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PREFACE 

Research described in this report was performed by the Department of 

Civil Engineering at the University of Illinois at Urbana-Champaign, 

Urbana, Illinois from August 1974 to August 1975. The project was 

sponsored by the Federal Railroad Administration, Department of Transport­

ation, through contract No. DOT FR 30022. Mr. William N. Lucke was the 

technical representative for the Federal Railroad Administration. He 

helped to formulate the research goals and made many helpful suggestions 

during the work. His help is greatly appreciated. 

Assistance was provided by Professor C. P. Siess in planning the 

structural tests and by Professor E. J. Cording who provided geotechnical 

input into the planning and evaluation of the tests. Much of the work 

in preparing the test specimens was done by research assistants and 

student hourly employees. The research assistants who helped in the 

testing program were H. Nikooyeh, I-B. Park and R. Prado; hourly student 

employees were D. Coultas, D. Guse and M. Baxter. 

Dual-unit format is employed in the presentation of all data, figures, 

and tables included in this report. Data and tables are presented in the 

English system, with International System of Units (SI) values included in 

parentheses. Large tables are presented with SI values in a separate 

table. For example, the English values may be presented in Table 3 and 

the SI values in Table 3-SI. Figures are presented with auxiliary scales 

for SI units. 
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CHAPTER l 

INTRODUCTION 

A system for slipforming a tunnel liner was described by Parker, 

et al. (1971) that requires the use of fast-setting cement concrete and the 

possible inclusion of steel fiber in the mix to provide additional tensile 

strength. The fast-setting cement would allow the liner to resist its own 

weight plus some ground load as it emerges from the slipform; the liner 

would continue to gain strength with time as the ground loads increase. 

The additional tensile strength resulting from the steel fiber may be 

particularly important during this early period. 

A test program is in progress to determine the mechanical proper­

ties of steel-fiber-reinforced concrete and to study the mix design param­

eters and how they affect the mechanical properties (Parker et al., 1973; 

Paul, et al., 1974; Herring and Kesler, 1974}. In addition, monolithic 

liners cast with fiber-reinforced concrete have been tested in a manner which 

roughly simulates the interaction of the liner and the surrounding medium. 

The liner test program is incomplete. Two tests have been per­

formed and reported previously (Paul, et al., 1974). Four additional tests 

will be described in this report. Two concrete strengths have been used; a 

low strength to simulate the rapid-setting concrete strength at an early age 

shortly after leaving the slipform, and a high strength to simulate the liner 

after complete hardening. The fiber content was l .5 percent by volume for all 

specimens. In the year that follows, 2 additional tests will be performed 

and the analysis and design recommendations completed. 

1-1 



The test program was planned to develop a better understanding of 

the structural behavior of cast-in-place liners in the ground. Interaction 

with the ground strongly influences the structural response, so inclusion 

of a passive resisting mechanism was considered necessary. Inclusion of 

the liner in a real soil would be more realistic, but measurement of pas­

sive forces would be very uncertain. It would then be difficult to analyze 

fully the observed structural response. It was decided that a less realistic 

resisting mechanism that can be adjusted easily, and the forces measured ac­

curately, would be preferable. The structural response and failure con­

ditions in the structure could then be determined. The resisting mechanism 

that was used is described in Chapter 2 and consisted of hydraulic rams 

that apply loads distributed over about 8 in. (203 mm) circumferentially. 

The load-deflection response of these rams can be controlled. 

Application of the test results to the more realistic conditions 

in the ground will be accomplished with a computer analysis. Comparison 

of the test results with the analysis will confirm the adequacy of the 

structural analysis model, that can then be used to study continually vary­

ing passive pressure and other variables. One analysis based on an exist­

ing computer program will be described in Chapter 5. 

Design of a liner for given loading conditions requires an esti­

mate of the loads at which cracking and failure occur. Serviceability of 

a liner depends on the extent of cracking, spalling and deformation, while 

the safety is a function of the factor of safety against collapse. An ade­

quate analysis must provide a means of predicting cracking as well as ulti­

mate load. 
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Redistribution of moments within an indeterminate structure that 

has a ductile section behavior has been studied previously in connection 

with steel frames and conventionally reinforced concrete buildings, but 

little of the work has been applied to tunnel supports. In a previous 

report (Paul, et al., 1974) it was shown that steel-fiber-reinforced con­

crete 1iners demonstrate ductile behavior in which the liner shape changes 

to accommodate the passive resisting mechanism. The load capacity in the 

test is much larger than that predicted from a linear analysis when failure 

is assumed to result from material failure in tension. This behavior re­

sults from a ductile material and a highly redundant structure that allows 

the moment-thrust path of the critical sections to follow the moment­

thrust failure envelopes and the moments to redistribute in the liner as 

the thrust continues to increase. 

In order to predict the ultimate load on the liner, it is neces­

sary to know where the moment-thrust path of critical sections leave the 

failure envelope and where the path lies within the region enclosed by it. 

This would provide a means to predict the complete structural behavior of 

the liner including the ultimate load, and it is to this end that the test 

program is generally directed. In the previous tests mentioned above, the 

liner loading was carried well into the nonlinear range of behavior and the 

critical sections moment-thrust path followed the failure envelope. How­

ever, a hydraulic failure of the loading system occurred during those tests 

that prevented carrying the test to fai·lure under the desired conditions. 

The tests described in this report were successfully completed and provide 

good data for comparison with an analysis that is being developed. 
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2.1 SPECIMEN FABRICATION 

CHAPTER 2 

DESCRIPTION OF TESTS 

The forms used to cast the specimens consisted of two metal cyl­

inders made of 11 gage smooth sheet metal, 36 in. (915 mm) high, 120 in. 

(3048 mm) outside diameter and 108 in. (2743 mm) inside diameter. The 

form is shown in Fig. 2.1. Triangular vertical braces were welded to 

the forms and bolted to a wood platform after the two cylinders were posi­

tioned concentrically. A vertical butt splice facilitated removal of the 

forms from the specimen. The 6 in. (152 mm) thickness was maintained at 

FIGURE 2.1 FORMS USED FOR CASTING THE SPECIMEN 
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the bottom by closely spaced clip angles bolted to the platform and at the 

top by metal separators between the cylinders. 

As part of the general instrumentation, pairs of pipes 3/8 in. 

(9.5 mm) OD and 6 in. (152 mm) long were placed at midheight between the 

two forms. These pairs of pipes were 12 in. (305 mm) apart horizontally 

and centered at sections 90 deg apart on the specimens; the resulting 

holes through the specimen were used to support devices for measuring the 

relative rotation between these sections. These pipes also helped to con­

trol the specimen thickness. 

Two different mix proportions were used to obtain two different 

concrete strengths. The concrete was purchased from a local ready-mix 

plant and transported to the laboratory in a transit mix truck. The truck 

arrived with the proper amount of aggregate that contained some natural 

water. The remaining ingredients were added at the laboratory. Water was 

added first, calculated to provide an adequate slump, after which steel 

fiber was sprinkled into the transit mix hopper. After a short time of 

mixing, the cementitious materials were added. Fly ash was substituted for 

part of the cement in the mix for the 2 specimens that were to have low 

strength (designated C3 and C6). This material provides reduced strength 

and maintains the proportion of cementitious solids. For the other two 

specimens of high strength (designated C4 and C5) standard ingredients 

were used. 

The specimens were cast in two lifts of 18 in. (450 mm). Each 

lift was vibrated at its mid-height with two form vibrators attached to the 

walls of the inside form and opposite one another. When the vibrators were 
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raised for the second lift, they were rotated 90 deg from the previous posi­

tion. Both lifts were vibrated for approximately 20 seconds. 

The forms were removed after one day and the specimens were cured 

under moist conditions by covering them with wet burlap and vinyl sheeting 

for a period of 20 days, after which the cover was removed. Further curing 

took place in the laboratory air which is maintained at approximately 50 

percent relative humidity. 

2.2 MATERIAL PROPERTIES 

For the liners and control specimens 2.4 cu yd (1.8 m3) of con­

crete was mixed with Type l cement and l .5 percent steel fiber by volume or 

approximately 200 lb/cu yd (118.6 kg/m3). The basic mix and properties of 

the fresh concrete are shown in Table 2.1. A summary of the properties of 

the hardened concrete is shown in Table 2.2. The fly ash not only reduced 

the strength of the concrete, but also rendered a modulus of elasticity 

comparable to fast-setting cement concrete at an early age. The steel 

fiber used was U.S. Steel Fibercon, which isl in. (25 mm) long and 

0.022 x 0.010 in. (0.56 x 0.25 mm) in cross section. 

The mechanical properties in Table 2.2 were obtained by testing 

control specimens at various times before and after the liner test and 

picking from the graphed results the values at the time of test. Each test 

point for compressive strength was the average of 3 or more individual 

tests. The modulus of rupture is the average of 3 or more tests of 6 x 6 x 

21 in. (152 x 152 x 533 mm) flexure specimens and the split tensile strength 
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TABLE 2.1 

* MIX PROPORTIONS FOR LINER SPECIMENS 

Spec C3 Spec C4 Spec C5 Spec C6 

Sand, lb (kg) 2080 (945) 1462 (663) 1470 (666) 1994 (904) 

Pea gravel, lb (kg) 549 (250 1045 (474) 1063 (481) 622 (282) 

Fly ash, lb (kg) 358 (163) 308 (139.5) 

- Cement, type l, lb (kg) 179 (81.5) 793 (359) 805 (364) 282 (127. 7) 
N Free water, 1 b (kg) 441 (200) 439 (199) 439 (199) 427 (193.5) I 
+:>, 

Fibers, lb (kg) 200 (90.8) 197 (89.2) 200 (90.8) 197 (89.2) 

--
Unit weight, lb/cu ft (kg/cm3) 141 (2258) 146 (2335) 147 (2350) 142 (2270) 

Slump, in. (mm) 5 ( 127) 6 ( 152) 5.25 (133) 8.25 (210) 

Air entrained, percent 2.8 0.2 0.7 0. 1 

*Quantities for l cu yd batch (0.76 m3), for saturated surface-dry aggregates. 
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TABLE 2.2 

PROPERTIES OF HARDENED CONCRETE 

Compressive Modulus of Splitting tensile Initial modulus of Modulus of elasticity 
Specimen strength, f~, rupture, fr, strength, fsp' elastic i ty , E , from ACI formula, 

psi (kPA) psi ( kPA) psi (kPA) ks i (MP a) ksi (MPa) 

C3 2200 500 265 1520 2580 
(15150) (3450) ( 1800) (10500) (17760) 

C6 2400 610 340 1720 2730 
N (16600) (4170} (2320) ( 11700) (18800) I 
CJ1 

C4 6660 855 765 3000 4760 
(45500) (5850) (5230) (20500) (32800) 

C5 7630 850 795 3100 5150 
(52200) (5820) (5840) (21200) (35500) 



is the average of 6 tests of 6 x 6 in. (152 x 152 mm) split cylinder speci­

mens. The initial modulus of elasticity was obtained from the average of 

3 or more tests on standard cylinders in a 600 kip (2,670 kN) hydraulic 

testing machine with a constant head movement of 0.03 in./min (0.76 mm/min). 

The load and strain were recorded on a X-Y recorder. 

2.3 INSTRUMENTATION 

The instrumentation had two objectives. The first was to deter­

mine the overall behavior of the liner in terms of loads and deformations. 

The second was to make measurements that would allow the calculation of 

internal forces. The liner, as loaded, is indeterminate to the third degree 

providing that all the external forces are measured. It is necessary to 

determine three internal quantities in order to calculate internal forces 

at any point. In the tests performed previously strain gages were placed 

at the quarter points so that the moments and thrusts could be computed at 

these locations. To do this a knowledge of the modulus of elasticity of 

the concrete was required. 

In the tests described in this report a series of strain gages 

was placed circumferentially about 2-1/4 in. (56 mm) apart near the four 

quarter points of the liner on the inside and out. These gages allowed 

the location of the section that had the same strain on the inside and 

out, and therefore were sections with moment equal to zero. With three 

of these sections (inflection points) located, the internal forces could 

be computed from equilibrium. The actual mid-height location of the gages 

for specimens C3 and C4 is shown in Fig. 2.2(a). After the testing of 

C4 a better knowledge of the location of the inflection points was obtained 
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FIGURE 2.2 STRAIN GAGE LOCATIONS FOR DETERMINING 
INFLECTION POINTS 
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and the gage locations were altered as shown in Fig. 2.2(b). A few gages 

were also located near the top and bottom of the liner specimen to study 

the vertical distribution of loading. 

The overall structural response was monitored by measuring the 

diameter change at all six loaded diameters. Linear variable differential 

transformers (LVDT's) connected to tensioned wires across the diam,eters 

were used for these measurements and checked with dial gage measurements. 

The LVDT's located on the passive load diameters were also used to control 

the passive load-deflection behavior as discussed in Section 2.4. 

The loads applied by each of the 24 rams were measured with load 

cells placed between the ram and the load spread beams. The loads were 

recorded at each increment. Sensitivity of the load measurements is indi­

cated by the calibration factors for the load cells which averaged 68 micro­

inches of strain per kip of load (388 micromm/kN). 

All measurements were taken at each load increment. The output 

of the LVDT's, strain gages and load cells were connected to automatic 

switching and balancing equipment. The sequence of reading consisted of 

first the load cells, then the strain gages and LVDT's and finally the 

load cells again. This process took about ten minutes and the second set 

of load cell readings allowed the calculation of loss of load due: to creep 

of the specimen. Unless otherwise specified all the loads reported herein 

will correspond to the first set of load readings. The changes in voltage 

read by the balancing and reading equipment were automatically rE~corded by 

a teletype which produced a punched paper tape and typed copy. The data 

was then transmitted to a computer where it was converted to more usable 
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information and transmitted back to the test site immediately. In this 

way the information obtained for one loading increment was used to plan 

the next. 

2.4 TEST PROCEDURE 

The procedure used for loading the specimens and controlling the 

passive forces was the same as described by Paul, et al. (1974) in previous 

tests. The liner section was oriented so the longitudinal direction in 

the tunnel is vertical in the test. The location of active and passive 

forces relative to north and the number of load points is shown in Fig. 

2.3; a photograph of,the load arrangement is shown in Fig. 2.4. 

The specimens were 3 ft (914 mm) high, and loads were applied at 

30-deg increments as shown in Fig. 2.3. There were two 60-ton rams at each 

load point, located 6 in. (152 mm) and 30 in. (762 mm) above the bottom of 

the specimen, that applied load to the test specimen through a ball joint 

and a W8x48 (203 x 1219 mm) spread beam. The load was spread over a width 

of 8 in. (203 mm). The ram reactions were resisted by concrete abutments 

bolted to the test floor as shown in Fig. 2.4. Cylindrical bearings were 

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. These sections were constrained to move in only the radial di­

rection so the base of the rams were flat. The spread beam was grouted to 

the specimen to assure uniform bearing. 

The weight of the specimen rested on nests of rollers between 

steel plates located 90 deg apart at the cardinal directions and oriented 
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FIGURE 2.3 LOADING OF THE LINER SPECIMEN 

FIGURE 2.4 OVERALL VIEW OF TEST ARRANGEMENT 
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to roll in the radial direction. During previous tests the loading arrange­

ment had a tendency to become unstable because of translational movement 

of the specimen. The loads were applied so that they were self equili­

brating, but friction in the hydraulic rams caused slightly nonsymmetrical 

forces and the resulting movement accentuated the problem. Thus, brackets 

of the type shown in Fig. 2.5 were placed at the north, south, east and 

west sections to prevent the translation. Lateral rollers in the brackets 

reduced the frictional resistance to radial movement. The forces on the 

brackets, although small in magnitude, influence the internal forces in 

the liner as will be explained later. 

Test Specimen 

Load Spread Beam 
W8 x 48 

Small 
abutment 

Bracket 
4 X 4 X 5/16 in. 

(102 X 102 X 8nm 

FIGURE 2.5 BRACKETS LOCATED AT THE NORTH, SOUTH, EAST AND WEST 
SECTIONS TO PREVENT RIGID-BODY MOTION OF THE SPECIMEN 
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The 4 passive force rams located at each end of each loaded diam­

eter were connected hydraulically. Therefore, they should have the same 

· load, but the friction in the rams vary so there is some small variation 

in the load. The passive loads PA, PB and PC that will be discussed in 

later sections are the total passive load at a load point (one end of the 

diameter) obtained as 2 times the average of the 4 ram loads on the corre­

sponding diameter. All 12 of the active rams were connected hydrau"lically 

so the loads varied only slightly due to differences in the ram friction. 

The active load 11 P11 that will be discussed is the load in two of th1~ rams 

at one active load point obtained as 2 times the average of 12 active rams. 

All passive forces in all tests were adjusted so that they would 

have a linear load-deflection relationship. This relationship was controlled 

separately for PA, PB, Pc (Fig. 2.3), as mentioned before. The load-deflection 

control was accomplished by connecting the load point displacement to the 

X axis, and the ram load to the Y axis of an X-Y recorder, so that the load 

and displacement could be continuously monitored. The load-deflection rela­

tionship desired was drawn on the graph paper of the recorder and the loads 

were adjusted by manipulating the ram pressure with a manual pump so that 

the pen of the recorder followed the predetermined line. 

Load increments were applied by increasing pressure in the active 

rams while the passive loads were adjusted. When the active loads reached 

a predetermined value, some time was taken to allow the hydraulic system 

to attain equilibrium, after which all hydraulic valves were closed and 

the instrumentation readings taken. This process, from the beginning of 

load application to the end of the readings required from 20 to 25 minutes. 
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At high load levels, the creep of the specimen allowed some loss of load 

during the period when the readings were taken. 
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CHAPTER 3 

TEST RESULTS 

Four monolithic steel-fiber-reinforced liners were tested to 

failure. Two specimens designated C3 and C6 had low strength and physical 

properties similar to that of rapid-setting cement concrete at a relatively 

early age. The other two, designated C4 and C5, had strength and physical 

properties typical of fully cured concrete. Properties of the materials 

in each specimen are summarized in Table 2.2. 

All four tests were performed in the manner described in Section 

2.3, with active loads on the north and south, and passive forces on the 

east and west as shown in Fig. 2.3. The passive forces were adjusted so 

that they had a linear load-displacement relationship that was 100 kips/in. 

(17.5 kN/mm) for the high strength specimens and 250 kips/in. (43.7 kN/mm) 

for the low strength ones. The active load P used in the discussion that 

follows is the load that occurs at one active load point or the load in 

the two rams at the location and is calculated as twice the average of 

all 12 active ram loads. The passive loads PA, P8 and Pc are calculated 

as twice the average of the 4 ram loadings in the corresponding locations 

shown in Fig. 2.3. 

The tests are summarized in Table 3.1. In the following sections 

the results will be presented by discussions of first the overall behavior, 

then the deformation of the specimens as they are related to loads, and 

finally, the internal forces. In these presentations, the load increments 

are labeled on some of the graphs. The purpose is to correlate various 
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Specimen 

C3 

w C6 I 
N 

C4 

C5 

Compressive 
strength, f~, 
psi {kPa) 

2200 
( 15150) 

2400 
( 16600) 

6660 
(45500) 

7630 
(62200) 

TABLE 3. l 

SUMMARY OF LINER TEST RESULTS 

Stiffness of the 
passive forces, 
kips (kN/mm) 

250 
( 43. 7) 

250 
( 43. 7) 

100 
(17.5) 

100 
(17.5) 

Maximum average 
active 1 oad, P, 

kips (kN) 

129 
(576) 

140 
(625) 

115 
(514) 

137 
(609) 

Diameter change at failure 
t.D/D 

N-S direction E-W direction 

0.0202 0.0106 

0.0213 0.0115 

0.0367 0.0273 

0.0526 0.0370 



events among the graphs and observations. The load increment designated with 

an Lin some figures are those assigned to the files for computer processing 

of the data. The first load is usually designated L3 or L4, and occasionally 

there is a number missing. 

3.1 OBSERVATIONS OF BEHAVIOR 

3.1.l TEST C3 

Failure occurred at an average active load P of 129 kips (575 kN) 

after considerable cracking had occurred, and after the last readings were 

taken at increment 23 with an average active load of 127.4 kips (565 kN). 

The location of tension cracking and crushing of the concrete is shown in 

Fig. 3.1. The extent of cracking during loading is shown in the photographs 

of Figs. 3.2 and 3.3. Heavy cracking occurred on the inside at the north 

and south, 20 deg south of east and 45 deg south of west. An example of 

this inside cracking is shown in Fig. 3.3(a). On the outside crushing oc­

curred on each side of the north and south load spread beams. There was 

also minor cracking on the outside 45 deg south of west and minor crushing 

at other locations as shown in Fig. 3.1. Collapse occurred when the re­

gion failed just east of the south load spread beam as shown in Fig. 3.3(b). 

This failure occurred progressively, so that the initial crushing just prior 

to failure and movement along the failure surface was observed, but final 

failure and large movement beyond this initial stage was sudden. The peak 

load at failure was reached after the readings were taken at increment 23 

and after an additional 2 kips (8.9 kN) were applied. The bar shown in the 
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Visible crushing 
detected at L23 

w ...... ~--l"!t"­

Hairline crocks 
discovered after 
the test 

Heavy crushi n 
detected at 

Small signs of 
crushing dis­
covered after test 

Medium size 
detected at 

Moderate 
crushing 

Small cracks 
detected at L6 

Ll9 

-... Wide cracks 
detected at 
Ll8 

\ Failure surface 
---~-"'1~=---:::.,;t._..--wh i le applying L25 

Moderate crushing 
discovered after failure 

Heavy crushing was in 
progress before final 
failure. Detected at L20 

FIGURE 3. l SPECIMEN C3 DAMAGE DURING TESTING 
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(a) South portion 

tDJ Nortn portion 

FIGURE 3.2 SPECIMEN C3 AFTER TESTING 
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photograph is a pick-up eye used to handle the specimen, and was embedded 

about 18 in. (457 mm) in the specimen. 

3.1 .2 TEST C6 

Failure occurred while taking the readings at increment 20. The 

complete set of readings were not taken, but the maximum average active 

load was recorded to be 140 kips (625 kN). 

As before, extensive and progressive cracking and crushing oc­

curred during the test. The extent and sequence of damage is shown in Fig. 

3.4 and the photographs in Fig. 3.5. Thin tensile cracks were detected inside 

at the south and north locations at loads of 19.5 and 24.5 kips (86.8 and 109.6 

kN) respectively. The cracks at north never widened appreciably and moderate 

crushing appeared just east of the north load spread beam at a load P of 

117.1 kips (521 kN). At a load of 53.6 kips (240 kN) one of the inside 

cracks at the south became clearly visible and extended the height of the 

specimen. This crack constituted the major tensile crack and opened to 

about one fourth of an inch. Opposite the latter tensile crack, heavy 

crushing occurred just east of the south load spread beam, and moderate 

crushing just west of the south load spread beam was detected initially at 

loads of 117.l and 124.4 kips (421 and 554 kN) respectively. 

Tensile cracks also appeared on the outside, south of the east 

load spread beam at a load of 73.4 kips (328 kN). There were several cracks 

and though they were visible to the eye did not widen appreciably. Opposite 

these cracks moderate crushing occurred, first detected at a load of 124.4 

kips (556 kN). 
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while 
Ll9 

w 

Wide cracks 
detected at 

Very thin cracks 
detected at L7 

Moderate 
detecte.d 

Wide cracks 
detected at 

Very thin crac~ 
detected at L6 

Moderate crushing 
detected at Ll7 

s 

Moderate crushing 
detected at L 16 

FIGURE 3.4 SPECIMEN C6 DAMAGE DURING TESTING 
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(a) Southeast outside 

(b) South outside 

FIGURE 3.5 SPECIMEN C6 AFTER TESTING 
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Final failure occurred near the middle of the southwest quadrant; 

clearly visible tensile cracks appeared at the outside of the specimen 

rather suddenly at a load of 132.4 kips (592 kN). At the same load, cor­

responding to load increment 19, crushing was detected on the inside op­

posite these cracks. Final failure occurred during the application of 

the next load increment in a way similar to that described for C3, along 

a diagonal surface through the thickness, ending at the inside where the 

initial crushing was detected. Photographs of the failed section are 

shown in Fig. 3.6. 

At the end of load increment 19, corresponding to a load of 132.4 

kips (592 kN), tensile cracks on the outside and crushing on the inside 

appeared suddenly in the middle of the southeast quadrant. During the 

application of the last load increment these cracks opened rapidly 2'ncl 

the crushing increased, but final failure occurred at the location described 

before and not at this section. 

3.1.3 TEST C4 

Failure occurred while applying increment 25 at a negligible 

increase in active load over increment 24. The m~ximum average active 

load recorded was 115 kips (514 kN) at both of the last two increments 

(23 and 24). 

Extensive and progressive cracking, crushing and spalling occurred 

during the test. The extent and sequence of damage is shown in Fig. 3.7 and in 

the photographs in Fig. 3.8. Extensive tensile cracking occurred on the in­

side at the north and south positions at early stages of loading that widened 
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(a) Outside 

(b) Top 

FIGURE 3.6 FAILURE SECTION OF SPECIMEN C6 
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Crushing detected 
at Ll7 

Crushing started 
at L24, and failed 
while applying 
next increment 

Spalling detected at 
20. Heavy crushing 

and closing of crack 
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Moderate 
detected 

s 
Crushing detected 
at L17 

FIGURE 3.7 SPECIMEN C4 DAMAGE DURING TESTING 
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• 

progressively up to one-fourth of an inch. Late in the test, crushing 

appeared in the compression zone opposite these cracks. Tensile cracks also 

appeared outside, at both sides of the east load spread beam at a higher load 

after the occurrence of the main cracks already described. These cracks also 

widened progressively, but not as much as those at the north and south, 

positions as crushing occurred opposite them late in the test. 

Final failure occurred just north of the west load spread beam. 

First, a flexural crack appeared on the outside at a load P of 23.5 kips 

(105 kN), the cracks opened progressively and spalling occurred on the 

inside opposite the crack, at a load P of 94 kips (419 kN). At a load of 

103.8 kips {461 kN) sudden crushing of the spalled zone on the inside was 

clearly observed, and the tensile crack closed. As a result of this, the 

surfaces of the original cracks came in contact and bearing developed. 

At increment 24, corresponding to an average active load of 115.l kips 

(513 kN), the thrust across the crack caused crushing on the outside of 

the liner and the section failed during the application of the next incre­

ment of loading by spalling a wedge of concrete on the outside. Photographs 

of the failure section are shown in Fig. 3.9. 

3.1.4 TEST C5 

Failure occurred just as increment 29 began. The average active 

load~ never increased beyond a value of 134.9 kips (600 kN) recorded at 

increment 28. However, the maximum P had already occurred and was 136.6 

kips (609 kN) recorded at increment 27. 

Tensile cracking started early in the test, followed by sizable 
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(a) Outside 

(b) Top 

FIGURE 3.9 FAILURE SECTION OF SPECIMEN C4 
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widening of the cracks, and spalling and crushing toward the end of the 

test. The extent and sequence of damage is shown in Fig. 3.10 and photo­

graphs in Fig. 3.11. 

Tensile cracks were detected at the inside north and south, at 

a load of 9.4 kips (42 kN). These cracks progressively widened and pene­

trated deeply, reaching a width of more than a quarter of an inch. After 

the test was completed and the load spread beams removed, crushing was 

discovered hidden by the beams and opposite the tensile cracks at the north 

and south positions. 

At loads of 21.6 and 27.7 kips (96.5 and 123.8 kN), tensile cracks 

appeared on the outside near the south and then at the north of the east load 

spread beam. The crack to the south of the east position never widened appre­

ciably. The crack to the north of the east position opened progressively, 

while crushing appeared opposite it at a load of 78.3 kips (349 kN). This 

crushing also increased progressively, and at a load of 110.2 kips (493 

kN) a sudden and large amount of crushing occurred and the tensile crack 

closed. However, final failure did not occur at this section. 

Final failure occurred at a section north of the west load spread 

beam. A tensile crack was detected on the outside at a load of 27.7 kips 

(123 kN). One of these cracks opened progressively, while crushing ap­

peared opposite it at a load of 78.3 kips (349 kN). This crushing also 

progressed and after a load of 84.2 kips (660 kN) closing of the tensile 

crack was observed. As a result of this, the surfaces of the crack came 

in contact, and bearing developed across it. During the beginning of incre­

ment 29 the section finally failed by spalling of a wedge of concrete on 
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FIGURE 3.10 SPECIMEN CS DAMAGE DURING TESTING 
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{b) Outside 

FIGURE 3.12 FAILURE SECTION OF SPECIMEN C5 
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One-half diameter change in passive load direction, mm 
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One-half diameter change in pressure load direction, mm 
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For the low strength specimens, C3 and C6, the north-south diam­

eter change curves are smooth and nonlinear with the deformation increasing 

faster than a linear relationship. The flexural cracks are associated with 

small changes in slope at relatively low load as noted on the curves in 

Fig. 3.17 and 3.18. In contrast the east-west diameter change curves are 

almost linear throughout the test. The drop in active load at increment 

22 for specimen C3 (Fig. 3.17) is associated with irregularities in the 

operation of the hydraulic rams. 

For the higher strength specimens, C4 and CS, both load~diameter 

change curves are rather smooth and nonlinear with the same general shape as 

the curves for the weak concrete specimens. The occurrence of events such as 

initiation of large flexural cracks, heavy crushing and spalling can be 

associated with sudden and well defined changes in slope in the path as 

shown in Figs. 3.19 and 3.20. During the application of load increment 

21 for specimen C4 sudden crushing of the compression side at a flexural 

crack, followed by closing of the tension crack was observed but did not 

produce an irregularity in the curve because instrumentation readings were 

not taken at that load. During the testing of CS this phenomenon was 

observed more carefully, and it occurred during application of load incre­

ment 24. Instrumentation readings were taken just after this occurred 

which indicate an abrupt drop in average active load P and an increase in 

deformation, as shown in Fig. 3.20. As in the low strength specimens, at 

high load levels, especially at the load increment preceding failure, the 

curves flatten considerably. 
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3.3 LOAD DISTRIBUTION DURING TESTS 

The relations between the average active load P and the passive 

forces (PA, PB, Pc) are presented in Figs. 3.21 to 3.24. The east-west loads 

(PB) are always larger than those on either side of it (PA and PC) for all 

the tests. The curves for PA and Pc are close together for all the tests, 

which is an indication of the symmetry of loading. The distribution of loads 

on all the specimens, i.e., the ratio between the various passive forces and 

the active load, changed during the test as a result of the changing stiff­

ness of the specimen due to cracking, non-linear material properties and 

geometry change. 

The variation of the PA/P and PB/P ratios, as the active load P 

increased, is shown in Figs. 3.25 and 3.26 for the low-strength specimens, and 

in Figs. 3.27 and 3.28 for the high-strength specimens. On those figures the 

occurrence of major cracks, presented in Figs. 3.1, 3.4, 3.7 and 3.10, is 

also noted. 

3.4 INTERNAL FORCES 

3.4.l DETERMINATION OF INTERNAL FORCES 

Twelve external radial forces were applied to the liner specimens 

as shown in Fig. 2.3 and tangential forces were introduced at the north, 

south, east and west positions by the reactions of brackets preventing the 

specimens from rotating, as discussed in Section 2.3. The specimen thus 

loaded was statically indeterminate both externally and internally. There 

were 4 external unknown bracket forces (tangential forces) and three internal 
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unknowns (axial thrust, shear and moment at any section). Four inflection 

points were located in the specimens by placing strain gages near the quarter 

points, in order to locate points where inside and outside strains were 

equal. Location of these four points provides four additional moment equa­

tions, and these combined with the three external equilibrium equations pro­

vide sufficient information to determine all the unknowns. Also, with the 

internal forces known at one section in this process, it was possible to 

determine from statics the thrust, shear, and moment at any other section in 

the liner. These quantities were then calculated at 5-deg intervals around 

the liner and at each edge of the load spread beams. 

The points of zero moment were located by plotting the strain 

measured on the inside and outside of the specimen against the position on 

the specimen in the same graph. The position on the specimen that had 

constant strain through the section occurred where the curves through these 

two sets of data crossed. There were twelve data points for each curve, which 

allowed determination of reasonably accurate curves and a basis for dis­

carding those strains that appeared to be incorrect. In some cases uncer­

tainty existed as to the location of the inflection points, and graphs were 

plotted of load vs location of inflection point in order to establish the 

trend of inflection point movement so as to determine the location of those 

for which the data was inconclusive. However, some error in determining the 

internal forces may result from errors in location of points. 

It was found by Paul, et al. (1974) that the inclusion of change 

of geometry in the computations gave differences in bending moments up to 
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25 percent from those which were based on the original geometry of the 

structure. To account for this, in performing the structural computation 

for each load increment, the specimen radius was corrected at each load 

point by one half the change in diameter measured during the test. This 

implies that the deformations were symmetrical. Between each measured 

diameter change the correction to the radius was assumed to vary linearly. 

The magnitude of calculated internal thrust and shear was not 

sensitive to location of the inflection points or to the resulting calcu­

lated tangential forces. More sensitivity was noted in the moments, how­

ever, as a result of changes in the tangential forces. These forces were 

found to be in the range of 2 kips (90 kN) on less for most of the loading 

range, although at the last load increment some of them were as high as 8 

kips (36 kN). Their effect on the moments was to produce a jump at the 

load spread beams equal to the force multiplied by the lever arm from the 

center of the liner section to the rollers on the bracket. The lever arm 

was about 6 in. (125 mm) long. 

3.4.2 MOMENT THRUST 

Graphs that show the moment-axial thrust paths for sections of 

greatest distress in each test specimen will be presented and discussed. 

Specimens C3 and C6 were made of concrete with about the same material 

properties and tested under the same condition. Specimens C4 and CS were 

made of higher strength concrete with similar properties and were subjected 

to the same loading conditions. The material properties and loading are 

3-40 



summarized in Tables 2.2 and 3.1. The liner specimen sections that will 

be discussed and for which the moment-thrust paths are presented are lo­

cated by central angles measured clockwise from the north position. Also 

shown on the moment-thrust graphs is an average calculated failure 

envelope for the specimen section. The basis for computations of these 

envelopes will be discussed in the next chapter. 

SPECIMEN C3 

In Fig. 3.29, the moment-thrust paths for four highly stressed 

sections in the specimen are presented. The sections are also shown in 

Fig. 3.1 where observ~d behavior is described. The most highly stressed 

section in the failure region was at the east edge of the south load beam, 

corresponding to an angle of 176.2 deg. The failure region occurred be­

tween this a~gle and 168 deg. 

For about two thirds of the test the moment-thrust paths of sec­

tions with positive moment (tension inside), such as sections at 3.8 and 

176.2 deg, progressed upward curving inward smoothly, and steadily ap­

proached the failure envelope. The paths at sections with negative moment, 

such as sections at 110 and 230 deg, began linear and parallel to the 

envelope. At load increment 18, the moment at the section at 110 deg re­

versed and began to decrease. At the same load cracking was detected on 

the inside, and also at the following increment a major region of crushing was 

detected on the outside (Fig. 3.1). At the same load increment, the path 

at the nearby section 176.2 deg (failure section) also changed the rate 

of increase of moment in the moment-thrust path. At load increment 20, 
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the moment at this failure section reversed and moment began to decrease. 

It was at this increment that crushing was detected for the first time in 

· that section. Further redistribution of moment began in the remaining 

paths at this loading. In increments 23 and 24 there occurred a small 

increase in thrust associated with a large decrease in bending moment at 

all four sections. This behavior in the last increment is also reflected 

in the load-deformation curves shown in Figure 3.17 by an increase in 

deflection at almost constant load. 

SPECIMEN C6 

Moment-thrust curves for five different sections in specimen C6 

are presented in Fig. 3.30. These sections correspond to points of major 

cracking and/or crushing. Failure of the liner occurred in the region 

bounded by sections at 236.2 and 228 deg. Failure began in this region at 

the former section with crushing on the inside and tension cracking outside, 

and then traveled diagonally to the latter section (Fig. 3.4). 

For the sections, at 4 and 176 deg, the paths started curving 

smoothly inward steadily approaching the envelope up to load increment 13. 

From that increment the paths separated and at 176 deg curved around as in 

the previous specimen, while at 4 deg remained almost linear, and toward the 

end of the test curved slightly outward. The sections were approximately 

opposite on the liner specimen. 

The curves for sections with negative moment at 110, 135 and 228 

deg were essentially parallel until the one for 110 deg curved inward, like 

those in specimen C3, while the curves for 135 and 228 deg remained linear 
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up to increments 17 and 18. The latter two sections were at nearly symmetric 

locations on the specimen, 42 and 45 deg south of east and south of west, 

respectively. 

At load increments 6 and 7 cracking was first detected on the 

inside at the north and south sections, but significant changes in the thrust­

moment paths did not occur. At increment 11 cracking at the east side of the 

south beam was detected, but again there was little change in the paths. 

At load increments 16, 17 and 19 crushing was observed at sec­

tions 176, 110 and 228 (failure) deg, respectively (see also Fig. 3.4). 

At each section, shortly before the corresponding distress was detected, 

the moment began to decrease. Each time crushing was detected at a sec­

tion, changes in the rate of moment increase were observed at some other 

sections. That is, when crushing occurred at 176 deg, redistribution took 

place at 110 deg; when the section at 110 deg crushed, the section at 228 

deg (failure) redistributed moment. The only section that did not decrease 

in moment was that at 4 deg, where the moment kept increasing until the end 

of the test. 

Between load increments 18 and 19, a small increase in axial 

thrust was associated with a large decrease in moment for all sections 

except at 4 deg. 

SPECIMEN C4 

The moment-thrust relation for five sections of major cracking 

and/or crushing, shown in Fig. 3.7, are presented in Fig. 3.31. Positive 
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moment occurred at sections at 356 and 176 deg (north and south approxi­

mately), and the moment-thrust curves were similar to those for the north 

· section in specimen C6; both paths started with rather flat slopes and when 

cracking was detected at increment 7 the slopes changed abruptly and the 

curves became almost linear. The paths then continued without a signifi­

cant amount of curvature, contrary to those in specimens C3 and C6, and 

were almost parallel to the failure envelope shown. 

At load increments 9 and 10, tension cracking was detected on 

the outside of the specimen at the sections at 105 and 75 deg, respectively. 

These sections are symmetrically located 15 deg on each side of the east 

load point. Crushing occurred opposite the tension cracks at about load 

increments 22 to 23 when the moment-thrust paths curved inward sharply. 

Also, during the last increment of loading a large decrease in moment corre­

sponded to a small increase in thrust. The closeness of these curves indi­

cates that the loading and resulting internal forces were nearly symmetrical 

in this region. 

The failure region occurred just north of the west loading beam 

between angles of 274 and 285 deg. In this negative moment region, cracking 

started outside at 280 deg and crushing occurred inside at 285 deg. Both 

paths began identically and linearly approached the envelope at about 

increment 11, and then curved upward and almost parallel to the envelope. 

At increment 12 cracking was detected at 280 deg. Spalling was detected on 

the inside at 280 deg at increment 20; this was also the increment for which 

the moment began decreasing at both sections in the failure region. At 

increment 21, when heavy cracking and closing of the tension crack were 

detected at 285 deg, a large decrease in moment occurred. 
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SPECIMEN C5 

In Fig. 3.32 five moment-thrust curves are presented for the sec­

tions where major cracking and/or crushing occurred as shown in Fig. 3.10. 

At sections with positive moment near the north and south (sections at 356 

and 180 deg) the paths began linearly, and at increment 7 when cracking was 

detected at both sections, the curves abruptly changed slop and continued 

upward. This behavior is similar to that of the sections at the same posi­

tion in specimen C4. The curve for the section at 180 deg curved slightly 

inward, while that for 356 deg continued parallel to the envelope and then 

curved outward. In the last load increment both sections had an abrupt 

decrease in moment. 

The failure region was bounded by the edge of the west load beam 

at 274 deg and the section at 285 deg, where crushing was detected inside. 

Cracking began on the outside at 280 deg. This failure region is the same 

as in specimen C4. The behavior of sections at 280 and 285 deg together with 

the section at 70 deg, where cracking outside and crushing inside were detected 

at the same loads as the failure region, is shown in the negative moment 

region. The section at 70 deg was located nearly symmetrically to that at 

280 deg but on the other side of the specimen. The shape of the curves for 

these two sections are very similar, indicating reasonable symmetry. 

All three curves in the negative moment region began linearly 

and are almost identical until the failure envelope is reached. Shortly 

after increment 10, cracking was detected at 280 and 70 deg and by the end 

of increment 11 all the curves had changed slope, separated and continued 
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with an inward trend. Cru~;hing was observed at 70 and 285 deg at increment 

17 and moment became consta11t at the 70 deg section. At load increment 21, 

heavy crushing and closing oJ the tension crack occurred at 285 deg and 

there was an abrupt decrease ,of moment that causes a jump in the curves 

for 280 and 285 deg at the same load. The same decrease in moment occurred 

for the section at 70 deg at increment 23, when crushing and shortening 

occurred at that section. 

At the last increment recorded a large decrease in moment corre­

sponded to a small increase in ax·ial thrust. The general shape of the curves 

for the sections with negative moment is similar to those in specimen C4, 

though the curvature is more gradual in specimen C5. 
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CHAPTER 4 

MOMENT-THRUST FAILURE ENVELOPE 

4.1 DETERMINATION OF STRESS-STRAIN PROPERTIES 

4.1.l COMPRESSION 

A series of concentrically loaded standard 6 x 12 in. (15.2 x 

30.4 cm) compression cylinders were tested in a stiff testing machine with 

deformation control, to obtain the stress-strain curve in compression for 

representative samples of concrete used in the liner specimens. The cyl­

inders were cast from the batch of concrete used for each liner specimen 

and cured under the same conditions. Load was applied in a 300 kip (1334 

kN) capacity 11 MTS 11 testing machine with the capability to maintain a con­

stant rate of head movement throughout the test. This capability of the 

machine and its large stiffness prevents large deformation when the peak 

of the curve is passed, so the specimen is not destroyed and the descending 

branch of the stress-strain curve can be recorded. A rather slow rate of 

deformation is also necessary near the peak load to get the descending 

branch, and this slower rate influences the peak stress obtained. For 

this reason the peak stress of the stress-strain curve does not agree with 

the f~ obtained from averaging several standard control cylinder tests. 

Two different deformation rates were used: they were 0.03 and 

0.015 in./min (0.0762 and 0.0381 cm/min). It was found, especially for 

specimens with fly ash in the mix, that the specimen strength was smaller 

4-1 



with the slower rate, but the number of tests was not sufficient to estab­

lish a quantitative comparison. 

Cylinder deformation was measured with a compressometer with a 

gage length of 6 in. (152 mm) centered at the midheight of the specimen. 

The compressometer consists of 2 rings 6 in. (152 mm) apart attached to 

the specimen with pointed set screws and provisions for measuring the rela­

tive movement of the rings with an LVDT. The output of the load cell of 

the testing machine, and of the LVDT, were connected to the 1 Y1 and to 

the 1 X1 axis, respectively, of a X-Y recorder. Thus, a continuous record­

ing of the load and deformation was obtained. 

The shape of the stress-strain curves obtained in this way were 

different from that of ordinary concrete in that the peak of the curve oc­

curred at strains ranging from 0.0035 to 0.0045. These values are somewhat 

larger than that of 0.002 usually obtained for ordinary concrete specimens 

without steel fiber tested according to the ASTM standard rate (ASTM C39-72). 

The modulus of elasticity listed in Table 2.2 was obtained as 

the initial slope of the curves. In the same table, the modulus as com­

puted from the ACI formula is listed. The formula predicts values about 

50 percent higher than the measured ones. 

4.1 .2 FLEXURAL TENSION 

Flexural tension stress-strain curves for representative samples 

of the steel-fiber-reinforced concrete used in the liner specimens were 

obtained from tests and the computational procedures described in this 

section. The tension stress-strain properties of primary interest are 
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those for an element of beam surrounding a flexural crack. The objective 

is to obtain stress-strain curves that can be used to describe the behavior 

of elements in a tunnel liner that have cracked. If the curves obtained 

in these simple tests can be used to predict the structural behavior, then 

they will serve their purpose even if they do not accurately relate stress 

and strain at a point. It is with this idea that the technique for ob­

taining the curves was developed. 

DESCRIPTION OF TESTS 

Eleven 6 x 6 x 60 in. (15.2 x 15.2 x 152 cm) steel-fiber-reinforced 

concrete beams were tested with 2-point loading to obtain the load-deflection , 

history. The beams were cast during the same operation as the liner speci­

mens and cured under the same conditions; therefore the material properties 

of these specimens were representative of those of the corresponding liner 

specimens. 

The testing scheme, geometry and instrumentation layout are shown 

in Fig. 4.1 and photographs of the test arrangement are shown in Fig. 4.2. 

Two symmetrically placed concentrated loads were placed 10 in. (254 mm) 

from each support to provide a long constant-moment region. The computa­

tional procedure was easier and more accurate if relative deflection of a 

portion of the beam in this constant-moment region was used. Thus, the 

loads were placed 40 in. (1016 mm) apart and the relative deformation mea­

sured was in a 36 in. (914 mm) portion centered between the loads. 

The specimens were tested in a 11 MTS 11 hydraulic testing machine 

with 300 kips (1334 kN) capacity. The head movement of the machine was 

4-3 



Roller 

in (2.5 cm) 

60 in 152 cm 
in (25.4 cm) 10 in 

(5.1 cm) 2 in (5. l 
36 in (91.4 cm) 

Load eel Spherical 
Seat 

2 in(5.l cm 18 in (45.6cm 

LVDT 2 LVDT l 

LVDT 3 

Steel' 

Steel beam 
(~Jl 4 X 68) 

Ball 

Defle~tion gage 
support 

Concrete 
Specimen Beam (W21 x 112) 

FIGURE 4. l TEST ARRANGEMENT FOR BEAMS 

4-4 

' 



(a) Test arrangement 

(b) Failed specimen 

FIGURE 4.2 PHOTOGRAPHS OF BEAM TESTS 
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maintained constant at 0.03 in./min (0.76 mm/min) or less. The 0.03 in./min 

(0.76 mm/min) speed was found to be too fast to obtain the descending branch 

of the load deflection curve accurately, but one-half this speed was 

satisfactory. The reactions and load beam were made of very stiff and 

massive members in an effort to make the loading system rigid relative 

to the test specimen. The slow head movement of the machine, combined 

with the stiff load system, reduced the deformation at peak load due to 

energy release in the loading mechanism so that the descending branch of 

the load-deflection curve could be obtained. Load was measured with a 

load cell placed between the machine head and the load spread beam on top 

of the specimen. The weight of the load spread beam was not measured with 

this system, but the weight of the beam as well as the self weight of the 

test specimen were considered in the computations. 

Deflections were measured with three LVDT 1 s shown in Fig. 4.1. 

Measure~ents from LVDT Nos. l and 2 were used in the calculations; they 

provide deflection of the center of the beam relative to points 18 in. 

(457 mm) on each side of the center line where the yoke shown in Fig. 4.1 

bears against the bottom of the beam. Thus, these instruments provide 

the deflection of the center of the beam relative to the yoke bearing 

points. Gage No. l had a high resolution and provided an accurate mea­

surement up to slightly past the peak of the load-deflection curve. Gage 

No. 2 had a greater range but less accuracy and provided the entire load­

deflection curve. Gage No. 3 measured the deflection of the center of the 

test specimen relative to the loading frame and was used for comparing 

overall beam performance and for checking purposes. It was not used for 
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calculating the stress-strain curve, however, as it contained the deforma­

tion of the support arrangement. 

Deformations resulting from each LVDT were recorded graphically 

as a function of the load with an X-Y recorder. The output of the load 

cell was connected to the Y axis and that of the corresponding LVDT to 

the X axis; a typical set of load-deflection curves from Gage Nos. 1 and 

2 is shown in Fig. 4.3. All measurements were also recorded on magnetic 

tape from which they can be taken directly for computational purposes. 

In order to detect the extent and progress of cracking during the 

test, an acoustic counter was attached to the beam. This instrument counts 

the acoustic emissions in each predetermined time interval, accumulates 

them, and as output provides the integral of emission counts as a function 

of time. This data was recorded automatically during the test and was used 

to aid in determining the load at which cracking occurred. 

Some aspects of the beam-test results are summarized in Table 4.1. 

The stress of the proportional limit, and cracking stress as well, is f P. 

A drop in stress occurs after the matrix cracks and the resulting 

stress resisted by the fibers after cracking is fd. In the table if fd 

is not given, the curve for stress-strain was not calculated. Only 3 tests 

were considered good for obtaining the stress-strain curves because the 

descending branch of the load-deflection curves of the others were unre­

liable. The beam specimens for liner specimen C3 were precracked during 

handling. Some of the others were tested at a head movement rate that 

was too fast. The liner specimen C3 behaved similar to specimen C6, and 

the same concrete mixes were used. Therefore, the stress-strain curve ob-
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TABLE 4. l 

SUMMARY OF TEST RESULTS 

Machine Standard control tests Long beam tests 
head f c' fr, f sp' E' fp, f* fd' E, p 
movement, r' max, 

Specimen in./min psi psi psi ksi psi psi psi ksi fif f P/fsp kips . p 

C3-l 0. 15 2200 500 265 1520 -- 302 -- 1310 -- -- 2. 18 

C3-2 II II II II II 189 278 -- 1200 -- 0.71 2.00 

C3-3 II II II II II -- 324 -- 1560 -- -- 2.33 

C6- l 0.15 2400 610 340 1720 335 695 -- 1620 -- 0.99 5.01 

+" C6-2 II II II II II 328 555 220 1778 0.67 0.97 4.01 
I 

00 

C4-l 0.03 6600 855 765 3000 522 661 -- 3120 -- 0.68 4.76 

C4-2 II II II II II 591 774 -- 3430 -- 0.72 5.57 

C4-3 0.015 II II II II 661 874 458 3076 0.6S 0.86 6.29 

C5- l 0.015 7630 850 795 3100 667 830 -- 3460 -- 0.84 5.98 

C5-2 II II II II II 682 880 418 3633 0.61 0.86 6.33 

C5-3 II II II II II 620 712 -- 3160 -- 0.78 5. 13 



Machine 
head f' 
movement, c' 

Specimen cm/min kPa 

C3- l 0.0762 · 15150 

C3-2 II II . 
C3-2 II II 

C6-l 0.0762. 16600 
.,1::,, 
I C6-2 II II 
~ 

C4-l 0.0381 45500 

C4-2 II II 

C4-3 0.0762 II 

C5-l .'0.0762. 52200 

C5-2 II II 

C5-3 II II 

TABLE 4.1 (S. I.) 

SUMMARY OF TEST RESULTS 

Standard control tests Long beam tests 
fr' f sp' . E, fp, f*. r f d' 

kPa kPa MPa kPa kPa kPa 

3450 1800 10500 -- 2080 --
II II II 1290 1920 --
II II II -- 2230 --

4170 2320 11700 2310 4790 --
II II II 2260 · ,3820 1510 

5850, .5230 20500 · 3590 ·4550 --
II II II 4070 5330 --
II II II 4550 6010 3160 

5850 5440 21200 4590 5710 --
II II II 4690 '6060 2880 

II II II 4270 4900 --

E, p 
max, 

M?a f/fp fp/fsp kN 

· 9020 -- -- 9.7 

8260 -- 0.71 8.9 

10726 -- -- 10.4 

11130 -- 0.99 22.3 

12220 0.67 0.97 17.8 

21500 -- 0.68 21.2 

23600 -- 0.72 24.3 

21150 O.E9 0.86 28.0 

23800 -- 0.84 26.6 

25000 O.fl 0.86 28.2 

21750 -- 0.78 22.8 
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obtained for ~pecimen C6 was also used for C3. Beam loads from specimens 

C4 and C5 were comparable, indicating similar tensile strengths. 

COMPUTATION OF FLEXURAL STRESS-STRAIN CURVES 

The basic method for computing the stress-strain curve is not 

greatly different from that used by Hognestad, Hanson, and McHenry (1955) 

for the compression stress-strain curve, though the tests to obtain the 

basic information are quite different. The approach is to test beams with 

a constant-moment region and determine the deflected shape within this 

region at 3 points. When a crack forms within the region, the moment re­

mains constant, but the beam is divided into cracked and uncracked portions 

for computational purposes. The crack influences the beam adjacent to it 

for some distance, so the cracked portion is replaced in the computations 

by a homogeneous element with different properties. The length of this 

element in these studies was taken equal to the depth of the beam. The un­

cracked region is assumed to have the same properties as before the crack 

and the average properties of the "crack element" can be determined from 

the load-deflection behavior of the beam after cracking. If the computa­

tional procedure is reversed, using the calculated stress-strain curve, 

the load-deflection behavior of the test beam will be reproduced analytically. 

It is necessary to determine the moment-curvature relation for the crack 

element from the load-deflection curve. This requires an accurate mea­

surement of deflection and of the location of the crack. 

When a crack began to propagate from the tension side of the beam 

toward the neutral axis, the load-deflection curve changed slope. The 
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sudden drop in stress with cracking of the matrix is related to the slope 

change analytically, and a procedure is described for accurate determina­

tion of the drop by Herring and Kesler (1974). The peak stress just before 

the drop, was obtained from a straightforward computation based on a linear 

stress distribution and the moment at the proportional limit of the load­

deflection curve. 

After cracking, points on the stress-strain curves were found suc­

cessively by using all the previously obtained points and determining the 

new stress value at the bottom fiber of the beam so that equilibrium and 

compatibility are satisfied on the section in terms of the moment and curva­

ture obtained from the load-deflection curve. This is an iterative proce­

dure and the Newton-Raphson procedure is used to speed up convergence. In 

addition, the calculation of stress is very sensitive, so special pre­

cautions must be taken in the computation to avoid wild fluctuations of 

the stress that build up as the computations proceed. It is not surprising 

that the computation is sensitive, because the reversed calculation of the 

moment-curvature curve is rather insensitive to the stress-strain curve 

used. 

The stress-strain curve obtained in this section was used to 

calculate moment-curvature relations that allow determination of the moment­

thrust failure envelope for the liner specimen. Each section in a liner 

has both thrust and moment, while the stress-strain curves were obtained 

for pure moment. Studies are planned to determine whether the thrust in­

fluences the stress-strain relationship by using the curves obtained from 
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beams to predict the behavior of beam-column specimens tho1t have been 

tested. However, in this report it was assumed that there is no effect. 

The stress-strain curves calculated in this way far the concrete 

specimens C4, C5 and C6 are shown in Fig. 4.4. The curves h,ave a linear 

portion up to the initial peak, drop suddenly to a lower value when the 

concrete matrix cracks, and descend irregularly as the steel fibers resist 

stress across the crack. The stronger concrete specimens (C4 and C5) are 

similar and in all three curves the stress drops to 66 to 69 pe,~cent of 

the initial peak value. After cracking the weak concrete appear1~d to 

maintain a constant stress for a larger strain. The initial peak stress 

at cracking is not changed a great deal by the presence of the fibers. The 

post-crack stress is substantial and maintained over a large strain, so 

will influence the behavior of a structure. 

4.2 COMPUTATION OF FAILURE ENVELOPE 

The response of a reinforced concrete cross section to external 

loads can be computed from the application of ordinary pr'inciples of 

mechanics of materials. Because of the nonlinear stress-:strain relations 

it is more convenient to reverse the process and define th 1e relationship 

of moment, thrust and curvature by a number of discrete points obtained 

from assumed stress and strain on the section (Pfrang, Sie~;s and Sozen, 

1964). This approach has been used to define the behavior of steel-fiber­

reinforced concrete cross sections. 

A computer program was written that computed the moment-curvature 

curve for a specified axial load on the section. For a:n ass~~ed linear 
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strain distribution, the stress distribution is known from the stress­

strain curve and the curvature is defined. The thrust and moment can be 

calculated. Maintaining that curvature (slope of the strain distribution) 

the neutral axis can be moved iteratively until the specified thrust is 

obtained. One desired moment-thrust-curvature point is then known. The 

curvature is changed and the process repeated until the specified thrust is 

again obtained. Once the moment-curvature relation throughout the desired 

range is found, the thrust is changed and the process repeated. The pro­

gram allows any shape of stress-strain curve to be defined with a series 

of points and assumes the curve linear between them. Descending branches 

of the stress-strain curve and cut-off of the curve can be handled. 

An example of a set of moment-curvature-thrust curves for a 

steel-fiber-reinforced cross section with the stress-strain curves of 

specimen C4 is shown in Fig. 4.5. These curves have shapes similar to 

those of conventionally reinforced concrete members (Pfrang, Siess, Sozen, 

1964). The moment capacity increases with increasing thrust up to a point 

and then decreases. 

The moment-thrust failure envelope can be derived from these 

curves if failure is defined as decrease in moment, because then the peak 

of each curve defines a point on the envelope. The failure envelope de­

termined in this way for the concrete of specimen C4 is shown in Fig. 4.6 

and has the typical shape of the curve for conventionally reinforced mem­

bers. The moment at zero thrust was determined from the pure moment cal­

culation, the zero moment point represents pure thrust, and the balance 

point is that of largest moment given by the highest curve in Fig. 4.5. 
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The thrust-curvature curve of Fig. 4.6 helps to visualize the 

section behavior in terms of ductility. The inner curve is the curvature 

at which moment was maximum and the outer one is the curvature when the 

moment had dropped 10 percent after the peak. Thus, the separation of the 

curves is a measure of the flatness of the moment-curvature curves. These 

thrust-curvature curves are similar to those obtained for conventionally 

reinforced concrete members when the curvature at the yield point and maxi­

mum moment points are plotted and provide a similar visualization. One 

difference between the outer curve and the one obtained for conventionally 

reinforced members is the low ductility at low thrust. For conventional 

members curvature continues to increase as thrust decreases for the outer 

curve. 

The relatively flat portion of the moment curvature· curve has 

an important influence on the structural behavior because it allows the 

thrust at a section to increase {jump from one curve to another), the 

curvature to increase (move to the right in Fig. 4.5), and the moment to 

increase also. 

The moment-thrust failure envelopes are shown in Fig. 4.7 for 

the concrete in the liner specimens tested. The stress-strain curves des­

cribed in Section 4.1.2 for flexural tension were used. The shapes of 

the compression stress-strain curves described in Section 4.1.l were used, 

but the magnitude of stress was increased proportionally so that the peak 

stress agreed with the average values obtained from the control cylinder 

tests. The envelopes are also shown in the moment-thrust curves of Sec­

tion 3.3.2 that show the test results (Figs. 4.29-4.32). These envelopes 
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may not be entirely representative of the sections in the liner because 

the stress-strain curves for the concrete in the liner may be different. 

This difference can result from different fiber distribution, concrete 

curing conditions, normal variation in behavior of cylinders vs structures, 

loading rate, etc. 
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5.1 TEST RESULTS 

CHAPTER 5 

DISCUSSION AND RECOMMENDATIONS 

The purpose of the liner tests was to study the behavior and 

failure mechanism of the specimens in order to develop an analysis and 

failure criterion for this type of structure. One specimen tested under 

given conditions may not be representative of this specimen and loading 

condition because of the variability of concrete and uncertainty of load­

ing. For this reason two nearly identical tests were performed for each 

concrete strength. The low-strength concrete tests C3 and C6 and the high­

strength concrete tests C4 and CS were each intended to be as similar as 

possible. 

The two low strength concrete specimens behaved similarly with 

tension cracking detected first on the inside, near north and south, at 

P = 19 to 22 kips (84 to 97 kN). Most of the additional distress occurred 

in the south half of the specimens. Additional sections of distress were 

observed near the midpoints between loads, at the maximum negative moment 

regions, causing crushing on the inside and tension cracks on the outside, 

but these developed at high loads from P = 73.4 kips (327 kN) and higher. 

Though the tension cracks at north and south were detected at relatively 

low loads, crushing outside at north and south occurred at 117.l kips 

(521 kN) and higher. 

Failure occurred at different locations in the two specimens, but 
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the appearance of the two failure regions was similar. The failure plane 

in C3 occurred between 168 and 176 deg, and the initial distress was a 

· tension crack on the inside, where the moment was positive, at the 176 deg 

section. The failure surface extended through the section at about 25 

deg from the liner axis and flattened a little near the outside (Fig. 3.3b). 

The failure plane occurred in specimen C6 between 228 and 236 deg, and the 

initial distress was a tension crack outside, where the moment was posi-

tive at the 228 deg section. The failure surface generally made about the 

same angle with the liner axis as for specimen C3 (Fig. 3.6b), and it also 

flattened near the outer liner surface. In each specimens there was great 

distress, consisting of compression crushing on one side and tension cracking 

opposite to it, at the location where the other specimen failed. Thus the 

section that did not fail completely was near failure in each case and 

provides an indication of the conditions just prior to failure. 

Moment in general is negative or near zero between loads and posi­

tive at the load points, so the moment gradients are steep. The failures 

can extend across regions in which the moment changes sign, so it is dif­

ficult to determine the cause of failure. Shear also acts on the section 

and may influence formation of the failure surface. 

Tensile cracking was detected on the inside near north and south 

in tests C4 and CS at about one-half the load (9.4 to 11.7 kips (41.8 to 

52.0 kN)) that it was detected in tests C3 and C6 as shown in Figs. 3.7 

and 3.10. The reason is the smaller passive stiffness for tests C4 and 

CS that allowed larger deformation. Crushing was detected opposite these 

cracks at a load (74.4 kips (331.0 kN) for specimen C4) much higher than 
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the cracking loads. In both specimens tension cracks on the outside occurred 

midway between the east load point and both adjacent loads at a load of 19.4 

to 27.7 kips (86.2 to 123.0 kN), and some crushing occurred opposite these 

cracks later in the test. Tension cracks occurred in tests C3 and C6 at 

about those same locations but at much higher load. 

Failure occurred in the same locations in tests C4 and CS just 

north of the west load point and the formation and appearance of the failure 

surfaces were similar. Tension cracks opened on the outside (negative mo­

ment) at 23.5 to 27.7 kips (104.4 to 123.l kN) load, and crushing was de­

tected on the inside about 4 in. (10.l cm) north of these cracks at 78.3 

to 94 kips (348.0 to 4~8.0 kN) load. The tension cracks traveled into the 

section, perpendicular to the surface, and then bent toward north; 

at a load of 103.8 to 124.9 kips (461.0 to 555.0 kN) crushing on the 

inside became so extensive that the tension cracks closed and compression 

was transferred to the outer edge of the liner because the inner edge could 

no longer resist compression. At failure, the compression zone, now on the 

outside, sheared a wedge of concrete off the outer surface that allowed 

the parts of the liner on each side of the crack to slip past one another. 

This closing of the tension crack and breaking off a wedge of concrete on 

the outside surface did not occur in the failure of specimens C3 and C6 

because the tension cracks did riot open nearly as much in these low-strength 

concrete tests. 

The difference in failure mechanism between the specimen of dif­

ferent strength appeared to be dependent on the stiffness of the passive 

forces. High stiffness leads to small cracks opening throughout the test and 
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a rather sudden failure along an inclined sliding plane late in the test. 

Low stiffness lead to a larger crack opening from the beginning of the test 

that caused larger compression distress in the fonn of crushing, and then 

crack closing before final failure. 

Deformation of the liner depends primarily on the passive mechanism 

stiffness, and deformation influences the failure. The load-diameter change 

curves show that the north-south diameter change at failure for the high­

strength concrete specimens (Figs. 3.19 and 3.20) was about twice that 

for the low-strength concrete specimens (Figs. 3.17 and 3.18). This is 

shown in Table 3.1 where the diameter change at failure divided by the diam­

eter is tabulated. The maximum loads are not greatly different, so the 

passive stiffness must account for this difference in deformation at failure. 

The east-west diameter changes for the higher strength concrete specimens 

is about 3 times that for the low-strength ones while the difference was 

a factor of 2 for the north-south diameter change as mentioned above. That 

is, the difference between the north-south and east-west diameter changes 

is larger for the low-strength concrete specimens because the axial shorten­

ing is larger due to a lower Young 1 s modulus for the material. The ratio 

of north-south to east-west diameter change was 1.90 and 1.85 for specimens 

C3 and C6, while it was 1.34 and 1.42 for C4 and CS. The influence of this 

on the failure mechanism is shown by the difference between the mechanisms 

in the high- and low-strength concrete specimens. The larger deformation 

in the 'high-strength specimens reduced the compression area on the inside 

in the failure region. 
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Thrust at failure was on the order of 250 kips (1110 kN) for all 

specimens. For the low-strength concrete liners the compressive strength 

(f~) of the concrete would be developed if 3 in. (76 mm) or about one-half 

the section depth resists compression uniformly. The corresponding depth 

to develop the high-strength concrete capacity is about l in. (2.54 cm). 

The greater deformation allowed by the less stiff passive forces reduced 

the compression area and explains the low ultimate load of the high-strength 

concrete specimens. 

In all the tests the east-west diameter change curves were almost 

linear because they were influenced heavily by the passive forces while the 

north-south deflection increased more rapidly than linearly. In all tests 

a short plateau was reached at peak load, though in test C6 this is not 

well defined because failure occurred before the next set of deformation 

measurements could be taken, but the last load was recorded to be essen­

tially the same as the previous one. 

The passive load distribution around the specimens is shown by 

the passive-active force ratio curves of Figs. 3.25 to 3.28. Clearly there 

was a change in the distribution of load as cracking progresses. At low 

load, when the specimen was intact, the passive loads were much lower than 

later after cracking was fully developed. The curves are somewhat erratic 

during the initial cracking phase and depend on the location and sequence 

of crack formation. After this phase the relationship was nearly linear 

up to the failure range, and again became erratic in the last load incre­

ment. There was considerable difference between the load distribution in 
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the high- and low-strength concrete specimens at low load, but they became 

nearly the same near the failure load. 

The internal moment and thrust at sections of distress help to 

understand how the liner redistributes moments due to cracking and nonlinear 

structural behavior and will help develop failure criteria. 

In the moment-thrust curves of Figs. 3.29 to 3.32 there are 

basically two types of curves, those that curve gradually upward and inward, 

and those that remain almost linear to failure of the specimen or remain 

linear for a time and turn inward sharply near filure. In all tests there 

were some sections that turned inward, corresponding to a decrease in moment 

as thrust continued to increase. When moment decreased at these sections, 

it increased at others and the mechanism of resistance changed. 

Predicted moment-thrust failure envelopes for the liner section 

of each specimen are shown on the moment-thrust graphs and were calculated 

as described in Chapter 4. Paths for the liner test specimen sections gen­

erally remain within the envelopes and in many cases parallel it. It is 

possible for the moment-thrust path for a ductile section to remain on the 

failure envelope for some load range and then to leave it traveling inward. 

This probably occurred for these sections, but the real failure envelope 

for the section is not the one shown. If the concrete properties at a 

section of the liner varies because of different fiber distribution or 

orientation, concrete segregation, etc.,then the failure envelope will 

change for that section. Undoubtedly the failure envelope changes around 

the liner. 

A parameter study was performed to determine how the moment-thrust 
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failure envelope changed as the tension and compression stress-strain curve~ 

vary. The stress-strain curves that were typical of a low strength con­

crete were used as the base, and the tension curve was kept the same while 

the compression stresses were changed to ±15 percent of the original curves. 

A second set of problems was run in which the compression stress-strain 

curve was maintained while the tension stresses were varied ±30 percent. 

Also the case of no tensile stress was considered. The stress-strain curves 

are shown in Fig. 5.1 and the moment-thrust failure envelopes in Fig. 5.2. 

The procedure used to obtain the envelopes is described in Chapter 4. 

It is clear from Fig. 5.2 that the compression stress-strain 

curve influences the failure envelope more than the tension curves. Also, 

the compression stress-strain curve shows a large influence in the compres­

sion failure region, i.e., that part of the failure envelope above the 

balance point (point of maximum moment), but the influence extends well 

into the tension failure region also. The tension stress-strain curves 

influence the part below the balance point of the envelope most, but its 

influence extends into the compression failure region above the balance 

point as well. 

The effect the stress-strain curves would have on the structural 

behavior of the liner depends on the moment-thrust paths of critical sec­

tions in the liner. If the passive lateral resistance in the ground is 

high, such as in a rock tunnel, moment would be low and the path would be 

steep, going toward the compression failure region. In that case the tension 

stress-strain curve would have little influence on structural response or 

failure. Also, in that case failure would occur when the envelope was 
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reached. If the passive resistance in the ground were low, the tension 

failure region of the envelope would be reached first, but if the moment­

thrust path followed the envelopes, then failure would not occur imme­

diately. Maximum load would be reached after the path was forced to leave 

the envelope, and this depends on the section ductility. The envelope 

drawn for a section without tension stress shows that tension stress in 

the material is not required to have considerable capacity when there is 

substantial thrust present. 

This study shows that the moment-thrust failure envelope can 

vary a great deal with reasonable variation of material properties, so 

those obtained from tests other than the liner test itself, provide only a 

guide for the shape and approximate magnitude. Nevertheless, the calculated 

envelope appears to represent the actual one for some sections and to 

represent the shape rather well for others. 

Loads on the liners at failure are summarized in Table 3.1 and 

show about the same ultimate loads. The average of the loads for the low 

strength concrete specimens is higher than for the high strength specimens. 

This shows the large influence of the passive stiffness, because the lower 

passive stiffness offset the much greater strength of the high-strength 

concrete. The low-strength specimens developed a thrust that was about 

equal to that at the balance point on the moment-thrust failure envelopes, 

while the thrust in the others was only about 30 percent of that at balanced 

conditions (Fig. 4.7). 
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5.2 ANALYSIS 

Structural tests of tunnel liners of the type described in this 

report have two shortcomings. They cannot simulate exactly the behavior of 

a liner in the ground, and it would be too costly to perform a sufficiently 

large number of tests to cover the complete range of all important variables. 

An analysis that will adequately predict the structural response of the 

liner can help to overcome these shortcomings. The adequacy of the anal­

ysis can be shown by comparison with a limited number of tests. Once this 

is done, more realistic active loading distributions and passive resisting 

systems can be studied, Also large numbers of solutions can be obtained 

in which changes of parameters are studied. In this section, an analysis 

is described based on NASTRAN, the general purpose structural analysis pro­

gram developed by NASA, and then the analysis results are compared with the 

test. 

5.2.l DESCRIPTION OF MODEL 

To model a structural member with NASTRAN that will resist thrust, 

shear and moment so that the nonlinear material properties of steel-fiber­

reinforced concrete are represented in a reasonable way, it is necessary to 

build a beam element with rods and shear panels. The beam elements are 

then put together to form the tunnel liner. A model of this type is des­

cribed in a previous report (Paul, et al., 1974); the model described in 

this section contains a larger number of rods and shear panels in a beam 
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The stress-strain curve for each rod may be assigned by defining 

points on the curve. A linear relationship is assumed between points. The 

stress-strain curve can be different in tension and compression, but the 

curve cannot have a descending branch or stress cut-off. 

With this model of one quarter of the specimen the boundary con­

ditions were selected on the assumption of symmetry about the north-south 

and east-west axes. Nodes at the north section were restrained to move 

only in the north-south direction and nodes at the east only in the east­

west direction. The effect of nonsymmetry of loads about these axes can­

not be studied with this model, though it can be with a similar model of 

the entire liner. 

Studies were performed previously with a model constructed in the 

same way except that the beam element contained 7 longitudinal rods and 

the liner consisted of 2 beam elements in each 30 deg segment between forces. 

Results of a liner analysis with the old model are compared with results 

from the new model in Fig. 5.4 in terms of the moment-thrust path for 

critical sections. The same stress-strain curves are used for the longi­

tudinal rods. The new model will represent the actual structural response 

of the liner more accurately than the old one. The two moment-thrust paths 

are so close that it would appear that further refinement of the model with 

a larger number of elements is not justified for better definition of over­

all behavior. However, it may be desirable to use a larger number of ele­

ments to represent the liner to obtain a better representation of the vari­

ation of internal forces. 
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5.2.2 COMPARISON WITH TEST RESULTS 

The compression stress-strain curve obtained from testing standard 

cylinders from the concrete representative of the low-strength specimens 

was approximated up to the peak stress for representation in the analysis 

as shown in Fig. 5.5. Beyond the peak, the stress must remain constant 

in the analysis. A maximum stress of about 80 percent of the modulus of 

rupture was assumed for the maximum tension stress with a constant stress 

beyond the peak. The initial modulus of elasticity was taken to be the 

same in tension and compression. 

The load-deformation curves for test C3 and the analysis are com­

pared in Fig. 5.5 where the deformation is measured by the north-south diam­

eter change; load is the active load P that occurs at each active load point. 

Initial slopes of the curves are the same, but the analysis shows smaller 

deflection above 30 kips (130 kN) of load. Also the analysis shows a maxi­

mum load much larger than the maximum test load. This occurs because the 

analysis does not allow the representation of a descending stress-strain 

curve, so the thrust continues to increase until a fully plastic stress is 

obtained and the moment resistance becomes zero. In reality, failure must 

occur at a lower load because of the descending stresses in the stress­

strain curves. The computed moment-thrust path of the north section is 

compared with the computed moment-thrust failure envelope in Fig. 5.6. 

The computational element and stress-strain curves described 

above were used to obtain this failure envelope. Load increment 5 of the 

analysis agrees closely with the load at failure of the test specimen. 
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At load increment 5 (Fig. 5.5 and 5.6) the analysis shows an 

active load on the specimen of 128 kips (570 kN) while the failure load in 

the test was 129 kips (574 kN) (Table 3.1). 

An approximate procedure to predict failure of a section of the 

real liner that is cracked, by comparing calculated stresses at a point, 

for a psuedo homogeneous region of the liner, with the material strength 

properties may be feasible. The stress distribution in the liner can be 

predicted, at least approximately, with the analysis described in Section 

5.2.1. In Fig. 5.7 the longitudinal stress in the bars is shown through 

the depth of the section of the three elements east of north in the anal­

ysis model. The analysis assumes symmetry so this segment is the same as 

the segment between 150 and 180 deg where the failure occurred in test C3. 

The stresses are shown for the section at the center of the element so the 

first one labeled (1) is 5 deg clockwise from north. This section is very 

close to the edge of the load spread beam where the shear is largest. At 

the bottom of Fig. 5.7 are shown the principal stresses calculated from the 

bending stress for section (1) and the shear stresses at the edge of the 

load spread beam. The shear panel does not have a shear stress distribu­

tion as the shear is resisted by forces concentrated at its corners. There­

fore, a parabolic shear stress distribution given by the conventional formula 

for shear stress in beams was used. 

As shown in Fig. 5.7(c), the maximum compression stress had 

reached 2425 psi (16700 kPa) for this particular computer analysis (Fig. 

5.6) so crushing of the concrete in this region is indicated because f~ 
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from cylinder tests was 2200 psi (15 150 kPa). Crushing of the concrete 

adjacent to the load spread beam was observed prior to failure of the liner. 

The principal tension stress in Fig. 5.7(c) has a maximum value 

of about 500 psi (3451 kPa) and occurs at about 1.7 in. (43.2 mm) from the 

inside surface of the liner. This value is about equal to the modulus of 

rupture of the concrete (Table 2.2) and larger than the splitting tensile 

strength. Thus a possible diagonal tension failure is indicated, but the 

inclination of the actual failure surface does not agree with the plane on 

which the principal tension occurs. In the figure the plane of failure 

(perpendicular to the principal tensile stress) occurs at an angle of 

63 deg, clockwise from the liner axis, while the measured angle for the 

test is about 25 deg. 

This analysis is approximate and the conclusion that compression 

in the concrete caused the failure is tentative. However, the approach 

presented for using the principal stresses resulting from moment, shear 

and thrust at a section to predict failure appears feasible and allows 

the consideration of all internal forces at the section. The analysis 

described requires further refinement in order to describe the variation 

in moment, shear and thrust circumferentially around the liner. 

5.3 CONCLUSIONS 

The tests on circular liners provided good data on the overall 

behavior and failure mechanism of circular liners made of steel-fiber 

reinforced concrete. The measurements made during the tests provide an 
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adequate description of the overall response to external loads with a pas­

sive resisting mechanism, and they also allow the computation of internal 

forces. Therefore, these internal forces can be computed for the failure 

region and for other regions of distress to help define the conditions 

that cause failure. Duplicate tests for two widely varying concrete 

strengths also give reasonable assurance that the behavior observed during 

the tests are representative of the true behavior of this type of structure. 

An analysis is needed that will accurately represent all aspects 

of the liner behavior including cracking, deformations and failure. Such 

an analysis would allow the study of both servicability and safety aspects 

of tunnel liners and parameter studies could be performed to determine the 

effect of the major variables that influence design. These variables in­

clude liner material properties, geometry of the liner and opening, and 

properties of the ground that provides the passive resistance. A more 

realistic ground loading rather than the test loading could then be used. 

These studies would allow the proportioning of liners on a more rational 

basis. The determination of stress-strain properties of steel-fiber­

reinforced concrete and computation of moment-curvature curves described 

in Chapter 4 are an essential first step in the development of such an anal­

ysis that must allow the descending branch of the stress-strain curves, in­

clude the effect of geometry change, and permit the representation of inter­

action with a nonlinear passive resisting mechanism. The commercial pro­

grams available will not satisfy these requirements. 

Conventionally reinforced and unreinforced liners cast with con­

ventional concrete are used in practice, so the testing and analysis should 
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be extended to include them. Tests would provide data for comparing perfor­

mance among the various types and verification of the analysis. The analysis 

could be used for parameter studies to help the designer select the best liner 

system for the conditions. 

Randomly distributed steel fiber in the concrete mix adds some 

ductility and moment capacity to the liner section. This effect is not nearly 

as great as if the same steel were concentrated and properly oriented in the 

tension region of the section, but steel fibers provide other advantages of 

steel placement and concrete toughness. The procedure described to determine 

an equivalent stress-strain curve for a cracked beam element containing fibers 

is effective for determining section behavior which can in turn be used to 

determine overall structural behavior of a liner. The procedure is also 

useful for comparing various types and amounts of fibers among themselves 

and with conventional sections. It has been shown elsewhere that steel fibers 

iri the mix increase the shear strength of conventionally reinforced beams so 

it is reasonable to assume that they also increase the shear capacity of 

liner sections with only steel fiber reinforcement. 

Stiffness of the passive forces on the liner test specimen was the 

primary parameter influencing liner deformation. In turn the deformation 

strongly influenced the failure load. In the tests the failure loads for the 

strong and weak concrete specimens were similar though the strength differed 

by a factor of about 3. The strong concrete specimen did not resist a larger 

load because the passive stiffness was smaller by a factor of 5, allowing 

greater deformation. The influence of passive stiffness and concrete strength 
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on liner capacity are not related linearly, and a good nonlinear analysis is 

required to study the influence of all the important parameters throughout 

their practical range. 
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