) discusses data that indicates addition 
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of the flange to a beam while keeping the same beam (web) width, may in­

crease the ultimate shear capacity as much as 25 percent. A proposed 

means of taking into account the added shear strength of the flange is 

presented by the committee; this modification takes the form 

where hf i s the depth of the compression flange . This approach adds to 

the basic shear area of the rectangular beam an area of the flange on each 

side of the web; this area is a square with dimensions equal to the depth 

of the flange. This is a reasonable approach for segmented liners that 

will give a more realistic value when compared with the actual shear loads 

at failure. This correction should only be applied when the moment causes 

the flange of the T section to be in compression. If the moment is in the 

other direction, the basic rectangular beam area should be used. 

A single equation can be obtained by combining Eqs. 2.4, 2.6 and 

2.7 to predict the shear capacity of stee l-fi ber-reinforced members with 

thrust, moment and shear. 

2 fr p V d N 
V = (bwd + 2hf) 7.5 [1.07 + 155000 f w ;- J • (l + 0.0005 Au) (2.8) 

C r u g 

f N = Pw Vud V (bwd + 2hi) ?.~ [1.07 + C 155000 r rJ • (1 + 0.072519 Au) (2 .8-SI) 
r u g 

where hf is taken as zero if bending is in the direction that would cause 

the flange to be in tension (tension on the outside of segmented tunnel 
N 

liners); fr and Au have the units of psi in the English system of units, 
g 

and MPa in the SI system. Use of this equation will be discussed further 

in Chapter 4. 
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CHAPTER 3 

TESTS OF BOLTED REINFORCED CONCRETE CONNECTIONS 

3. l I NTRODU CTI ON 

A series of 5 tests that simulated the type of joint used in the 

longitudinal direction of bolted reinforced concrete segmented tunnel liners 

are described in this chapter. The joints were subjected to moment and 

thrust with essentially constant eccentricity. The purpose of these tests 

was to investigate the structural behavior of the joint in terms of the 

moment-rotation relationship, load-carrying capacity, failure mode, and 

magnitude of the load carried by the bolts. In addition, the feasibility 

of replacing part of the conventional reinforcement and ties with randomly 

oriented steel fibers was investigated. The objective of the testing pro­

gram was to provide information which would enable one to assess the ef­

fects of the joint on the overall behavior of the tunnel liner. The joints 

tested were of similar configuration to those used in the large-scale seg­

mented tunnel liner tests described in Chapter 4. Thus, the behavior of 

isolated joints can be compared with the behavior of similar joints in a 

full ring. 

The part of the joint specimen representing the segment was 

straight rather than curved as would occur in a tunnel liner, and a block 

of concrete was cast on each end of the specimen as shown in Fig. 3.1. 

Thi s arrangement made it possible to apply loads parallel to the centroidal 

plane but eccentric in either direction in a standard testing machine. The 
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concrete from which each specimen was cast contained 1.0 percent by volume 

of steel fibers and had a compressive strength of 6000 to 8800 psi (41.35 

to 60.65 MPa). 

In designing the test specimen it was decided that the joint proper 

would have only the main reinforcement extended into it and all conventional 

additional shear reinforcement and ties would be omitted. Consequently, the 

strength of the fiber concrete would limit the strength of the joint. With 

the strength of this basic design determined by test, additional reinforce­

ment could be provided in future designs to increase the capacity of the 

joint to a value greater than that of the segment . Addition of reinforce­

ment in the joint proper may increase the stiffness of the joint as well 

as the strength, so care should be exercised in the application of moment­

rotation data obtained from these tests to future designs. 

From the tests it was found that the joint behavior was fairly 

ductile. The mode of failure was different depending on the direction of 

eccentricity of the applied load and the ultimate load could be predicted 

with reasonable accuracy. 

One major problem associated with segmented tunnel liners is water­

tightness of the joints. Water-tightness is influenced by the opening of 

the joint during deformation. In these tests, joint openings were mea-

sured to obtain information which can be used in future waterproofing 

studies. 

3.2 DESCRIPTION OF TESTS AND TEST SPECIMEN 

The overall dimensions and steel bar reinforcement layout of the 
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joint specimens is shown in Fig. 3.1. The joint is similar to that reported 

by Gamble (1967) except that the overall dimensions have been scaled by a 

factor of 0.525 and the shear and tie bar reinforcement were omitted. This 

reinforcement was replaced with one volume percent steel fiber. The fiber 

used is the same U.S. Steel fiber (Fibercon), described in Chapter 2. In 

some cases the dimensions cou ld not be scaled precisely by the scale fac­

tor because minimum cover requirements for the reinforcement would be 

insufficient. In these cases, the minimum cover was maintained. The re­

sulting segment is five inches thick (127 mm) and has a shell or flange 

which is two inches (51 mm) thick. The end-diaphragm of the segmen~which 

is connected with bolts to the adjacent segmen~ is three inches thick (76 

mm). 

Concrete blocks cast on the ends of the specimen for applying 

eccentric load were heavily reinforced to prevent failure or deformation. 

The segments were bolted together with 7/8-in. diameter (22 mm) A325 bolts 

that were eight inches (203 mm) long. Hardened washers which were flat 

and regular with inside diameter of 15/16 in. (24 mm) and outside diameter 

of 2-1/4 in. (57 mm) were used under the bolt head and nut. For three 

tests the bolts were tightened to a torque of 100 ft-lbs (136 N•m) and 

in the remaining two tests 150 ft-lbs (203 N•m) was used. Standard deformed 

reinforcing bars with a nominal yield stress of 50 ksi (344.5 MPa minimum 

yield stress) were used in the segments. Typical stress-strain curves from 

tensile tests of representative bars are shown in Fig. 3.2. The concrete 

mix used was: 
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CONCRETE MIX 

Specimen lh/cu yd (kg/m3) 
number Cement Sand Gravel Water Fiber 

J-1 ,2 631 1760 11 82 381 132 
(274.5) (1044.0) (701.5) (226.0) (78.5) 

J-4,5,6 599 1758 1176 420 132 
(3.55.5) (1043.0) (697.5) (249.0) (78.5) 

Standard control specimens were tested from each batch of concrete and the 

results are shown in Table 3.1. The two halves of each specimen were cast 

at the same time from the same batch of concrete mixed in a 1/4-cu yd 

(0.20 m3) rotary mixer. 

Specimen 
number 

J-1 

J-2 

J-4 

J-5 

J-6 

Test 
age, 
days 

48 

44 

49 

49 

50 

TABLE 3. l 

CONCRETE STRENGTHS AND TEST HISTORY 

Compressive Splitting tensile Modulus of 
strength, strength, rupture, 

psi psi psi 

8,480 795 960 

8,830 820 910 

6,000 680 810 

6,480 690 920 

6,380 715 782 
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Eccentric load was applied in a MTS hydraulic testing machine 

through a series of steel plates with a roller on each end of t he specimen. 

A drawing of the loading system and a photograph i s shown in Fig. 3.3. 

The series of plates at each end of the specimen were designed to apply a 

load to the specimen as uniformly as possible. Load eccentricities mea­

sured from the plastic centroid of the seg~ent section were 0.00 , +2.66, 

+4.66, -3.31, and -5.31 in. (0.0, +67.6, +118.4, -84.l, and -134 .9 mm) . 

Positive eccentricity is taken as that which causes compression on the 

shell of the segment (Fig. 3.3). 

Loads in the bolts were measured by installing two strain gages 

on the shank of each bolt. They were placed opposite one another to ob-

tain the average stress without bending. Lead wires for the strain gages 

were placed in a slot in an extra was her placed on the nut end of the bolt. 

The bolts were tightened with a torque wrench and the corresponding strain 

measured. Strain in the bolts was monitored with a portable strain indicator 

and the relation between torque and bolt load was obt ained. 

Rotation of the joint was measured hy the device shown in Fig. 

3.4. This device consisted of two steel f rames which were clamped to the 

sides of the specimen twelve inches (305 mm) apart, or six inches (152 mm) 

on either side of the joint. Linear variable differential transformers 

(LVDT) were used to measure the relative movement at each end of the frames . 

During a test the sum of the LVDT movements was automatically plotted 

against load measured by the testing machine on an XV-recorder. The mea­

sured rotation is that of the joint plus some part of the segment on each 

side of the joint. The opening of the joint was measured with a two-inch 
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(50.8 mm ) gage length Whittemore gage by determining the change in the 

spacing of gage points on metal tabs which were glued to the concrete on 

each side of the mating surface of the joint. The measurements of j oint 

openings were taken near each end and at the center of the joint as shown 

in Fig . 3.4 . 

The overall bending deformation of the specimen was measured 

with five mechanical dial gages which had a four-inch (102 mm) range and 

0.001 i n. (0.03 mm) dial divi s ions . The dial gages were located at t he 

j oint surface, and 9 in. (2 29 mm ) and 14 in. (346 mm) on either side of 
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it. Four of the gages may be seen in the photograph of Fig. 3.3. The 

primary purpose of these measurements was to provide deformations of the 

specimen so that the moment at the joint could be corrected for secondary 

effects. 

In general, load was applied in 5-kip (22~kN) increments and 

all measurements were taken after each increment. 

The form used for these specimens was made of wood and is shown 

in the photograph of Fig. 3.5. The "as cast" mating surfaces of the joints 

were not true. When the specimens were put together, a gap resulted over 

part of the mating surface. In some cases it was felt that the gap was too 

large to represent what would actually be allowed in service. On the other 

hand, it would not be desirable to grout the joint, completely filling the 

FIGURE 3.5 FORM USED FOR THE JOINT SPECIMENS 
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gap because the fit might be too good to represent that occurring in ac­

tual service. Therefore, the mating surface of each half of a specimen was 

covered with a very thin coating of grout, and a piece of steel plate was 

placed on the surface until the grout set. The joint was then bolted 

together. It was found that the fit was good, but not perfect and contact 

over the mating surface could be obtained by tightening the bolts. The gap 

which resulted before the bolts were tightened was on the order of one to 

two thousandths of an inch, measured with a feeler gage. 

3.3 TEST RESULTS 

3.3.l POSITIVE ECCENTRICITY 

Specimens J-1 and J-2 had initial positive eccentricities (shell 

in compression) of 2.66 in. and 4.66 in. (67.7 mm and 118.4 mm) respectively, 

measured from the calculated plastic centroid of the segment section with 

its longitudinal reinforcement as shown in Fig. 3.l(b). As the loading 

progressed and bending of the specimen occurred, the eccentricity changed 

slightly. This effect was considered by measuring the deformation and 

correcting the eccentricity when the moments were computed. Opening of 

the joint across the mating surface of the two specimens is shown in Fig. 

3.6. Measurements made near the ends of the joints and at the center 

give a good indication of the behavior. The measurements show very little 

opening at the center (curve 2), while near the ends (curves land 3) the 

joint continued to open throughout the loading history. The bolts held the 

end diaphragms of the segment together near the center, while the webs at 
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the sides were torn away from the center portion of the end diaphragms. 

The failures were in diagonal tension on a 45 degree (0.80 rad) surface 

in the end diaphragms, as shown in Fig. 3. 7. 

0 
J 

On the inside face, the diagonal tension cracks can be seen to 

extend from the end of the hole which was in contact with the hardened 

washer toward the mating surface, at 45 degrees (0.80 rad) toward the outer 

edge of the specimen. Once the crack left the inside face, it traveled 
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(a) Specimen J-1 

(b) Specimen J-2 

FIGURE 3.7 SPECIMENS J-1 AND J-2 AFTER TEST 
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toward the side of the j oint at approximately 45 degrees (0. 80 rad), iso­

lating the center portion of the diaphragm. The failure mode appears to 

be diagonal tension on these surfaces. The i solated portion of the end 

diaphragm remains attached to the shell acting as a short cantilever. The 

crack patterns are shown in Figs . 3.8 and 3.9. The maximum load may occur 

~-
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I 
I 

I 
L 

I 
I 
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I 
I 
I 
I 
I 
I ·-

FIGURE 3.8 CRACKING OF SPECIMEN J-1 AFTER TEST 

either when failure occurs on the diagonal tension surface described above 

or when failure occurs in the small cantilever beam which must resis t all 

the moment once diagonal cracking occurs. From observation of the tests, 

the maximum load appears to occur when the diagonal tension cracks fo rmed. 
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The bolts in both specimens were tightened to a torque on the nut 

of 100 lb-ft (136 N•m). During tightening of the nut, the bolt forces were 

measured. The relationship between torque and bolt load is shown in Fig. 

3.10. Initial maximum bolt force in specimen J-1 was 8.1 kips (36.0 N) and 

in J-2 it was 7.8 kips (34.5 N). There was some delay in testing the speci­

mens after initial bolt tensioning because of the time required to place a 

specimen in the testing machine and install other instrumentation. Creep 

and shrinkage of the concrete under load allowed the bolt loads to decrease. 

In specimen J-1 drift in the electronic equipment made the measurement of 

this change in load unreliable though in J-2 it appeared to be reasonable. 

The change in bolt force during the test was also measured. The entire 

loading history of the bolts is shown in Fig. 3.11 from initial tensioning 

through the test, though the loss of load due to creep after initial torque 

was applied is assumed zero for specimen J-1. 

Initially, the bolt forces became slightly smaller during loading; 

then they increased with additional moment. When the maximum load was 

reached, and as the diagonal tension crack formed, the bolt load began to 

decline. Up to the maximum load the bolt is applying load to the end 

diaphragm which is being resisted both by diagonal tension and cantilever 

action. When the diagonal tension crack formed the bolt load fell off to 

approximately its initial value. The moment resistance of the joint re­

mai ns relatively high, however. 

Rotation of the joint is shown as a function of moment at the 

mating surface in Fig. 3.12 . The rotation wa s measured over a distance 

of 6 in. (152 mm) on either side of the mating surface and, therefore, 
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FIGURE 3.12 MOMENT-ROTATION RELATIONSHIP FOR THE JOI NT TESTS 

includes some bending of the segment, but most of the rotation occurred 

at the joint. The initial slope of the moment-rotation curve is greater 

for the larger eccentricity. The most significant observations from Fig. 

3.12 are that the behavior, in terms of moment-rotation of the joint, was 

rather ductile and the specimen with smaller eccentricity had a considerably 

larger moment capacity. This behavior is typical of ordinary concrete members 

subjected to eccentric compressive forces such that the failure conditions 

are on the lower or tension failure region of an interaction diagram where 

additional axial load increases the moment capacity. The essential test 

specimen parameters and test results are summarized in Table 3. 2. 

3.3.2 NEGATIVE ECCENTRICITY 

Specimens J-4 and J-5 were tested with negati ve initial 
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TABLE 3.2 
SUMMARY OF SEGMENT JOINT TEST RESULTS 

Specimen Initial Initial Maximum Moment Bolt tension Deflection Joint opening at 
number eccentricity, bolt load, at max. at max. load, at max. max. load, 

torque, load, load, 
in. lb-ft kips kip-in. kips in. 

(mm) (kN-m) (kN) (kN-m) (kN) in. (mm) - bolt l bolt 2 (mm) edge center edge 

+2.66 100 42.53 +127.04 8.6 11. 6 0.327 0.0714 0.0125 0.080 
J-1 (67.6) ( 136) ( 189. 18) (+14.354) ( 38. 3) (51.6) (8.31) ( l. 814) (0.318) (2.03) 

+4.66 100 14. 77 + 74 .82 6.8 8.9 0.406 0.0855 0.0084 0.0907 
w 

I 
J-2 (118.4) ( 136) ( 65.70) (+8.454) (30.2) (39.6) (10.31) (2.172) (0.213) (2.304) 

N 
0 -3. 31 100 21.40 -77. 28 9.3 10.3 0.301 0.0886 0.084 0.0771 

J-4 (-84. l) ( 136) ( 95. 19) (-8.732) (41.4) (45.8) (7.65) (2.250) ( 2. 134) (l.958) 

-5. 31 150 12.30 · - 71. 24~ 8.7 11. 0 0.482 0.0860 0.0860 0.0865 
J-5 (-134.9) (203) ( 54.71) (-8. 049 (38.7) (48.9) (12.24) ( 2. 184) (2.184) (2.197) 

.0 150 210.20 -42.04 5.7 9.6 0.200 0 0 0 
J-6 (203) (935.02) (-4.750) (25.4) ( 42. 7) (5.08) 



eccentricities which placed the flange of the segment in tension. The eccen­

tricities were 3.31 and 5.31 in. (84. 1 and 134.9 mm), respectively, measured 

from the calculated plastic centroid of the segment. The bolts were tightened 

to an initial torque of 100 lb-ft (136 N•m) for J-4 and 150 lb-ft (203 N•m) 

for J-5 . The torque was increased for J-5 because the joint opening in J-4 

appeared to be excessive since the bolts could be seen through the opening 

of the mating surface at maximum load. The joint opening on the outside 

of the segment is shown in Fig. 3.13 as a function of moment at the joint. 

The greater initial bolt tension for J-5 does not appear to have affected 

the opening of the joint up to a moment of about 55 kip-in. (6.2 kN•m) . 

Photographs · of the specimens J-4 and J-5 after testing are shown 

in Fig. 3.14 and drawings of the major cracks and failure zones are shown 

in Figs. 3.15 and 3.16. These figures show a mode of failure that is dif­

ferent from specimens J-1 and J-2. In J-4 there was definite crushing of 

the webs inside the segment as shown in Fig . 3.14(a). Between the webs, 

a crack occurred in a plane parallel to the bolt holes and nearly tangent 

to the outside of the holes . This crack can be seen on the mating surface 

in Fig. 3.14(a). 

Specimen J-5 did not have crushing of the webs as in J-4 though 

there was some spalling of the inside edge of the end diaphragm, as shown 

in Fig. 3.l6(b) which was more pronounced near the webs. In addition, 

there was crushing of the concrete around the heads of the bolts, indi­

cating that the bolt force had become greater than the bearing strength of 

the concrete under their heads. Al so, under one bolt a large chunk of con­

crete spalled off the inside edge of the end diaphragm. The bolts were very 
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(a) Specimen J-4 

(b) Specimen J-5 

FIGURE 3. 14 SPECIMENS J-4 and J-5 AFTER TEST 
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loose after the test. Further investigation of specimen J-4 showed that 

the bolts were also loose after the test, but the crushing under the bolt 

heads was not as extensive. 

The complete history of bolt loadings is shown in Fig. 3.17, ex­

cept that the creep and shrinkage loss of load of J-4 is not shown as this 

measurement was not considered reliable. The maximum load in the bolts of 

J-5 are shown to be only slightly higher than for J-4, though the differ­

ence might be considerably higher if the loss of load were known for J-4. 

The change in bolt loads during the test remained essentially constant for 

low moment, and then began to increase after 20 to 30 kip-in. (2.3 to 3.4 

kN•m) of moment was applied, reachi ng a maximum load of about 11 kips (49 kN) 

in both tests. 

The moment-rotation relationships for the joints are shown in 

Fig. 3.12 where it is seen that the curves are quite close for the two speci­

mens. The eccentricity, therefore, does not affect the maximum moment very 

much, but the maximum load is quite different for the two cases (Tabl e 3.2). 

The difference in initial bolt tension should be kept in mind but clouds 

the comparison somewhat. The failure appears to be in the region of a very 

steep part of the failure envelope where the load is rising rapidly, but 

the moment is changing very little. The behavior is very ductile, and large 

deformations are possible before there is apprec iable loss of moment. 

3.3.3 ZERO ECCENTRICITY 

Load was applied to specimen J-6 at the calculated plastic cen­

troid of the segment section . Though considerable rotation occurred at 
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the joint as shown in Fig. 3.12, the fa ilure mode indicated a reasonably 

uniform strain as crushing occurred both on the inside and outside of the 

specimen . Photographs of the failed specimen are shown in Fig. 3.18 and 

drawings of the major failure regions are shown in Fig. 3.19. The joint 

opening was negligible and indicates the fairly uniform strain distribution 

in t he specimen although the load must have been applied slightly inside 

of the real plastic centroid, as shown by the joint rotation in Fig. 3.12. 

The bolt forces shown in Fig. 3.20 indicat e that at the start of loading 

there was a small reduction in the initial force resulting from 150 lb-ft 

(203 N•m) of torque on t he nut. As lateral deformation continued, the bolt 

tension was restored essentially to its original value where it remained. 

The maximum load on the specimen was 210 kips (935 kN) or at least 5 times 

larger than any of the other maximum loads. 

3.4 DISCUSSION OF RESULTS 

The tests of concrete segment joints were designed to determine 

the strength of the joint without specific joint reinforcement other than 

the randomly oriented steel fibers and the main circumferential segment 

reinforcement that continued into the joint. With this informa tion it is 

possible to determine what additional re i nforcement in the joint is re­

quired to provide the strength desired. Other objectives were to deter­

mine the modes of failure for joints of t his type and to develop a tech­

nique ror computing their strength. 

When a positive moment i s applied such that the segment shell 

is in compression, failure occurs in diagonal tension at the end diaphram. 
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(a) Specimen J-6 

(b) Specimen J-6 

FIGURE 3. 18 SPECIMEN J-6 AFTER TEST 
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The part of the end diaphram containing the bolts separates from the re­

mainder of the joint as shown in Fig. 3.7 . This is shown further by the 

curves in Fig. 3.6 which indicate that the joint opened very little be­

tween the bolts and a relatively large amount at the ends. Maximum momen t 

occurred just before the diagonal tension failure, and it is significant 

that considerable deformation can occur before thi s failure. When the 

maximum moment was reached the j oint ends we re opened on the order of 

0.075 in. (l.90 mm), and a joint rotation of 0.02 to 0.25 radians had oc­

curred. Even after maximum moment, the strength fell off relatively 

slowly so that when the peak rotation was doubled the moment was still 50 

percent or more of the max imum. 

The moment resisted by the forces on the failure surface des-

cribed above can be calculated in an approximate manner for maximum load. 

The diagonal tension crack i sol ates a smal l cantilever on which the bolt 

forces act, so the cantilever as well as the diagonal tension force resist 

the bolt forces. If the resistance of the canti lever and diagonal tension 

force could be estimated so that the bolt fo rce is known, then the joint 

capacity could be computed. With the measurement of maximum load and bolt 

force, it is possible to reverse the ca l cula t ion to obtain a fa ilure criter ion 

which can be used to determine the failure loads at eccentricit ies other 

than those used in the tests. 

Consider Tes t J-1 in which t he fol lowing quantities were measured 

at maximum load. 

P = applied force = 42. 5 kips (189.0 kN) 

2Q = bolt forces= 8.65 ki ps+ 11.65 kips= 20 .3 kips (90.5 kN) 
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e = initial eccentricity = +2.66 in. (67.6 nm) 

s = deflection = 0.33 in. (8.4 mm) 

f' = concrete compressive strength = 8,480 psi (58.45 MPa) 
C 

fct = splitting tensile strength = 795 psi (5. 48 MPa) 

f r = modulus of rupture = 960 psi (6.62 MPa) 

From the summation of vertical forces in Fig. 3.2l(a), where the joint has 

been separated and the forces shown, the following expression is detennined 

for the compressi on force C: 

C = P + 2Q = 42.5 kips + 19.3 kips = 61.8 kips 

= 189 kN + 85.9 kN = 274.9 kN 

The forces Qare reduced by 0.5 kips (2.0 kN) each for loss due to creep 

and shrinkage which is estimated from J-2 giving 2Q = 19.3 kips (85.9 kN). 

This compress ion force does not correspond to ultimate conditions from 

crushing of the concrete as there was no sign of crushing. Thus, the loca­

tion of C cannot be found from the ultimate stress block for the concrete. 

The locati on of the force can be fo und approximately by taking moments 

about the bolt force in the free-body diagram shown in Fig. 3.2l(a). Then; 

C = 61. 8 kips = ½ f c ks i (24 in.) (1.35 in.) fc = 3.81 ks i 

C = 275 .0 kN = ½ fc GPa (609.6 mm)(34.3 mm) fc = 26. 25 MPa 

This stress is less than 1/2 f' so the assumption of linear compressive 
C 
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stress is a reasonable one. If Young's modulus is computed from the ACI 

formula, a value of 5,200 ksi (36.0 GPa) is obtained. The concrete compres­

sive strain is 0.00073 and the corresponding pseudo strain in tension is 

0.00103 computed on the basis of linear strain on the section. This is the 

equivalent tensile strain corresponding to failure in diagonal tension. 

If the eccentricity is reduced, a value will be reached when the 

moment is small and a diagonal tension failure in the concrete will no 

longer occur. At this eccentricity the compression force, C, becomes so large 

that crushing occurs in the extreme concrete compression fibers. For this 

type of failure, the normal compression failure criteria can be applied. 

At some eccentricity, tension and compression failure will occur simultan­

eously, which is called balanced conditions. The corresponding load and 

moment can be found by applying both failure criteria (tension and compres­

sion). From Fig. 3.2l(c) it is found that c = 2.42 in. (61.5 mm) from the 

geometry of strain. Then, 

C = 0.65(0.85)(8.48 ksi)(24 in.)( 2.42 in.) = 272 kips 

= 0.65(0.85)(58.47 MPa)(609.6 mm) (61.47 mm ) = 1210 kN 

2Q = 19.3 kips 

= 86.0 kN 

Pb = C - 2Q = 272 

= 1210 
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Mb = 272 kips (1.37 in.)+ 19.3 kips (1.09 in.) = 394 ki p-in . 

= 1210 kN (34.8 mm)+ 85 kN (27.7 mm) = 44.5 kN•m 

39.6 mm 

where the subscript b corresponds to balanced conditions . 

The capacity of the joint subject to pure moment can also be 

obtained. In this case the compression and tension forces must balance. 

The forces are shown in Fig. 3.2l(d). 

2Q = C 19.3 kips = ½ fc ksi (c in.)(24 in.) = 12 fc (c) 

85.85 kN = 
½ fc MPa (c mm )(609.6 mm) 

l ,000 = 0.3048 fc(c) 

where c is the distance from the neutral axis to the outside face of the 

segment (Fig. 3.2l(d)). 

From the geometry of the strain distribution 

C = 
0.00103 + EC 

3.25 in. 

C = 
0.00103 + EC 

82.6 mm 

From the stress-strain properties of the concrete 
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Solution of these equations gives c = l.68 in. (42.7 mm) and re­

sults in P = 0, M
0 

= 58.3 kip-in. (6.59 kr~•m). 

The maximum axial force of the joint might be considered the 

force which causes crushing of the concrete on the mating surface where 

there is no steel reinforcement since the steel does not extend through 

the joint. The question, then, is what concrete area should be used. By 

realizing that the force can only be transmitted to the j oint through the 

webs and flanges of the segment, and that very little force is transmitted 

by the end diaphram between the webs, it is conservative to calculate the 

axial strength, P
0

, based on the segment cross section rather than the joint 

cross section. For specimen J-1: 

P
0 

= 0.85 f~ Ac = 0.85 (8.48 ksi)[24 x 5 - 18 x 3] in. 2 = 476 kips 

= 0.85 (58.45 MPa)[610 x 127 - 457 x 76] mm2 
= 2115 kN 

With this information, an approximate failure envelope for the 

joint can be constructed. Thi s analysis was also carried out for specimen 

J-2. In Fig. 3.22 the fa ilu re envelope for the joint is shown obtained by 

averaging these calcul ations for J-1 and J-2. The failure envelope is also 

shown for the segment and it i s noted that the joint fails at a lower 
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moment-thrust combination than the segment. The additional steel required 

to make the joint as strong as the segment will be discussed later. 

This type of analysis can be performed only if the bolt force 

can be estimated. In t he above discussion it was measured, but it was 

found from the tests that it was limited by t he diagonal tension in the 

end diaphram. Figure 3.23(a) shows a view from the inside of the segment 

of the end diaphram with the forces on the diagonal tension crack. A 
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three-dimensional view of the crack is also shown. Some of the bolt force 

is transferred through shear to the support of the small cantilever, but the 

greater part is transferred by diagonal tension directly to the side webs. 

It is conservative to make this assumption, so the stress is calculated on 

the diagonal tension surface for J-1 from the known bolt forces. 

2Q = 2Sv = 2(ft cos 45°) At = 19.3 kips (85.85 kN) 

but At = (3 in.) Ji . (3in.)/2 = 18 in. 2 

= (76.2 mm) 12 . (76 .2 mm) 12 = 11 . 61 3 x l o3 mm2 

therefore, 

ft = 0.758 ksi (5.225 MPa) 

where 

sv = vertical component of normal force on the diagonal-tension 

failure surface 

At = area of diagonal-tension failure surface on one side of 

the separated chunk of concrete 

ft = tension stress perpendicular to t he failure surface. 

For specimen J-1 the splitting tensile strength was 0.795 ksi 

(5 .4~ MPa) and the modulus of rupture was 0.960 ksi (6 .62 MPa). It appears 

that a reasonable estimate of the bolt force can be found from applying the 

splitting tensile strength to the diagonal tension failure surface. The 
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same comparison for spec imen J-2 gives ft= 620 psi (4.28 MPa) and fct = 

820 psi (5.65 MPa ) which gives a tens ion stress of 75 percent of the split 

cylinder strength . It is normal in conventional concrete to expect that 

ft= (0.5 to 0.7) f sp so t he latter comparison probably represents a lower 

limit on the bolt force that can be used for fiber-reinforced concrete.. 

Considerable scatter is expected i n test results where failure depends on 

the tensile strength of concrete. Also, these suggested computational pro­

cedures must be cons idered tentative in that they are based on only two 

tests. 

The Grade 50 (344 .5 MPa minimum yield stress) reinforcing st eel , 

normal to the diagonal tension fai lure surface, required to make the joint 

as strong as the segment section in the tension region of the failure 

envelope,was computed to be about 0.5 in. 2 (323 mm2) by increasing the 

force across the diagona l crack by the nomi nal yield forces in the bars . 

With this steel added, the fa ilure envelope is shown in Fig. 3.22 also. 

When bending occurred with negative eccentricity, the mode of 

failure of the two specimens was different. In specimen J-4 the compres­

sion area was reduced drastically from that in J-1 and J-2, as it is re­

stricted to the web area , because very little thrust can be transferred 

through the end diaphram between t he webs. Thus, crushing of the concrete 

occurred only where the end diaphram joins the webs or side diaphrams , so 

the stress distr ibution al ong the inside edge of the mating surface is 

very nonuniform and can be separated as shown in Fi g. 3.24 (a) into two 

components, c1 and c2, where c1 = 2Q . The moment between the f langes for 
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specimen J-4 can be computed as the ultimate flexural strength of the 

cantilever beam between the f langes . 

where 

frl = 0.81 ksi (33.8 in. 4) 
c l.5in. = 18.2 kip-in. 

= 
5.58 MPa (1406 x 104 mm4) 

38.1 mm = 2.06 kN•m 

c = ½ (end diaphram thickness) = ½ (3 in.) = 1.5 in. 

= 38. l mm 

I = moment of inertia 

= ,1 (15 in.)(3 in.) 3 = 33.8 in. 4 

= ,1 (381 mm)(76.2 mm) 3 = 1.405 x 107 mm4 

fr = 810 psi (5.58 MPa) 

Mr = moment at cracking of the concrete in the cantilever 

beam consisting of the segment end diaphram between the 

webs, with a length from the bolts to the inside edge of 

the segment 

The width of the cantilever beam is taken as 15 in. (381 mm) because the 

bolt holes are removed at the failure section. If it is further assumed 

that the cantilever beam capacity is reached at the same time as crushing 

in the concrete, the maximum load can be calculated. The ultimate rectangu­

lar stress block is used for the concrete in the webs plus their extensions 

into the flange, and the bolt force at maximum load is used from the tests. 
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Then from Fig. 3.24(a) the force at the inside edge of each side web at 

crushing of the concrete is 

\ F = 0 
l V ' P = c2 = k1k3f~tc = 0.75(0.85)(6 .0 ksi)(2 x 3 in.)c, in. 

or P = c2, kips = 22.95c, in. 

= 0.75(0.85(41 . 37 MPa)(2)(76.2 mm)c, mm 

or P = c2, kN = 4.009c, mm 

Forces c1 and 2Q do not influence I Fv because they are assumed equal, but 

result in a bending moment, Mr . 

where 

Eccentricity= e = e + 6 = 3.31 in.+ 0.30 in. = 3.61 in. 
0 

= 84.l mm+ 7.6 mm = 91.7 mm 

P kips (3.61 in.) = c2 kips [2.81 - ½ k1cJ in.+ Mr kip-in. 

P kN (91.7 mm) = c2 kN [71.4 - ½ k1cJ mm+ Mr kN•mm 

Mr = 18.2 kip-in. (2.06 kN-m) and replaces the effect of c1 

and 2Q 

Values of k1 and k3 are taken, from ultimate strength theory for ordinary 

concrete, to be 0.75 and 0.85 respectively. Combining these two equations 

gives c = 0.97 in. (24.6 mm) and P = 22.2 kips (98.8 kN). The resultant 

moment at the joint about the plastic centroid of the segment section is 

then, from Fig. 3.24(c), 
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M = c2 kips [2.81 - ½ (0.75)(0.97)] in. + Mr kip-in. 

= 22.2 kips (2.45 in.) + 18.2 kip-in. = 72.6 kip-in. 

M = c2 kN [71.4 - ½ (0.75)(24.6)] mm + Mr kN-mm 

= 98.8 kN (62.2 mm) + 2.06 x 103 kN-mm = 8.20 kN-m 

The test values for P and Mare 21.4 kips (95.2 kN) and 77.3 kip-in. (8.81 

kN-m), which are quite comparable to the computed results of 22.2 ki ps 

(98.8 kN) and 72.6 kip-in. (8.20 kN•m) and provide a check on the proposed 

analysis to estimate P and M for negative eccentricities . The test results 

are shown on the moment thrust failure envelope of Fig. 3.25. 

The above computational procedure applied to specimen J-5 yields 

P = 6.9 kips (30.7 kN) and M = 39.3 kip-in. (4.44 kN•m), compared with test 

values of P = 12.3 kips (54.7 kN), and M = 71 kip-in. (8.02 kN•m). The 

sources of this discrepancy are two; first, the peripheral shear forces and 

associated moments have been ignored in the analysis of the center block 

containing the bolts and secondly, observations during the test indicated 

bearing failures at the bolt holes. However, for J-4, which had a smaller 

negative eccentricity and smaller initial bolt torque, the proposed analysis 

was acceptable since these complicating factors were insignificant. 

The load capacity of J-5 may be predicted from a set of computa­

tions based on the failure mode of crushing on the compression zone of the 

mating surface. Thus, from Fig. 3.26(a), fore= 5. 79 in. (147.l mm) 2Q = 

19.7 kips (87 .6 kN); f~ = 6.48 ksi {44.68 MPa), and kl = 0.73. 
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I Fv = 0 = -P kips - 2Q kips+ 0.85 f~ ksi (k1 c in.)(2)(3 in.) = 0 

= -P kN - 2Q kN + 0.85 f~ MPa (kl c mm)(2)(76.2 mm) • 103 
= 0 

I MPC = 0 = -P kips (e in.)+ 0.85 f~ ksi (k1 c in.)(2)(3 in.)(2.81 

- k1 c/2 in.) - 2Q kips (0.75 in.) = 0 

= -P kN (e mm)+ 0.85 f~ MPa (k1 c mm)(2)(76.2 mm)(71.4 

) -3 - k1 c/2 mm • 10 - 2Q kN (19.0 mm) = 0 

which give c = l .20 in. (30.5 mm), P = 9.3 kips (41.4 kN), M = 53.8 in.-k 

(6.08 kN•m); since c < 2.06 in. (52.3 mm), the assumption that the bolts 

are in the tension (opening) region of the mating surface is correct. 

This same basic approach applied to specimen J-4 results in 

P = 19.5 kips (86.7 kN) and M = 70.4 kip-in. (7.95 kN•m), compared to the 

test values of 21.4 kips (95.2 kN) and M = 77.3 kip-in. (8.73 kN •m). To 

complete the discussion on specimen J- 5, and based on Fig. 3.14, it is 

necessary to mention that a second region of distress probably occurred 

by crushing of the concrete under the bolt washers. For these tests, 

hardened washers were used with an inside diameter of 15/16 in. (24 mm) 

and outside diameter of 2-1/4 in. (57 mm). Thus, if the bolt is in con­

tact with the side of the bolt hole, then the total nominal bearing area 

may be approximated by the area of the washer 0.D. minus the area of the 

hole. This nominal bearing area is then 2.21 in. 2 (1426 mm2), which for 

the maximum bolt load of 11.0 kips (48.9 kN) results in a nominal average 



stress of 5.0 ksi (34 . 5 MPa). This compressive stress is 77 percent of 

f~ which is indicative of possible local compression failure. 

The loss of bolt force due to creep was large for J-5 relative to 

J-2 in which the bolt torque was only 100 lb-ft (136 kN•m). The creep was 

higher in specimen J-5 because of the higher stress under the washer, and 

also there was a slight amount of very fine cracking observed in this 

specimen due to the initial bolt torque. The higher bolt force is desirable 

for strength and waterproofing, and could be used by increasing the washer 

bearing area. 

In Fig. 3.25 the failure envelope for the segment and the approx­

mate envelope for the joint subjected to negative moment are shown as con­

structured approximately from the test data. Test J-4 appears to approxi­

mate the 1~1anced condition for the joint and test J-5 falls below J-4 in 

the tension failure region. The moment at zero axial load was found by 

assuming that the maximum bolt force was the same as detennined from test 

J-4, and that the concrete stress was linear on the mating surface, and 

then calculating the moment corresponding to these assumptions. 

Specimen J-6 was loaded at the computed plastic centroid for the 

segment section to determine a point on the upper portion (compression 

failure region) of the failure envelope. Some negative moment resulted 

in the test due to lateral deflection of the specimen, and the joint did 

not reach its theoretical axial strength. At failure a lateral displace­

ment of 0.20 in. (5.1 mm) had occurred at the mating surface of the joint. 

The plastic centroid is not at the same location for the segment and joint 

and the plastic centroid does not coincide with the center of gravity in 
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the linear range; thu~ the load was eccentric from the start of loading. 

This condition can start lateral deformation which will then continue to 

grow. Figure 3.18 shows that severe splitting cracks occurred in the 

segment parallel to the direction of compression. At higher loads, nega­

tive bending developed and cracks occurred in the segment portion on the 

outside of the shell surface. Near maximum load, crushing developed along 

the compression edge of the mating surface near the webs much the same way 

as in specimen J-4. The thrust and ·moment for specimen J-6 are shown on 

Fig . 3.25, where thi s point was also used in sketching the failure envelope. 

Calculation of maximum axial load for the joint assuming compres­

sion failure on the gross area of the segment section gives the result of 

358 kips (1592 kN) labeled "joint crushing load" on Fig. 3.25. This axial 

joint capacity is calculated on the basis that there is no reinforcer.1ent 

passing through the joint, and that no compress ion force is transmitted 

through the end diaphram, but only through the shell and side webs . Thus , 

the area used is the same as the segment area, but there i s no reinforce­

ment . The forces in the segment section are not uniform as there are much 

higher forces at the reinforcing bars. When t hese bars stop at the mating 

surface the stress distribution cannot suddenly become uniform so high 

forces are t ransmitted across the mating surface at the bars. The con­

crete will fail at these hi gh stress zones before the force is reached 

which corresponds to maximum uniform stress . The center of gravity of 

forces on the mating surface may actually be nearer that in the segment 

section. Thus , the l ocation of the resultant forces on the mating sur­

face s i s diffi cult to find for ca l culation of moment about the plast i c 
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centroid, and it is not possible to place the load at a point that will 

result in no moment for both the segment and the joint. 

Computed values of maximum moment and thrust with an eccentricity 

of load equal to that which existed in test J-6 at the failure load are 

compared with the test values and with the pure thrust load in the table 

below. The basis on which the computations were made for an eccentricity 

Test results for joint with 
e=0.2in. (5. l mm); J-6 

Computed for joint with 
e = 0.2 in. (5.l mm); J-6 

Computed maximum axial load 
for joint (e = 0.0 in.) 

Maximum load, 
kips (kN) 

210 (935) 

222 (988) 

358 (1592) 

Moment at max•loarl, 
kip-in. (k~l •m) 

-42.0 (-4.75) 

-44.5 (-5.03) 

0 

of 0.2 in. (5.1 mm) is shown in Fig. 3.26(b), where the computed values of 

thrust and moment are associated with a neutral axis location 5.42 in. 

(137.7 mm) from the inside of the web. This means that the bolts are 

within the compression region of the mating surface. A change in the bolt 

tension would not be expected unless a force is applied that would over-

come the pretension due to torque. A force that would do this is not ex­

pected under these conditions. This conclusion is substantiated in Fig. 3.20 

where the bolt tens ion is shown to have remained unchanged during the test. 

Thus, the calculated moment and thrust at the mating surface are based on 

the assumption that the bolt tens ion and a corresponding force on the mating 

3-51 



surface are self equilibrating, and that the section is that of the segment 

but unrei nforced . A standard beam-column analysis is t hen performed based 

on compression failure of the concrete. 

In Table 3.3 the results are summarized for the joi nt t ests and 

compared with prediction calculations. The values of ca l culated tensile 

strength in the concrete are compared with the splitting tensile strength 

for tests J-1 and J-2. Calculated values of thrust and moment at maximum 

TABLE 3.3 

COMPARISON OF TEST RESULTS AND PREDICTING EQUATIONS 

Computations 
Test results e > 0 e < 0 

fct' P, Ml ft· 
2 P, M, Specimen 

number psi kips k-in. psi kips k-in. 
(MPa) (kN) (kN•m) (MP a) (kN) (kN •m) 

J-1 795 42 . 5 +127 .0 758 
(5.48) (189.0) ( 14. 35) (5.23) 

J-2 820 14.8 + 74.8 620 
(5 . 65) (65.8) (8.45) (4 . 28) 

J-4 21.4 - 77. 3 22.2 -72.6 
(95 . 2) -(8.73) (98 .8) - (8 .20) 

J-5 12 .3 - 71.2 9 .3 - 53.8 
( 54. 7) -(8.04) (41.4) -(6.08) 

J-6 210.0 - 42.0 222.0 - 44.5 
(934) - (4 . 75) (988) - (5 .03) 

1 Moment at maximum load; M = P(e
0 

+ ll) 
2 Diagonal tension stress calculated at the maximum 1 oad, P 
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load are compared for the other three tests. In view of the uncertainty 

associated with the modes of failure and geometry of failure, the compari­

sons are quite reasonable. 

In summary, several conclusions can be drawn from these tests 

which are useful in understanding the joint behavior. As the joint was 

constructed, it was more flexible and weaker than the segment section. 

The moment-thrust capacity is considerably less than that of the segment 

as shown in Figs . 3.22 and 3.25. The joint strength can be computed with 

reasonable accuracy provided the failure mode can be predicted. The real 

failure mode can be found by postulating all possible failure modes and 

electing the one giving the smallest ultimate load. Therefore, the seg­

ment joint can be redesigned to obtain the desired strength. For positive 

moment the calculation of strength is more straightforward than for nega­

tive moment. The strength can be improved for negative moment by using 

higher bolt forces, larger washers, and additional lateral reinforcement 

to prevent splitting. Also, the bolt hole size can be reduced to provide 

greater bearing area for the bolts. It may be necessary to change the 

dimensional proportions of the end diaphram to gain strength. 
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CHAPTER 4 

TESTS OF LARGE-SCALE BOLTED SEGMENTED LINERS 

4. 1 INTRODUCTION 

Three circular tunnel liners consisting of bolted reinforced con­

crete segments were tested with a loading that simulated tunnel ground 

loading. The segment design used was obtained by approximate scaling of 

the design for the proposed segmented concrete liner for the San Francisco 

Bay Area Rapid Transit system (Gamble, 1967; Bechtel Corporation, 1966). 

The resulting liner was 10 ft (3.05 m) outside diameter and 5 in. (127 mm) 

thick scaled from a design that was 17.5 ft (5.33 m) outside diameter and 

7 in. (178 mm) thick. 

The original design for the San Francisco system contained a 

large number of small pieces of reinforcing bars for shear reinforcement 

and ties. Fabrication of the reinforcement cage was therefore expensive 

and there was some feeling that with simpler reinforcement the cost of the 

segments would be reduced significantly. One objective of the tests was 

to determine if part or all of the secondary reinforcement could be re­

placed by randomly oriented steel fibers in the concrete. Therefore, the 

test segments were cast with 0.9 percent by volume of steel fibers in the 

concrete mix and only the primary circumferential and longitudinal steel 

reinforcement. 

Most methods of analysis for interaction of tunnel liners with 

the ground require some measure of the relative stiffness of the liner and 
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medium. Evaluation of the segmented liner's st i f fnes s or deformabili ty is 

heavily dependent on the properties of the j oin t s between the segments . 

Radial (longitudinal) joints are generall y l ess sti ff t han t he segment 

and open up slightly, resulting in a concent rated angl e change at the 

joint. If the joints are staggered between r ings , the amount of i nter­

action between the rings depends on the sli p that occurs on the ci rcum­

ferential joints. To determine the ext ent of th i s interacti on, two singl e 

ring specimens and one 3-ri ng specimen were tested and the deformations 

measured. The equivalent uniform section properti es that provide the 

same deformability of the liner as measured i n the t ests were determi ned 

and compared with the calculated section propert ies. 

A description of the behavior of a t unnel li ner i ncludes its 

load-deformation characteristics to failure and the manner in which fai l ure 

occurs. It also includes the extent of cracki ng, jo int opening and any 

other occurrence that aff ects its strength and servicability throughout 

its useful life. Prediction of the behavior is an importan t st ep in the 

design of a liner. One objective of these tests was to measure the be­

havior so that the accuracy with which i t may be pr edi cted can be deter­

mined. This part of the invest igation is not complete and th i s repor t des­

cribes primarily the experimental portion of the study. Al so the measure­

ments of overall deformation, joint rotat i on and joint opening may be used 

in studies of watertightness of segmented t unnel l i ners. 

The loading system used for the t est s is an approximat ion to 

typical ground loading. It represents an acti ve l oad on the top of t he 

liner with the corresponding reaction on the bottom. These forces are 
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equal so the shear stniss nt 1hE: interface between the ground and liner is 

not mode l ed. Radial l.i 1 forces ilie als1) appl :c,d Li, ,t .r·t! a fu nction 

of the lateral deto rrn t"ini, n' tlw liner. Thereforr>, the tl•st ;irrangement 

models the interaction qf tl,c liner with a pn.ssive resisting i:lechanism 

which represents the rirr,und. 1ile nagnitude of all applien forces and the 

corre.;ponding dis p·1c1cl·l1~:nts of the load inq points \'Jas rieasured. i,J ith this 

information , the accut cy \Ii t:1 1•1hi ch an interaction ,1na ly•; is can predict 

the behavior can be~ dPt0 rnJined. /\ series of 12 equally spaced loa ds 

around the liner distributed over about 3 in. (203 111111) \JJ.S used; it is 

antic i pated tha t prediction of behavior under riore realistic ground loads 

will be possibl e froM anJlysis if it is first done with the test loading. 

Replacement o~ thl shear reinforcement with steel fibers in the 

concrete was not a complete success in these tests as it appears that the 

liner failures may havr· hc-:>rn influenced heavily by lateral novement of 

reinforcing bars that rr0cipitated an inclined crack through the secti on. 

Lateral bar movement rcc:ulted from the bending of circur1ferential bars at 

the end of the segment in the failu r e zone. 

The equivalent uniform moment of inertia determined in the tests 

for the 3-ring specir :<:n S3 1·1.s found to he on the order of one-third the 

calculated gros s n.nrner,t nf inutii1. The radia l (l ongitudinal) joints in 

the tests were quite flcxihle so this probably represents a 1ower limit 

for the practi cal case. 1here was not a great deal of difference between 

the l oad-deformati on stiffrc ss of the 3-ring liner and the singl e rings 

t es t ed , indicating that tl,1c ·interaction beh1een rings is si:1all with the 

type of circumferentinl inint used in these tests. 
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4.2 SPECIMEN PREPARATION 

The specimens used for the bolted concrete segment liner tests 

were cast in the laboratory using steel forms fabricated in the laboratory 

shop. Only one or two segments were cast at a time, so some variability 

of the concrete between segments resulted. The same mix was used and the 

materials carefully proportioned by weight so this variability was probably 

less than would exist in practice. Once the segments were cast, they were 

bolted together in the test configuration; that is, with the longitudinal 

axis of the tunnel oriented vertically. Bending forces due to the self 

weight of the liner were negligable in the tests, and if important in a 

particular situation they could be superimposed on those that occur from 

the applied loads. 

Three specimens were tested that have been designated Sl, S2, 

and S3. All three were complete circular liners of segments bolted together. 

Sl and S2 were one ring long or 2 ft (610 mm), while S3 was three rings 

long or 6 ft (1.83 m). In each ring there were 7 segments, 5 of which were 

identical and encompassed a 60 degree (1.05 rad) arc of the circle. This 

type of segment will be called segment A. The remaining 60 degrees (l .05 

rad) was made up of a shorter segment of 45 degrees (0.79 rad) designated 

as segment Band a key of 15 degrees (0.26 rad) designated as segment K. 

All the segments had a waffled configuration on the inside to allow for 

bolting on all sides . 

Thicknes s of the segment was 5 in. (127 mm) with a 2 in. (51 mm ) 

thick shell or flan ge and the ring was 10 ft (3.05 m) outside diameter in 

the assembled configuration. 
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4.2.l FABRICATION 

Forms were constructed of 1/8 in. (3.2 mm) steel plate bolted 

together for convenient assembly and removal from the specimen. Pans to 

form the hollow inside of the segments were first made of wood but they 

were damaged when removed. Pans were then made with steel plates bolted 

together so that they could be disassembled for removal. A photograph is 

shown in Fig. 4.l(a) of a form with wood pans and the reinforcing bars, 

and in Fig. 4.l(b) of the form with steel pans. 

Holes were cast at the side and end webs for bolting segments 

together in the circumferential and longitudinal directions. The holes 

were 1-1/8 in. (29 mm) diameter for accepting 7/8 in. (22 mm) bolts. The 

inside surfaces of the webs around the holes were made parallel to the 

outside surface of the web so that the bearing of the bolt head and nut 

would be on parallel surfaces. 

Reinforcement consisted of circumferential and longitudinal 

reinforcing bars and random steel-fiber-reinforcement in the concrete. 

The steel bars were #3 and #4 (9.52 and 12.70 mm dia.) bars, grade 40 

(275 MPa minimum yield stress) which were positioned as shown in Figs. 

4.2 and 4.3. The volume percent of circumferential bar reinforcement 

based on the gross dimensions of the waffled segment section was 1.21 

percent for the inside and 1.24 percent for the outside tension steel. 

In addition, bars were placed transverse to the segment or longitudinal 

in the tunnel. The purpose of these bars would be to help resist jacking 

forces from a shield or tunnel boring machine. Properties of the steel 
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(a) Form with original wood pans and reinforcement 

(b ) Form with s t ee l pans 

FIGURE 4.1 PHOTOGRAP HS OF SEGMENT FORMS 
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bars are shown in Table 4.1 and indicate a yield stress of 50.2 ksi (346 

MPa) for the #3 bars and 55.8 ksi (385 MPa) for the #4 bars. 

The concrete was mi xed in a 1/4-cu yd (0.20 m3) pan type mixer. 

A fiber content of 0.9 percent by volume of USS steel fiber (Fibercon) 

was sprinkled into the mixer with the aggregate and cement. Then water 

and sufficient liquid air entrainer was added to provide a total air con­

tent of 5.5 percent. Properties of the resulting concrete are summarized 

in Table 4.1 for all three specimens. The average compressive strengths 

varied from 5900 to 6400 psi (40.70 to 44.15 MPa) and the modulus of rup­

ture from 875 to 925 psi (6.03 to 6. 38 MPa). The average strengths were 

obtained by testing cylinders from every batch of concrete. The modulus 

of elasticity varied from 3,120 to 3,310 ksi (21.50 to 22 .80 GPa) which 

is below the values that would be obtained by the formula 57,000 ~ sug­

gested in ACI 318-71. The reason for the lower values li es in the method 

of test. A 600 kip (2670 kN) hydraulic testing machine was used with head 

movement contro l set at 0.01 in./min (0.25 mm/min) for tests of cylinders 

for rings Sl and S2, and 0.03 in./min (0.76 mm/min) for test S3 . This 

was done to obtain a stress-strain curve that i s more typical of the liner 

test conditions and to obtain the descending branch of the curve . A typi ­

cal stress- strai n curve obtained this way is shown in Fig. 4.4 where the 

peak strain occurs at 0.003 and the initial modulus of elastici ty is 3,280 

ksi (22.60 GPa). The presence of the fibers may cause a larger strain at 

peak stress than occurs in conventional concrete tested as a faster rate . 

When casting the segments, t hey were vibrated on a shake table 
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TABLE 4.1 

SUMMARY OF MATERIAL PROPERTIES 

Concrete 

Compressive Modulus of Splitting Modulus of 
Specimen strength, rupture, tensile strength, elasticity, 

psi (MPa) psi (MPa) psi (MPa) ksi (GPa) 

Sl 6400 ( 44. 1 5) 875 (6.03) 655 (4.52) 3220 (22.20) 

S2 6200 (42.75) 870 (6.00) 640 (4.41) 31 20 (21.50) 

S3 5900 (40.70) 925 (6.38) 615 (4.24) 3310 (22.80) 

Reinforcing bars 

* Yield stress, Ultimate stress, Bar Size ksi (MP a) ksi (MP a) 

#3 50.2 (346.0) 75.6 ( 521 . 2) 

#4 55.8 (384. 5) 90.6 (624.5) 

* . 2 (0. 71 cm2) Bar areas: #3 = 0. 11 in. 

#4 = 0.20 in. 2 (1.29 cm2) 
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and cured under wet burlap and plastic sheeting for 7 days. After 7 days, 

curing continued in the laboratory atmosphere until time of test. 

The segments were assembled in a circular configuration in the 

test device to avoid moving the liner after assembly and subsequently 

bolted together with 7/8 in. (22 mm) bolts. All 3 rings were assembled 

in specimen S3 before the bolts were finally tightened. The bolts in 

longitudinal joints (ends of the segments) were tightened first. 

The longitudinal joint surfaces mated well and did not require 

any t reatment, but the circumferential joints did not mate well in specimen 

S3 . Bolting together the poorly mated circumferential surfaces would have 

resulted in high local stresses and some initial cracking, so the joints 

were injection grouted. The bolts were tightened with a torque wrench to 

150 ft-lb (203 N-m) . Photographs of specimens Sl and S3 assembled for 

testing are shown in Fig. 4.5 . 

4.2.2 INSTRUMENTATION 

Diameter changes were measured on 6 different diameters spaced 

30 degrees (0.52 rad) around the specimen with both LVDT's and dial gages. 

The load applied by each hydraulic ram was measured with a load cell be­

tween the ram and the specimen. 

Since the l iner is an indeterminate structure 3 internal force 

components must be determined experimentally so that the variation in inter­

nal forces around the liner can be computed. To accomplish this, strain 

gages were placed circumferentially at four s trategic locations near the 

quarter points on the inside and outside of the specimen in order to locate 
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(a) Specimen Sl 

(b) Specimen S3 

FIGURE 4.5 SPECIMEN Sl AND S3 ASSEMBLED FOR TESTING 
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the points of pure thrust or zero moment . With these points of zero moment 

known, the moment and thr ust can be calculated for any other section in the 

ring. It was realized that moment and thrust near a joint would be influenced 

greatly by it, and that t he moments in each ring of segments in specimen S3 

would be different. The loading was approximately symmetrical about 2 axes. 

However, the joint pattern is not symmetrical about the same axes so the 

moments and shears were not symmetrical . 

The gages used to locate the points of zero moment at a typi ca l 

location are shown in Fig. 4.6 for specimen S3 between the east and south 

sections. The number of gages that could be read automatically was limited, 

so four representative levels were gaged as shown, with 5 gages at each 

level. A total of 80 gages was then needed for 4 locations around the 

specimen on the inside and an equal number on the outside. A few addi­

tional gages were placed at the midheight of the segments on the outside 

as a check on the other readings. Specimens Sl and S2 were gaged like 

the middle segment of S3, as shown in Fig. 4.6, with strain gages near 

the top and bottom edges. 

The electronic instrumentati on was read automatically wi th equip­

ment that successively switched the circuits and read t he voltage across 

the instrument. The reading was printed by a tel etype and punched on a 

paper tape. The tape was read by another teletype that sent t he informa­

tion to a computer where the data was processed and printed out as strain, 

load, or deflection depending on the type of measurement. 
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4.3 TEST PROCEDURE 

The test procedu~e was similar to that used for previous tests 

of monolithic liners reported by Paul, et al. (1974). Two 60-ton (535 kN) 

rams were used at each load point for specimen S3 and one ram for specimens 

Sl and S2. The load arrangement is shown in Fig. 4.7. Active loads 

were applied at 3 load points symmetric about the north and 3 symmetric 

about the south. The remaining rams on the east and west applied passive 

forces that were a function of the deformation of the load point. The 

rams applied load to the test specimen through ball joints and W8x48 (203 

Acti ve loads 

Passive 10---..i ....,.....:.--4 Passive 
loads loads 

5 

7 6 I 
Activ2 loa ds 

FIGURE 4.7 LOADING OF THE SPECIMENS 
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x 1210 mm) spread beams which were grouted to the specimen to assure uni­

form bearing. The loads were applied to the spread beam at points 12 in. 

(305 mm) and 60 in. (1524 mm) above the bottom of the specimen for S3. 

Load was applied at midheight of specimens Sl and S2. The ram reactions 

were resisted by concrete abutments bolted to the test floor as shown in 

Fig. 4.8 where the entire test arrangement is shown for specimens S1 and 

S3. A cylindrical bearing was placed between the ram and abutment to 

prevent transfer of a shearing force to the specimen at all load points 

except those at the north, south, east and west sections. 

The weight of the speiimen rested on nests of rollers between 

steel plates located ,90 degrees (1.57 rad) apart at the north, south, east 

and west sections and oriented to roll in the radial direction. 

All passive loads in all three tests were adjusted so that they 

would have a linear load-deflection relationship. This control was accom­

plished by connecting the load-point displacement (diameter change) to the 

X axis and the ram loads (average of loads at each end of the diameter) to 

the Y axis of an X-Y recorder so that the load and displacement could be 

continuously monitored. The load-deflection relationship desired was drawn 

on the graph paper of the recorder and during application of active load 

the passive load was adjusted so that the pen of the recorder followed the 

predetermined line. The loads were adjusted by manipulating the ram pressures. 

The loading arrangement used in these tests ideally should cause 

only radial movement of the north, south, east and west load points be­

cause the loads were symmetrical about the north-south and the east-west 

diameters. Thus brackets were placed at these locations to allow movement 
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only in the proper direction. These brackets, shown in Fig. 4.9, were 

placed at mi dheig ht of the specimen, and prevented tangential movement of 

the load spread beam. Rollers between the bracket and spread beam limited 

the radia l force due to friction when radial movement occurred. 

Load increments were applied by increasing the oil pressure to 

the active rams whi le the passive rams were adjusted. Once the load was 

attained all hydraulic valves were closed while instrumentation readings 

were taken. This required from 25 to 30 minutes and, at high load levels, 

the creep of the specimen allowed some loss of load. Loads were therefore 

read at the start and at the end of the instrumentation readings. 

Test specimen 

Load spread beam 
W 8 X 48 

Small 
abutment 

Bracket 
4 X 4 X 5/16 in. 
( 102 x l 02 x 8 mm ) 

FIGURE 4.9 BRACKETS LOCATED AT THE NORTH, SOUTH, EAST AND WEST SECTIONS 
TO PREVENT RIGID-BODY MOTION OF THE SPECIMEN 
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Joint locations relative to the load points influence the distri­

bution of shear and moment within the specimen. The layout of joints is 

shown in Fig. 4.10 for the three tests. Symmetry was maintained about the 

north-south axis fo r specimen Sl and S2, and for the middle ring of S3. 

The key in the top ring of specimen S3 was rotated 30 degrees to the west 

and in the bottom ring 30 degrees to the east. The average section proper­

ties for all three rings in specimen S-3 were therefore symmetric about the 

north-south diameter. 

4.4 TEST RESULTS 

Results of the 3 tests are presented in this section, and dis­

cussed and compared with other tests in the next section. Each specimen 

was loaded several times before the final loadings to check the instrumen­

tation and loading mechanism, but the load level used for these check tests 

was very low, generally less than 5 kips (22 kN) average active load, so 

the specimen behavior under the final loading was not influenced by them. 

Consequently, only the last loading of each specimen is discussed. 

It was intended that the passive forces have force-displacement 

behavior (stiffness) that would allow a direct comparison of the single 

ring behavior with that of the 3-ring specimen. Thus the stiffness of 

the passive load point should be 3 times as great for the 3-ring specimen 

as for the one-ring specimens. For the larger specimen a constant stiff­

ness of 500 kips/in. (87.6 kN/mm) was selected which corresponds to 167 

kips/in. (29 . 2 kN/mm ) for each ring. The latter value was then used for 

the single ring tests. 
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Passive forces influence the liner behavior a great deal ; there ­

fore, it i s important to determine whether the intended passive force stiff­

ness wa s f ol lowed and consequently to what extent the tests can be compared 

directly. Figures 4.11 to 4.13 show the force-displacement curves for the 

pass ive fo rces. The measured forces lying on the same diameter were aver ­

aged because the rams at these locations are connected hydraul ically and 

therefore shoul d have the same force. The displacement used i s one-hal f 

the diameter change. For tests Sl and S2 the measured forces and dis­

placements are shown, but the forces for test S3 were divided by 3 to ob­

tain the value for one r i ng of segments for direct comparison. 

There were some deviations from the intended passive force 

sti f fness of 167 kips/in. (29.2 kN/mm) as indicated by the average sti f f­

ness shown on the figures. The effect of these deviations is to influence 

the deformation of the liner and thus the moments in the region of t he 

associated force . Maximum deviations from the intended stiffness were -4 

percent for Sl , +10 percent for S2 and -7 percent for S3. 

Deformations associated with the application of active loads are 

a signi ficant measure of overall structural response. Figures 4. 14 t o 4.16 

show for each test the diameter change, 60, in the north-south and east­

west directi ons as the average active load P increased; the act i ve s tiff­

ness is defined as P/61, as contrasted to the passive stiffness in Figs. 

4.11 to 4.1 3 where the passive forces vs. one-half the correspondi ng diam­

eter change are shown. Response up to failure was primarily linear, though 

in all cases t here was some curvature of the north-south load-deformat i on 

cur ve near maximum load. This is most evident in test S3, though there 
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are some small deviations from linearity in the last load increment before 

failure in the other two tests. Thus it appears that the structure had 

just reached the nonlinear range shortly before failure. 

The north-south diameter change is always larger than the east­

west. Shortening of the circumferential axis due to thrust in the liner 

allows the north and south sections, where the active loads are applied, 

to move together more than the east and west sections move outward. Thus, 

the difference in these deformations is associated with the thrust. 

The passive forces depend on both the passive force stiffness 

and the liner stiffness. In the linear range of behavior of the liner 

(the passive forces always remain linear in this case) the passive forces 

increase linearly with active load, and when the liner becomes nonlinear 

this relationship changes. In Fig. 4.17, the passive loads are shown as 

a function of active loads for the three tests. The relationships are 

almost linear. The range of values of PA/P was 0.74-0.79 and P8/P was 

l .10-1.14. The active load Pis the average of the forces Pat each of 

the six active load points. 

Prediction of maximum load requires an understanding of the 

internal mechanism of failure. The progress of cracking during the test 

and the appearance of the failure surface are also a valuable tool. The 

visual indications of failure will be considered first. 

Specimen Sl fa iled suddenly so it was not possible to see where 

cracking began. The failure is shown in Fig. 4.18 where it extends from 

the joint just south of the east section to the load spread beam on the 

east over a circumferential distance of 18-1/4 in. (465 mm), while passing 
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(a) View of failure from inside specimen 

(b) View of fa ilure from top edge of specimen 

FIGURE 4. 18 FA ILURE REGION OF SP ECIMEN Sl 
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through one of the holes for the circumferential joint. The steel fibers 

protrude out almost perpendicular to the failure surface indicating the 

direction of movement of the· surfaces, and that the reinforcing bars have 

buckled. The angle of the failure surface is about 15 degrees (0.26 rad) 

to the segment axis for the arc between the joint and bolt hole, whereas 

beyond this hole the crack gradually flattens out to reach the load spread 

beam. 

Specimen S2 was tested in the same way as Sl in order to follow 

the progress of failure more carefully. It failed in the same location and 

at almost the same active load. Photographs of the failure are shown in 

Fig. 4.19 where the overall appearance is similar. By watching this 

region more carefully, a circumferential crack was noted on the top sur-

face of the segment extending from the joint toward the east section. 

This crack appeared at an average active load of 40.5 kips (180.2 kN); 

remains of the marking may be seen in Fig. 4.19(b) at the joint between 

the two wires. This crack, plus the buclking of the bars, present the 

possibility that failure st arted as a splitting fail ure along the inside 

circumferential reinforcing bar at the joint. At this location the circum­

ferential bars in the webs are bent toward the outside face of the segment. 

This bend with the large axial force in the bar due to bending and thrust 

probably caused a component of force in the bar toward the inside surface 

of the segment. The concrete could not resist the tension resulting from 

this radial component of force so the concrete split circumferentially al­

lowing the bar to buckle. Without the res i stance of t hese bar s , t he segment 

could not res i st the thrust so the failure surface extended through the section 
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(a) View of failure 
from inside specimen 

(b) View of failure from top edge of specimen 

FIGURE 4.19 FAILURE REGION OF SPECIMEN S2 
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buckling the bars near the outside surface as well. and the concrete fail ed 

i n a compression mode on an inclined surface . 

This failure is similar in appearance to that experienced in 

the joint test J-4 described in Chapter 3 and shown in Fig. 3.14(a) . In 

this test the eccentricity was small and the associ ated moment caused com­

pression on the inside. The appearance of the end face of the fail ed seg­

ment from specimen Sl in Fig . 4.20 is simi l ar to that of the joint end 

face in Fig. 3.14(a) . 

The failure of specimen S3 was simil ar to those in Sl and S2, 

as shown in Fig. 4.21. On the top surface of the top segment a crack 

essentially in the circumferential direction may be seen that formed at 

load increment 10 or an average active load P per r ing of 46.9 kips (208.6 

kN). The failure in each segment is associated with a joint and occurred 

between 35 and 50 degrees (0.61 and 0.87 rad) clockwise from north between 

loadpoints 2 and 3 (Fig. 4.7). Buckling of the reinforcing bars in the 

webs occurred near the joint on the inside and away from the joint on the 

outside as shown in Fig. 4.21. The failure was not as sudden in this case 

as for tests Sl and S2 and appeared to beg in in the middle ring and progress 

outward. In addition, a crack had fonned just west of the north section as 

shown in Fig. 4.22 . It was a diagonal crack in a region of high shear and 

had opened up wide enough so it was clearly visible as shown in the figure. 

Thus it would appear that failure was imminent in this segment though it 

would not have been associated with a joint. 

Typical crack locations for specimens Sl and S3 are shown in 

Fig. 4.23. Numbers on the marks indi cate the approximate load increments 

4-34 

l 



1 

FIGURE 4.20 APPEARANCE OF THE END FACE OF 
THE FAILED SEGMENT OF SPEC IMEN Sl 

4-35 

' 



-

--

-

.. 

-

.;:. 
I 

w 
O'I 
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FIGURE 4.21 FAILURE REGION OF SPECIMEN S3 



FIGURE 4.22 CRACK THAT FORMED NEAR THE 
NORTH SECTION OF SPECIMENS 3 

\ 
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(a) Specimen Sl 

(b) Specimen S3 

FIGURE 4.23 TYPICAL CRACK LOCATIONS NEAR THE SOUTH SECT ION 
DURING TESTING OF Sl AND S3 
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at which the cracks formed. In general, cracks occurred at the corners 

where high tensile strains are concentrated, and parallel to the bolt holes 

through the end of the segments. Also in specimen S2 there were cracks 

across the segment webs on the inside surface associated with bending 

stresses. 

Thrust, shear and moment in the region of failure for the last 

increment of load before failure are shown in Figs . 4.24 and 4.25 for the 

liner tests S2 and S3. The thrust, moment and shear at the section where 

failure started are similar in the two cases. The other curves on the plot 

of shear force will be discussed later. Failure began near the joint where 

thrust is high, moment is maximum, shear is small. Also moment is nega­

tive so the inside face, and thus the inside reinforcing bars, are in 

compression due to moment and thrust combined. For specimen S2 at the 

last load increment the maximum thrust was 91 kips (405 kN) and peak 

moment was 115 kip-in. (9.60 kN-m) . For specimen S3 the thrust was 

102 kips (453.5 kN) and moment 125 kip-in. The load per ring of segments 

at failure (total divided by 3) was larger for specimen S3, than the maxi­

mum loads for Sl and S2 (Table 4.2). 

The internal thrust-moment paths for critical sections in speci­

mens S2 and S3 are shown in Figs. 4.26 and 4.27. Also shown on these 

figures are the calculated failure envelopes for the segment section, and 

for the failure envelope from Chapter 3 for the joint when subjected to 

negative moment . For both tests the thrust-moment path is shown for the 

joint near the failure region and for the section of maximum moment shown 

on Figs. 4.24 and 4.25. These latter figure s show the variat ion of the 
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moment and thrust along the failure region for the last load increment on 

the moment-thrust path curves of Figs. 4.26 and 4.27. 

The peak measured active loads, diameter changes at peak load and 

calculated average stiffnesses are summarized for all three tests in Table 

4.2. 

Opening of the mating surfaces on the inside of the joint s 172.5 

and 352.5 degrees (3.0 and 6.15 rad) measured clockwise from north in the 

middle ring of test S3 were monitored with a two-inch-gage-length Whittemore 

gage. Measurements were made at the middle of the joint and one inch (25 

mm) from each end using metal tabs which were glued to the concrete, as 

gage points. The same technique was used in the joint tests described in 

Chapter 3. Similar measurements were made in tests Sl and S2, but those 

in S3 are representative of the results. 

When a joint is subjected to moment and thrust, the thrust causes 

the mating surfaces to close while the moment causes them to close on one 

side and open on the other. Therefore, joint behavior is a function of 

both moment and thr ust. If the ratio of moment to thrust remains constant, 

t he behavior can be shown as a function of moment, but if it does not, there 

i s no clear way to show the complete relationship. If the thrust is larger 

at a given moment in two comparable joints, then the joint opening will be 

smaller. 

In Figs. 4.28 and 4.29 the inside joint opening is shown as a 

function of moment and as a function of thrust at the section. Comparison 

of these results wi t h comparable values for the joints in Chapter 3 demon­

strate the influence of the adjacent segments on the opening of the joint. 
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.j::,, 
I 

.j::,, 
u, 

Loads at increment 
prior to failure 

Test Active2 Passive 
Specimen 

PN-S' PB, 
kips kips 
{kN} (kN} 

Sl 47.0 55.36 
( 209. 1 ) (246.25) 

S2 50 .8 58.93 
(226 .0) (262.13) 

S31 55.0 64.00 
(244. 7) (284.69) 

TABLE 4.2 

SUMMARY OF TEST RESULTS 

Diameter change at 
increment prior to failure 

Active Passive 

tiDN-S ' 11DE-H' 
in. in. 

{mm) (mm} 

1. 128 0.713 
(28.65) (18.11) 

1. 206 0. 723 
(30.63) ( 18. 36) 

1. 283 0.845 
(32.59) ( 21 . 46) 

Test average of Test averages of 
medium-liner medium stiffnesses 

stiffness {active} (eassive) 

Pav~/ (i",0N-S)' (P/(6D/2))A,B,C, 

k/in k/in 
(kN/cm} (kN/mm) 

170(29.8) 
42.87 161(28.2) 

(75.08) 169(29.6) 

42.85 170(29.8) 
(75.04) 167(29.2) 

184(32.2) 

44.78 160(28.0) 
(78.42) 155(27.2) 

164(28. 7) 

1All loads are expressed for an equivalent 2ft (610 mm) - long liner; i.e., the sum of the radial loads at a 
particular location are divided by 3. 

2Values of PN-S at failure for tests Sl, S2, and S3 were recorded as 50.40 kips (224.2 kN), 51.90 kips (230.9 kN), 
and 55.50 kips (246.9 kN), respectively. 

3 From Figures 4.11 to 4.13. 



er. 
C 

•r-
C 
QJ 
0. 
0 

QJ 

~ 
-0 

I 
•,-

~ 
Vl 

m C ..... 

.03 --------,-------r-----.---i---r-----,----,---7 

.02 

. 01 

200 l 00 

Moment , in.-kip 

20 40 60 

Thrus t , kip 

FIGURE 4.28 MOMENT-THRUST-OPENING FOR TEST S3 
AT 172.5 DEGREES 

80 

• Top 

+ Middle 

o Bottom 

100 



C .,.... 
~ 

0) 

C ,.... 
C 
(J.J 
Q_ 

0 
.p. (J.J 

I u .p. .,.... 
-..J (/) 

C ...... 

. 03 ---------,--------------------...... ---------r-----

.02 I- I / 
I " 

. 01 

200 100 

Moment, in .-kip 

+ 
I 

50 

Th r ust, kip 

FIGURE 4.29 MOMENT-THRUST-OPENING FOR TEST S3 
AT 352.5 DEGREES 

+ ,; 
I,+ 

• Top 
+ Middle 
o Bottom 

100 



In the joint tests, the opening was always largest at the joint ends and 

small at the center between the bolts. In Fig. 4.28, the opening is 

larger at the bottom of the joint, while it is about the same magnitude 

at the middle and top. In Fig. 4.29, the pattern changes with the bottom 

of the joint showing the smallest opening while the middle and top were 

about the same. One possible explanation for this may be that the restraint 

provided by adjacent rings caused less opening at the ends of the joint than 

occurred in the single joint tests . 

Efforts to correlate the relative amounts of joint opening with 

the proximity of joints in the adjacent rings did not show consistent re­

sults. For the joint of Fig. 4.28, the bottom of the joint is 14 degrees 

(0.24 rad) from a joint in the bottom ring (Fig. 4.10). This might reduce 

the effectiveness of the bottom ring in preventing the bottom of the joint 

to open. However. for the joint of Fig. 4.29, the top of the joint was 14 

degrees (0.24 rad) from a joint in the top ring, but the pattern does not 

hold. Thus, it is probably more reasonable to attribute the differences 

in joint opening to random fit between the rings. 

Joint opening-moment curves with positive eccentricity, so the 

joint opens on the inside, are shown in Fig. 3.6 for the joint tests, J-l 

and J-2. For test J-1, the ini t ial eccentricity was 2.66 in. (67.6 mm) 

while that obtained for the curves in Figs. 4.28 and 4.29 are smaller. 

The range in computed eccentricity is 1.5 to 2.1 in. (38 and 53 mm) for 

Fig. 4.28 and between 1.4 and 2.1 in. (35 and 53 mm) for Fig. 4.29. Thus, 

the joint opening at a given moment should be less in the liner test and 

this is the case. Also, the curves show the same general shape in the 

4-48 



joint tests and liner tests. At the highest load increment the eccentr ic­

ity was 1.6 in. (41 mm) in Fig. 4.28 and 1.4 in. in Fig. 4.29, so the 

maximum moment should be larger and this is also the case. For the joint 

of Fig. 4.28 the maximum moment i s 152 in.-kips (17.2 kN•m) and that for 

Fig . 4.29 is 160 in.-kips (18.l kN•m). The curves in Fig. 3.6 are quite 

ductile, indicating that the joints in the liner could have taken consider­

ably more deformation before failure. 

Rotation of the joint was measured at the section 112.5 degrees 

(1.96 rad) clockwise from north in the middle ring. Holes were drilled 

at each junction of the webs and the end diaphragm of the segment through 

the shell. Bolts through these holes clamped bars to both sides of the 

segment, perpendicular to the shell. Dial gages were attached to these 

perpendicular bars which were 3 in. on each side of the joint mating sur­

faces to measure the rotation of the joint. This device was simil ar to 

that used for the joint tests shown in Fig. 3.4 except that the horizontal 

bars in that figure were not through the segment shell. 

The resulting moment-rotation curve is shown in Fig. 4.30 where 

the moment is negative (compression on the inside of the liner). The re­

lationship is nearly linear to a moment of 95 in.-kips (10.7 kN •m) and a 

thrust of 100 kips (445 kN). The ratio of moment to thrust remained fairly 

constant throughout the test giving an eccentricity of sl ightly less t han 

one in. (25 mm); for the last 4 load increments it vari ed from 0.86 to 
' 

0.95 in. (22 to 24 mm). A stiffness of the joint can be calculated, from 

the average straight line through the points, to be 28,600 in. - kips/rad, 

(3230 kN•m/rad). 
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Joint rotation-moment curves for isolated joints subjected to 

negative moment are shown in Fig. 3.12, for tests J-4 and J-5. The eccen­

tricities in these tests were larger than for the ring test joint of Fig . 

4. 30. The initial part of the curve for joint test J-4 is shown in Fig. 

4.30 and indicates that for the f irst load increment the stiffnesses were 
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the same, but for higher moments the deformation was much larger for the 

joint test. This could be the result of the larger eccentricity in the 

joint test or the help of the adjacent segments in the liner test in re­

ducing the joint rotation. 

4.5 DISCUSSION 

One objective of the tests on large-scale segmented liners was 

to determine if the tie bars and shear reinforcement can be replaced by 

randomly oriented steel fibers. It appears that failure in these tests 

may have been precipitated by inward buckling of the inside longitudinal 

bars at the end of the segment and therefore the load on the liner might 

have been higher if these bars had been encircled by tie bars. From this 

point of view the increased tensile strength of the steel-fiber-reinforced 

concrete was not sufficient to replace conventional tie bars. However, 

the details of the bends of the bars at the segment end also contributed 

to the problem, so it may be possible to overcome the tendency for the 

bar to buckle inward by improving the bar details or by placing a tie bar 

at the segment end which will resist this inward force. The natural direc­

tion of the radial force in these bars is outward, or into the segment, so 

there is no reason to expect them to fail as they did if it were not for 

the end detail. 

The shear equation (Eq. 2.8) in Chapter 2 for steel-fiber-reinforced 

members may be used for comparison of the shear capacity with the actual shear 

at the failure section. That equation represents failure conditions and was 

derived by assuming that the shear capacity of the concrete, V , on the 
C 
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left side of the equation was reached at the same load that the design 

shear, Vu, and moment, Mu, occurred on the right side. The original deri­

vation of the equation for conventional reinforced concrete beams was based 

on tests of simple beams in which the ratio M/Vd was given by the geometric 

quantity a/d. In this case "a" was the distance from the critical failure 

section in shear to the support v,here morient 1~as zero. A 1 so the 

shear was constant in this region. If the shear is assumed constant and 

equal to the value at the section being checked, then M/V approximately 

takes on the meaning of the distance from the section being checked to 

the inflection point. This is not strictly true; for curved members with 

thrust, the moment and shear are related just as they are for straight 

beams, except for the component of moment resulting from the thrust re­

acting with the resulting curvature of the member between loads. If the 

loads are close together or distributed, this difference is minor. 

It is reasonable to use the value of the Vd/M ratio determined 

from tests at a particular section in the tunnel liner on the right side 

of the shear equation to calculate the shear capacity of that section. 

This calculated capacity can then be compared with the shear that existed 

at the section in order to determine if the segment section was near 

failure in shear. This was done for the region between 90 and 115 degrees 

for specimen S2 as shown in Fig. 4.24 and 34 and 55 degrees for specimen 

S3 as shown in Fig. 4.25, for the middle ring. The data used, and the 

resulting calculated capacities are shown below for specimen S3. 

The calculated capacities are also shown on the shear plot in Fig. 4.25. In 

using Eq. 2.8, the flange thickness, hf, was taken equal to zero when moment 
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Test values for S3 Calculated 

Section Shear Moment Thrust 
shear 

capacit~ 
degs (rad) kips (kN) in.-kips (kN•m) kips (kN) kips (k) 

34 (. 59) -24. 1 (107) 66.9 (7.6) 99.8 (444) 45.0 (200) 
35 (. 61) -22.0 (98) 37.6 (4 . 2) l 00. 3 ( 446) 45.0 (200) 
40 ( . 70) -13.2 (59) -61.4 (6.9) 101. 8 (453) 29.7 ( 132) 
45 (. 79) -4.3 ( 19) -115.7 (13.1) 102. 6 (456) 10. 1 (45) 
50 ( .87) +4.6 (20) -124.6 (14.1) 102 .6 (456) 10. 1 (45) 
55 (. 96) +13.5 (60) -88.0 (9.9) 101.8 (453) 24. 1 (107) 
56 (.98) +15.7 (70) -72. 7 (8.2) 101. 5 (451) 31.4 (140) 

was zero or negative. Also the value of effective depth, d, changed when 

the moment changed sign. When moment was zero (or very low) the calculated 

shear capacity became very large, but it is recognized that there must be 

an upper limit. For the points at 34 and 35 degs (0.59 and 0.61 rad) the 

limit was taken as 7.5 M/(bwd + 2hi) fr= 6.5. This limit approximately 

represents the upper bound of the test data in Fig. 2. 12. 

This comparison indicates that the computed shear capacity is 

always larger than the shear that occurred. The capacity curve is closest 

to the actual shear diagram near 50 deg (0.79 rad) where the capacity is 

about twice the actual shear. The approximate nature of the equation must 

be recognized because of the limited data on which it is based. It can be 

concluded that the failure was not entirely due to shear unless the shear 

capacity was severely reduced by the splitting along the compression rein­

forcing bar near the joint. 
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Comparison of calculated and actual shear for test S2 was obtained 

from a similar calculation and is shown in Fig. 4.24. The same conclusion 

is reached from this comparison both in terms of failure in the test and 

shear capacity predictions. 

Further insight into the mechanism of liner failure may be gained 

from the moment-thrust paths in Figs. 4.26 and 4.27. Figures 4. 24 and 4.25 

show that the moment and shear vary drast ically within the failure region, 

so care must be exercised in the sections used in a comparison. The end 

of the moment-thrust paths for the failure region (negative moment) in both 

specimens lie outside the failure envelope for the joint tests, and well 

inside that for the section. If the joint in the liner behaves like that 

in the joint tests, then failure is indicated in the joint region. The 

joints in the liner test must be stronger than those in the joint tests 

because the paths end outside the envelope for the join t tests. It appears 

that failure may have been precipitated at the joint and then traveled into 

the segments as indicated earlier. The joints were simi lar for the segments 

in the liner tests and the joint tests, but t here were 2 minor differences 

that would tend to increase the joint strength. The bolt holes in the seg­

ments were 1-1/8 in. (28.6 mm) OD and 1-1/2 in. (38.1 mm) OD in the joint 

tests. Also in the segments a reinforcing bar was added to t he end diaphragm 

that was near the inside surface and parallel to the inner corner (Figs. 

3.1 and 4.2). 

Thrust-moment paths for the north and south sections are also 

shown in Figs. 4.26 and 4.27 (positive moment) and indicate for specimen 
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S2 that these sections were not near failure. However, failure is indi­

cated in Fig. 4.27 for specimen S3 because the path ends outside the 

theoretical envelope. In test S3 a diagonal crack was noted at the north 

sections near the end of the test (Fig. 4.22) indicating that that section 

was indeed approaching failure. Again the envelope shown does not correctly 

represent the true envelope for this particular section and the correct one 

must lie to the right so that it will enclose the entire thrust-moment path 

curve. 

Behavior of the segmented liner before failure is of interest in 

order to evaluate its working load response and its interaction with the 

ground. The effect of joint lap in the three ring liner may be seen in 

Fig. 4.31 where the stiffness of the three ring liner, S3, is compared 

with that of the one ring specimens, Sl and S2. In this case stiffness 

is defined as the average active load, P, divided by the diameter change, 

6D, in the active load direction (north-south direction). The stiffness 

of the three ring liner is converted to stiffness per ring for comparison 

and it is only slightly stiffer than the single ring specimens. As dis­

cussed earlier the average passive force stiffnesses were not exactly the 

same, but Sl and S3 were within 4.3 percent as shown in the table below. 

Average passive Variation Liner 
Test stiffness/ring, from average, stiffness/ring, 

k/i n. ( kN/mm) percent k/in. (kN/mm) 

Sl 167 (29 . 2) 5 42.9 (7.51) 
S2 173 (30.3) 10 42.9 (7.51) 
S3 160 (28.0) 6 44.8 (7.84) 
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A small difference in average stiffness of the passive forces does not ap­

pear to affect the liner stiffness greatly as shown by comparing tests Sl 

and S2 in the table, where the liner stiffness is the same, while the aver­

age passive force stiffnesses were different by 3.5 percent. The conclu­

sion that may be drawn is that the interaction between rings with lapped 

joints did not change the liner stiffness more than about 4 percent in these 

tests. A larger stiffness might be expected in the 3-ring case because 

staggering of the joints would allow adjacent segments to reinforce the 

joints. 

Reinforcement of joints by adjacent segments would be small if the 

rings were so poorly held together that they acted independently, like three 

separate rings . The circumferential joint was grouted so the contact between 

the rings was good, but the pressure mobilized by the bolts between them was 

relatively small. From Fig. 3.10 the bolt force with 150 ft-lb (203 N-m) of 

torque is about 9.5 kips (42 kN) . There are 24 bolts in a circumferential 

joint, providing an area of mating surface per bolt of 75 in. 2 (0. 048 m2). 

The corresponding pressure between rings on the mating surface i s only 0.13 

ksi (0.90 MPa). Thi s pressure may not be sufficient to mobilize enough 

friction force to make the rings act together. 

Analysi s of the liner is often ba sed on uniform properties of 

the liner around its circumference so the abrupt change in section near the 

joints and at the longitudinal ribs are distributed throughout the section. 

Response of the liner was almost perfectly linear to failure so it is rea­

sonable to use a linear analysis to predict the response . A linear STRUDL 

analysi s wa s used to obtain the curve i n Fig. 4. 32 where the ratio P/60 in 
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the north-south direction is plotted as a function of section stiffness EI 

for the liner. One ring of liner was modeled by straight beam elements at 

10 deg (0. 174 rad) increments with the joints lying on the circle represent­

ing the center of gravity of the segment. Symmetry of load was assumed, but 

the actual passive force stiffness shown by Fig. 4.13 for test S3 were used. 

If the S3 test value of P/~D in the north-south direction of 45.2 kips/in. 

(7.91 kN/mm) is used to obtain the corresponding El, a value of 117,000 k-in. 2 

(336 kN-m2) results. The average E for the concrete in specimen S3 was 

3310 ksi (22.8 GPa), so the corresponding moment of inertia, I, is 35.3 

in. 4 (14.7 x 106mm4). This value is low compared with the calculated 

values of 113 in. 4 (47.0 x 106 mm4) for the uncracked gross moment of 

inertia and 161 in. 4 (67.0 x 106 mm4) for that of the uncracked trans-

formed section for the segment section. It is much closer to the proper­

ties of the cracked section as shown in the table below. 

Basis for calculation of I 

Uncracked gross I 

Uncracked tranformed I 

Fully cracked I for positive moment 

Fully cracked I for negative moment 

Calculated I, 
in. 4 mm4 x 106 

113 

161 

81 

45 

47.0 

67.0 

33.7 

18.7 

The equivalent I is also influenced by rotation at the joints 
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and the extent of this influence can be seen if some reasonable computa­

tion of equivalent I is made for a joint. In Fig. 3.12, where moment­

rotation curves for the joint tests are shown, an average slope of the 

curve for test J-1 is 10,000 in.-kip/rad (1,130 m-kN/rad) with positive 

moment applied. Assume that this rotation occurs over the 12 in. (152 

nm) length of liner at the joint between the rotation measuring bars and 

that Eis about 5100 ksi (740 MPa), the value for the joint test specimen. 

An average equivalent I for the joint of 24 in. 4 (10.0 x 106 mm4) is com­

puted, which is below the equivalent I for the liner. The same type of 

computation can be performed for the moment joint rotation .measured in 

test S3 and shown in Fig. 4.30 where the moment is negative. The average 

stiffness of the joint is about 28,600 in.-kips/rad (3230 kN-m/rad), and 

the equivalent I is calculated to be 52 in. 4 (21.6 x 106 nm4), if Eis 

considered 3310 ksi (22.8 GPa) and the distance between measuring arms 

was 6 in. (152 mm). Thus, the joint rotations influenced the liner defor­

mation and the equivalent moment of ~nertia. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The tests described had two objectives; the first was to examine 

the use of randomly oriented steel fiber in the concrete mix as a substi­

tute for shear reinforcement and tie bars, and the second was to study the 

behavior of segmented liners under controlled loading conditions. All 

tests were performed on specimens ·cast with steel-fiber-reinforced con­

crete. These studies were a preliminary effort in a continuing program 

concerning segmented concrete liners. Additional analyses and tests are 

planned. 

The series of beam tests that were designed to haves~ failures 

provided a set of data points that were used to modify the ACI r~rmula for 

allowable shear stress in concrete beams, to account for steel fiber rein­

forcement. This formula is useful for predicting shear capacity of tunnel 

liners made of steel-fiber-reinforced concrete, but requires modification 

for section shape when waffled sections are used, and for the thrust that 

occurs in tunnel liners. Strictly empirical modifications for these factors 

were suggested that were drawn from the literature for conventionally rein­

forced concrete members. 

The shear capacity formula thus modified was used to compare the 

actual shear in the failure section of the test liners with the calculated 

capacity. It was found that the capacity exceeded the shear present and 

it was concluded that the liner failures were not primary shear failures. 
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Additional tests are needed to resolve two questions that rema in 

with regard to the shear capacity of steel-fiber-reinforced members. In 

the shear beam test series the pwVud/Mu ratio was not reached for which 

shear strength no longer varied with this ratio (Fig. 2.1 2) . A few addi­

tional tests in the upper range of the ratio wou l d provide the upper limit 

on shear capacity att ribu table to the concrete in the beam. Beam tests pro­

vide the effect of moment on shear capacity, but the influence of axial 

thrust and the combination of moment and thrust remain unresolved for 

steel-fiber concrete. Tests that would give the shear capacity of a given 

section with varying thrust in the range that normally occurs in tunnel 

liners, would help to resolve this question. The prob lem is somewhat 

different from that occurring in mos t structural members becaus e the thrust 

is relatively high in tunnel liners . 

The series of joint tests provide information about the joint 

behavior when i solated from the liner. The joints and the segments used 

in the liner tests were scaled geometrica lly in an approximate manner from 

that reported by Gamb le (1967). During the join t tests, it was cl ear that 

the joint design would be the weak part of t he liner, but the liner seg­

ments were being cast at the same time in order to maintain the testing 

schedule and it was not possible to change the joint details. The 

failures in the liner tests involved the joints and were similar to those 

that occurred in the joint tests. The crack patterns in the joints were 

al so similar to thos e that were reported for the tests performed by the 

Bechtel Corp. (1966). These tests are al so t he ones reported by Gamb l e 

(1967). 
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The joint failure mechanism was determined for various eccentri ­

cities of load. The location of additional reinforcemen t to strengthen 

the joint then becomes clear. Also, with a knowledge of the modes of 

failure, it is possible to devise computational procedures to predict the 

capacity corresponding to that failure mode. This was done for the tests 

and the computational results were compared with the test results. Success 

of the computations in predicti ng the failure loads varied with the 

failure mode. These procedures are not as accurate as those used for 

computing segment section behavior, and a larger safety factor for joints 

than for the segment is desirable. 

The segmented tunnel liner load-defl ection curves were nearly 

linear to failure, as were the moment-thrust curves for various sections. 

Therefore, a linear analysis can reasonably be used to predict the 

overall behavior. The STRUDL analysis was used to match the l oad-

deflection response of test S3 and it was found that the uniform equiva­

lent moment of inertia required to obtain the same load-deflection curve 

was 22 percent of the uncracked transformed moment of inertia, and 44 and 

78 percent of the positive and negative fully cracked moments of inertia, 

respectively. If a weighted average of the ribbed section of the segment 

and the diaphragms in the segments had been used for comparison, the per­

centages would be even smaller. This comparison shows that the joints 

influenced the deformation a great deal. It was shown that the equivalent 

moment of inertia for a joint was relatively low and depended on the direc­

tion of the applied moment. 
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There was little interaction between rings in the three-ring 

liner test, as shown by comparing the overall stiffness in the three­

ring test with that of a single ring. The stress between the rings along 

the circumferential joints that results from the circumferential bolts 

is relatively low. Also, the bolts are considerably sma ller than the bolt 

holes, so slip can occur in the circumferential joint. This probably 

accounts for the lack of interaction between rings, and in this respect 

may not be representative of field conditions because the shoving forces 

of a shield would press the segments together more tightly along the 

circumferential joint. It is not clear how much of the shoving force 

remains in the liner when the shield is well past, and there is l i ttle 

information available on the subject. 

Both of the single-ring tests failed at the same location in the same 

way. In all three tests, failure occurred in a reg ion of negative moment 

and was near a joint. In one of the single-ring tests and in the three­

ring test, circumferential cracks were observed prior to failure on the 

top of the specimen, eminating from the radial joint surface. Thus, a 

splitting failure along the inside circumfe rential bars was indicated. 

Photographs of the failure region (Figs. 4.18 and 4.21) show these bars 

buckled inwa rd. The drawings of the bar details (Fig. 4.2) show that these 

bars are curved in the joint, so compression in them would cause an inward 

force. This force precipitated splitting, and with the bar buckled and 

the concrete spalled off the inner surface, failure progressed through 

the section. 

A tie bar cou ld have prevented or del ayed the f ai lure, so the 

steel fiber in the mix did not successfully replace the tie bar. This 
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problem could be overcome by changing the bar detail in the joint or by 

placing tie bars only at the ends. 

The liners from whic h the test specimens were approx imately 

scaled, were required to accorrrnodate a diamet er change of l in. (25 mm ) 

in the active load direction before failure t o be favo rably evaluated. 

This deflection corresponds to 60/0 of 0.0048 . For the 10 ft (3 m) OD 

test speci men this ratio corresponds to a diameter change 6D = 0.56 in. 

(14 mm) . The speci men S3 had this deflection at abou t 46 percent of its 

peak load. Thus, the t est l iner had adequate deformabili ty . The ratio 

6D/0 = 0.005 has been suggested as the specified deformation for obtaining 

design moments. The test l iner at this deformation had about one-half its 

ultimate load, and had very l ittl e distress as there were no signi fic ant 

cracks observed at th i s load l evel. 

The liners f rom which the test specimens were scaled were 

designed for a working compress ive stress in concrete of 0.45 f~ at the 

crownline. Using this as a design value, i t is possible to determine 

des ign thrusts and moments fo r the liners desc ribed in th is report. Us i ng 

the fully cracked section properties with t he ratio of moment to thrus t 

obtained from the test S3 at the crown results in a design thrust of 34 ki ps 

(152 kN) and a design moment of 105 fn. - ki ps (12 kN •m) for liner S3 . The 

ultimate thrust and momen t thi s liner withstood at the crown was 100 ki ps 

(444.8 kN) and 307 in.-kips (34.6 kN •m), respect ively, or a factor of 

about 3 above the desi gn values. 

i~ajor findings from th is preliminary investigation into segmented 

l iners may be surrmarized briefly as follo\'1s: 

1) Steel fiber in concrete sections increases their shear resistance 

and with proper attention to reinforcing bar details may replace shear 
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reinforcement and tie bars in segmented liners. Shear forces on a section 

in the ground are general ly less than thsoe occu rring in tbe l i ner tests 

described so those tests represent a severe shear load ing. 

2) Modes of failure of radial joints i n segments of a particular 

design was demonstrated. A reasonable procedure for determining the strength 

of a joint can be formul ated once the mode of failure is determin ed. 

3) Joints reduced the liner st i ffness in the fu ll ring tests described. 

The joints also determined the strength of the li ners , though it is believed 

that joints can be designed to develop t he strength of the segment sect i on. 

There was little interaction between rings in the three-ring test because 

the circumferential joint could not transfe r sufficient force between rings . 
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