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CHAPTER l 

INTRODUCTION 

This report describes an investigation of steel tunnel supports. 

Load tests and analyses of conventional ribs are discussed and certain types 

of unconventional ribs and connections are evaluated. The loading condi­

tions used in the tests are representative of steel ribs used in jointed­

rock tunnels, in which the object is to support loosening rock blocks or 

wedges at the top or upper sides of the opening. 

The overbreak in jointed-rock tunnels is irregular and may be 

large. Wood blocking is placed between the rib and the rock as close to the 

face as possible to prevent movement of the rock blocks along joints, frac-

ture planes, or bedding planes. 

blocking and rib from the side. 

Wood wedges are driven between the wood 

Ideally, they are driven from both sides 

of the rib. However, this is not always done, and the blocking load acts 

on the rib eccentrically. As tunneling progresses the rock is further dis­

turbed and the weight of the loosening rock acts increasingly on the rib 

through the blocking points. Generally, the rock loosens in only part of 

the opening and moves in directions parallel to the joints or bedding 

planes, thus exerting active forces on the rib. Deformation of the rib 

tends to displace it toward the rock in the regions of undisturbed rock; 

this interaction results in passive forces on the rib. Deformation occurs 

at the blocking points due to crushing at highly stressed regions such as 

contact points on the rock or rib, crushing of the wood wedges, or deforma­

tion of the wood blocking. Dampness of the wood influences its deformability 
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considerably. In this investigation an effort has been made to simulate 

these conditions. 

Steel ribs are ordinarily used to support the ground only until 

the excavation is completed and a final concrete liner can be installed. 

The temporary nature of the structure influences the philosophy used in 

the design. The required factor of safety is not as large as for final 

long-term support and detailed analyses are not usually made. Certainly 

a new analysis is not justified for each change in geology, and the nature 

of the work does not usually allow sudden changes in support unless cata­

strophic difficulties are encountered. In many cases all the supports are 

purchased before the tunnel excavation begins, and the economics and con­

tractural requirement do not allow a substantial variation. However, de­

spite these uncertainties and constraints a better understanding of struc­

tural behavior can help the designer make a better selection of steel ribs 

before hand and evaluate alternatives during the excavation to counteract 

difficulties that might be encountered. 

In the test program 18 ribs were loaded to failure under conditions 

that simulated reasonable loading in a tunnel. The ribs consisted of a cir­

cular arch of 5 ft (1 .52 m) radius with 7 ft (2. 13 m) straight legs and con­

nections at the crown and the top of the straight legs. They were constructed 

of M4xl3, TS 4x4x0.250 and TS 4 ODx0.226 sections. The M4x13 were standard 

supports manufactured by the Commercial Shearing Co., Inc. with the butt­

plate connection recommended by that company. Ribs made of the other sec­

tions were made as similar to the standard ones as possible. 

Two loading geometries were used in the tests. Loads were applied 
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by rams at 30 degree intervals around the arch in both cases. Thus there 

were 7 load points symmetrically placed about the centerline of the rib. 

Passive loads were controlled so that the load-deformation relationship 

was linear, with a slope of 20 kips/in. The crown load and one on each 

side were active in one case; this loading represents the case of loosen­

ing rock near the crown of the tunnel. The second loading was unsyrrrnetri­

cal, with the two loads between the springline and crown on one side active. 

Loosening rock in the upper side of the tunnel with inclined joints or 

bedding planes at an angle of about 45 degrees is represented by this 

loading. In a previous series of tests the horizontal load at the spring­

line was also active in the unsymmetrical loading. This case is considered 

in Chapter 5 in a computer analysis study of blocking stiffness. Later it 

was decided that this was not representative because the springline ac­

tive load controlled the failure and deflected a great deal more than the 

other active loads. If this were to occur due to rock movement at that 

point it would result from movement along very flat joints, and this is 

not likely. Furthermore, if the designer expected lateral loads at the 

springline he would specify curved-leg ribs. Therefore, the springline 

load was made passive in this study. These tests are described in Chapter 

2 and comparisons made of the behavior and ultimate load for the variables 

considered. 

Because of the large overhead costs in maintaining work at the 

heading during tunnel excavation, the rate of advance controls the overall 

tunnel cost. Therefore, any device or system that can increase the rate 

of advance becomes attractive. For this reason ribs that can be erected 
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more quickly may be cost effective even if their initial cost is higher. 

A system of telescoping box or pipe sections has been suggested as a means 

for reducing erection time. These sections would nest during transporta­

tion into the tunnel, reducing the space required for storage and transport, 

and be erected by expanding them into position. The practicality of this 

idea is discussed in Chapter 3. Another possibility for decreasing rib 

erection time is the use of simpler connections. Sleeves that would slide 

over the joint between rib segments are discussed in Chapter 4. Both split 

sleeve and solid sleeve connections were tested under eccentric load and 

their behavior is compared with that of the standard butt-plate connection. 

In addition, one rib was tested with solid sleeve connections. 

All the variables that influence rib strength and behavior could 

not be investigated in the test program, so a study of two major variables 

was undertaken with a nonlinear computer analysis. These are blocking 

stiffness and connection stiffness, both of which were constant in the 

large-scale tests. The study was made with NASTRAN, which is a general­

purpose structural-analysis program in which the structural section is 

composed of rods and shear panels to obtain a nonlinear beam element. 

This model was developed during the previous year of research and is des­

cribed by Paul, et al. (1974). The unsymmetrical loading case is considered, 

with the springline load and the two above it assumed to be active. This 

diff~rs from the unsymmetrical loading used in the tests described in this 

report, as noted earlier, but is the same as that used in tests described 

by Paul, et al. (1974). The results provide an indication of the influence 
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on rib strength of these two variables. The accuracy of the analysis was 

checked by comparison with a test from the previously reported series. 

Application of the'test results to the design of supports is con­

sidered in Chapter 6, where the working loads obtained by the approximate 

analysis described by Proctor and White (1968) are compared with the maxi­

mum active test loads. The resulting factors of safety are compared for 

in-plane loading, out-of-plane loading, and other load geometries. 
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CHAPTER 2 

TESTS OF STEEL RIBS 

2.1 TEST DESCRIPTION 

2.1.1 SPECIMENS 

The steel ribs tested were about half scale for the type usually 

used in running transportation-type tunnels. They were horseshoe shaped 

with a semicircular arch 5 ft (1.52 m) in radius and 7 ft (2.13 m) straight 

legs. Two-bolt butt-plate connections, which are the standard connections 

furnished by the manufacturer for ribs of the size tested, were used at 

the crown and springlines, except for one specimen in which sleeve con­

nectors were used. The bolts in the butt-plate connections were 3/4 in. 

(19 mm) A307 fit-up type, 2.75 in. (70 mm) long with coarse threads. Bolts 

were tightened to a torque of 50 ft-lbs (67.8 N•m) for all tests except 

one in which they were intentionally loose. Rib dimensions and the test 

arrangement are shown in Fig. 2.1, and the connections in Fig. 2.2(a). 

The sections used for the ribs and their section properties are 

shown below: 

Area, I ' s, 
Shape Section in. 2(cm2) in. 4(cm4) in. 3(cm3) 

Wide-flange, M M4x13 3.81 10. 5 5.24 
(24.6) ( 437) (85.9) 

Square structural TS4x0.25 3.54 8.0 4.00 
tube (22.8) (333) (65.6) 

Circular structural TS40D0.25 2.68 4.8 2.39 
tube (17 .3) ( 199) (39.2) 
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a) Photograph of test arrangement 

30° 
typical 

Load 1 

4 
3 

Connection 
3/8" plate with 
2 bolts 

M4Xl 3 

116" 

5 
Co 11 a r brace and 

3/8" tie rods 
6 

• 

in.= 25.4 mm 

b) Location of load points, tie rods, and collar bracing 

FIG. 2.1 TEST ARRANGEMENT 

2-2 



Properties of the steel in the ribs varied somewhat as they were obtained 

from different suppliers at different times. Coupons from each group were 

tested from straight pieces. For all the coupons except those from the 

circular TS section the yield stress varied from 37.7 to 43.7 ksi (260 to 

301 MPa). This is within the range of variation that may be expected in a 

given lot of steel. Also, the arch material properties are different from 

the straight sections by at least an equivalent amount. Thus, it was de­

cided not to correct the rib capacities for steel strength except in the 

case of the circular TS section ribs. The average yield stress for these 

was 34.2 ksi (236 MPa), so an additional factor to scale the circular TS 

ribs is included in the tables of comparison that appear later. This 

scaling is proportional to yield stress, using the above value for the cir­

cular tubes and an average of 41.0 ksi (283 MPa) for the other specimens. 

2.1.2 LOADING 

Loads were applied on the arch section at seven points equally 

spaced at 30 degrees as shown in Fig. 2.1. In order to simulate partial 

loading of a rib because of local loosening of rock, each of the seven 

rams was programmed to deliver either an active load or a passive reaction, 

as discussed in Chapter l. One symmetrical load configuration, in which 

the three rams at the crown (rams 3, 4, and 5) were active, and one unsym­

metrical configuration, in which rams 5 and 6 were active, were used. In 

each of these cases the remaining rams developed passive reactions due to 

the active loads, each of which bore a linear relationship to the radial 

displacement at its location. The unsymmetrical loading differed from that 
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used in a previous series of tests (Paul, et al., 1974), in which ram 7 

was also active, for reasons discussed in Chapter 1. 

Active loads were applied in the plane of the rib in 14 tests 

and in a plane 2 in. (50 mm) from the plane of the rib in 4 tests. Such 

an eccentric loading may result from wood blocking or lagging resting near 

the edge of the rib flange, or from wedges driven from one side between 

the rib and the blocking. An eccentric load can also result from forces 

acting on the flange of the rib but inclined to the plane of the rib. In 

tests reported previously (Paul, et al., 1974) an inclined loading that 

passed initially through the center of gravity of the rib section was used. 

Passive-load rams were controlled to obtain a linear load­

deflection relationship of 20 kips/in. (3.5 kN/mm). Tests on wood blocking 

are reported by Paul et al. (1974). The measured stiffness of a 10-1/2-in. 

(267 mm) high crib of dry hardwood was 80 kips/in. (14.0 kN/mm), which was a 

linear approximation of the load-deflection curve that was obtained. The 

linear relationship was considered acceptable in view of the somewhat uncer­

tain and variable blocking stiffnesses encountered in a tunnel. Since wet 

blocking would be less stiff,this value was reduced to 40 kips/in. (7.0 

kN/mm) to model the blocking in the previous series of tests. A computer 

analysis, discussed in Chapter 5, showed that the strength of a rib was rela­

tively insensitive to variations in blocking stiffness for values larger than 

about 40 kips/in. (7.0 kN/mm), but smaller stiffnesses were reflected in 

noticeable reductions in strength. A blocking stiffness of 20 kips/in. 

(3.5 kN/mm) was used in the present series of tests to represent below 

average conditions in a tunnel. 
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2.1.3 TEST SET-UP 

Each load was applied with a 60-ton ram. The seven rams were at­

tached to concrete abutments that were themselves attached to the test floor 

as shown in Fig. 2.l(a). A double-cylindrical seat allowed vertical and 

horizontal rotation of the ram base relative to the abutments. At the 

other end of each ram, load was applied to the rib section through a 1-in. 

(25 mm) sphere to assure a point load on the rib. This sphere rested in 

spherical seats in steel plates; one plate distributed the load to a load 

cell connected to the ram and the other plate was attached to the steel 

rib as shown in Fig. 2.2(b). The steel block was attached to the rib to 

prevent it from slipping laterally when the section twisted. This was a 

safety precaution. 

In the first four tests the lower end of the straight leg rested 

flat on a steel plate as shown in Fig. 2.3(a). In the remaining tests a 

semicircular bar was placed at the center of the leg end-plate to concen­

trate the load and inhibit the development of moment. This arrangement is 

shown in Fig. 2.3(b). The horizontal component of load was resisted in both 

types of support by steel bars confining the bottom of the leg. 

Ribs in a tunnel are supported laterally by bracing between ribs. 

To simulate this type of support the test rib was placed in a plane parallel 

to the test floor and supported laterally through ties and collar bracing 

to another steel rib that was bolted to the test floor but separated from 

it by wood blocks, as shown in Fig. 2.4. The locations of the points of 

lateral support are shown in Fig. 2.1. Each tie was a 3/8 in. (10 mm) rod 

inside a 1.5 in. OD (30 mm) black pipe. 
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2.1.4 INSTRUMENTATION 

Radial displacements at the seven blocking points and lateral 

deflections of the straight legs were measured by linear variable differ­

ential transformers (LVDT 1 s) with a range of ±3 in. (76 mm). Figure 2.5 

shows their location. 

Two sets of four strain gages were installed on the legs at 

about 18 in. (457 mm) from the base. This dimension varied somewhat from 

test to test. Figure 2.5 shows the position of the gages. Moment and 

thrusts at the gaged sections can be calculated from the formulas: 

where: 

p = 
4 

Mx = moment about the axis perpendicular to the plane of the 

rib 

Sx = elastic section modulus 

E = modulus of elasticity 

E = measured strain 

With the moment and thrust calculated, it is possible to compute the reac­

tions at the base of the straight legs, or the moment and thrust at any 

other location in the rib in the plane of the rib. 

The relative rotation of two sections of the rib 6 in. (152 mm) 

2-9 



apart and symmetrically located about the strain-gaged sections was mea­

sured by clamping steel bars perpendicular to the rib 3 in. (76 mm) on each 

side of the gages and measuring the relative movement of each end of these 

bars with 0.0001 in. (0.00254 mm) dial gages. This measuring device is 

shown in Fig. 2.5. This measurement allowed the approximate calculation 

of thrust and moment at the strain-gaged section and served as a check on 

the calculations made from the gage readings. The joint rotations were 

measured to allow correlation of the moment-rotation relationship in the 

test with that obtained in connection tests, in which a rotation device 

similar to that described above was used, except that the dial gages were 

0.001 in. (0.0254 mm). 

Twist of the section at the active load points when those loads 

were applied eccentrically was measured with a device consisting of a 

large protractor connected rigidly to the section and a weight on a string 

hanging in front of the protractor. This allowed the reading on the pro­

tractor of the rotation of the section relative to the vertical. 

Load cells were used to measure all loads. At passive loads 

points they were also used to control the prescribed load-deflection re­

lationship during application of active load. 

The specimens were coated with a waterbase paint made with 

hydrated lime. This coating flakes off when the strain of the base mate­

rial reaches a certain value. Experience has shown that this is approxi­

mately the yield strain of the steel. While it is not exact, it shows 

where yielding occurs first and the sequence of yielding in the specimens. 
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The sequences of yielding mentioned in the descriptions of the tests were 

detected in this way. 

All of the above mentioned measurements were taken at each load 

increment. The output of LVDT 1 s, strain gages and load cells were connected 

to automatic switching equipment. The sequence of reading consisted of 

first the load cells, then the LVDT 1 s and strain gages, and finally the 

load cells again. The changes in voltage read by the balancing and reading 

equipment were automatically recorded by a teletype which produced a punched 

paper tape and typed copy. The data was then transmitted to a computer 

where the raw data was converted to more usable 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. The returned information 

consisted of the deformations measured by the LVDT 1 s, ram loads at the start 

of reading and at the end of each increment. The program also automatically 

calculated the reactions and moments at various points along the rib. 

2.2 RESULTS 

Eighteen large-scale steel ribs were tested as described in the 

previous section. Table 2.1 summarizes the loading conditions and results. 

The wide-flange-section (M) rib behavior is the standard with which the 

other ribs are compared. No special precautions were taken in making the 

test specimens, so they have some out-of-plane deformation, twist and mis­

match at the connections as would occur in a tunnel installation. Of the 

ribs tested, 8 were wide-flange (M) section, 7 were square structural tubes 

(TS), of which two were filled with concrete, 2 were circular structural 
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TABLE 2.1 

SUMMARY OF STEEL RIB TESTS 

Loading Average Maximum 
Eccen- Total active Total Displace-
tri city Load active load vertical ment at 

Test Section Confi g- in. omitted load, per ram load, peak 
uration (mm) kips kips kips loading} 

(kN) (kN) (kN) in. (mm 

Ml M4 s 0 none 119. 3 39.8 142.8 5.03 
(530. 7) (177.0) (635.2) (127.7) 

B2 TS s 0 none 109.7 36.6 129.0 4.07 
(488.0) ( 162. 8) (573.8) (103.4) 

M3 M4 s 0 #2 66.6 22.2 64.4 2.80 
(296.3) ( 98.7) (286.5) ( 71. l ) 

B4 TS s 0 #2 68.4 22.8 65.4 2.62 
(304.3) (101.4) (290.9) ( 66.5) 

85 TS u 0 none 80. l 40. l 134. 5 3.83 
(356.3) (178.4) (598.3) ( 97.3) 

M6 M4 u 0 none 71.8 35.9 105.5 2.57 
(319.4) ( 159. 7) (469.3 ( 65.3) 

M7 M4 u 2 none 42.8 21.4 59. l l. 22 
(51) (190.4) ( 95.2) (262.9) 31. 0) 

M8 M4 u 0 #2 55.9 27.9 80.8 2.98 
(248.7) (124.l) (359.4) ( 75. 7) 

89 TS u 2 none 77.4 38.7 130. 9 4. 14 
( 51) (344.3) (172.l) (582.3) (104.8) 

Ml0 M4 s 2 none 56.4 18.8 60.2 1.19 
(51) (250. 7) ( 83.6) (268.0) ( 30.2) 

Mll M4 u 0 none 75.7 37.9 123.6 2.98 
(336.7) (168.6) (549.8) ( 75. 7) 

8Cl2 TS/w u 0 none 93. l 46.5 155.5 4.27 
concrete (414. l) (206.8) ( 691. 7) (108.5) 

813 TS s 2 none 106.5 35.5 123.6 3.86 
(51) (473.7) (157.9) (549.8) ( 90.4) 

Pl4 TS s 0 none 71.6 23.9 89.0 3.69 
(318.5) (106.3) (395.9) ( 93. 7) 

8S15 TS/W s 0 none 88.2 29.4 107.3 3.83 
sleeve (392.3) (130.8) (477.3) ( 97.3) 

BC16 TS/w s 0 none 129.9 43.3 149.8 4.42 
concrete (577.8) (192.6) (666.3) (112.3) 

Ml7 M4 s 0 none 121. 9 40.63 139. l 4.07 
542.2 ( 180. 7) (618.7) (103.4) 

Pl 8 TS u 0 none 48.2 24. l 79.2 2.48 
(214.4) (107.2) (352.2) ( 63.0) 
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tubes (TS), and one was a square structural tube rib with a sleeve 

connection. 

The results of the tests will be presented in the following 

groups. 

Load Eccentricity Specimen 
Group geometry of load Note designation 

A s No Ml , Ml 7, B2, Pl 4, 

B u No B5, M6, Pl 8, BC12 

{ s Yes MlO, B13 
C 

u Yes M7, B9 

{ s , 
No a M3, 84 

D 
u No a MB 

{ u No b Mll 
E 

s No C BS15 

aload #2 omitted 
bloose bolts at one springline connection 
cSleeve connections 

BC16 

The load-deflection diagrams are presented for all the tests; they are com­

pared in Section 2.3. The load-deflection diagram for each active load 

is shown as well as for the total active load. Total active load is plotted 

against deflection of a single point, which is generally the active-load 

point whose deflection was largest. Those events that marked a change in 

behavior are shown on the individual active-load deflection diagrams. A 

notation is used to describe these events in order to conserve space. The 
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letter Y indicates initiation of yielding. Its location is shown by the 

angle, in degrees, measured from the springline joint upward for each arch 

segment. The letter W indicates the west arch and Ethe east. The letter 

I indicates that the event described occurred on the inside of the rib while 

0 indicates that it occurred on the outside. 

2.2.1 GROUP A 

Tests Ml, Ml 7, B2, P14, and BC16 were loaded symmetrically in the 

plane of the rib. Test M17, which is a repeat of test Ml, was performed 

toward the end of the test series to determine the effect on the test re­

sults of certain changes which had been made in the course of the tests. 

The major change is that of the support at the base of the straight legs 

as discussed in Section 2.1. Also, the later ribs were made from a differ­

ent shipment of steel, and the joint configuration was changed slightly. 

The load-deformation curves for this group of tests are shown in 

Figs. 2.6 to 2.11. In all these tests the crown moved inward and the 

crown joint began to open on the inside at a load on the order of 6 kips 

(26.7 kN), increasing throughout the test. The section about 15 deg from 

the side joint began to yield at a load of 28 to 35 kips (11.6 to 151.23 

kN), except for test P14 which was somewhat lower. Up to this load, the 

springline joints rotated so that they were opening on the outside, but when 

yielding began the direction reversed. Shortly after initiation of yielding 

between the lower two load points, yielding began at a section between 35 

and 45 deg. This yielding continued as the crown moved inward, although 
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active load points 3 and 5 did not deflect as much as the crown. These 

events are shown on the individual load-deflection curves. 

Reversal of rotation of the springline joints indicates a change 

in the relative amounts of moment and thrust at the joint. The thrust con­

tinued to increase while the plastic section above the joint reduced the 

rate at which moment increased. Before the reversal, the resultant force, 

equivalent to the moment and thrust at the joint, was outside the center 

of the joint, and when reversals occurred it had moved inside. At the crown, 

the moment increased continually throughout the test. This behavior is 

shown by the total load-joint rotation curves for the crown and west spring­

line in Fig. 2.12. 

Photographs are shown in Figs. 2.13(a) and 2.13{b) for tests Ml 

and B2. In both tests the crown joint opened to the depth of the bolts 

but no further, and a kink or sudden change in slope is clearly seen there. 

In addition, severe regions of yielding can be seen between 30 and 45 deg 

in both specimens, indicating that yield hinges had developed. Thus, a 

mechanism was formed by these two hinges and the crown joint when the load 

reached its peak. Though yielding occurred at other locations in the arch 

and legs, only the regions noted above continued to deform significantly 

after the peak load was reached. The rib consisting of a concrete-filled 

structural tube (BC16) had major yielding at the same locations, as shown 

in Fig. 2.13(c), but the crown joint opened a great deal more. Yield hinges 

were centered around the 45-deg sections in the arches of test Pl4 and the 

crown joint opened a great deal less. 

Local twisting of the M section, shown in the bottom photograph 
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(b) Specimen B2 

FIGURE 2.13 PHOTOGRAPHS OF SPECIMENS Ml, B2 AND 
BC16 AFTER TESTING 
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(c) Specimen BC16 

FIGURE 2. 13 PHOTOGRAPHS OF SPECIMENS Ml, B2, 
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of Fig. 2.13(a), started before the peak load was reached and became quite 

pronounced at the peak. There was also some deformation of the compression 

flange, approximating a sine wave about its original curved shape, but this 

deformation never produced local failure. In almost all the M section tests 

there was considerable twist of the section even when the load was concen­

trically applied (within 1/8 in. (3.18 mm) of the web centerline). 

At the regions of severe yielding in the structural tube sections 

local inward buckling of the walls on the compression face and outward 

buckling on the sides occurred as shown in Fig. 2.13(b), but this developed 

after the peak load was reached. Outward local buckling of the compression 

face also occurred in the concrete filled structural tube as shown in Fig. 

2.13(c), but there was no significant buckling of the sides. No signifi­

cant local deformation could be observed in test Pl4. 

2.2.2 GROUP B 

Tests B5, M6, Pl8 and BC12 were performed with unsymmetrical 

loading in the plane of the rib. Load-deflection curves are shown in 

Figs. 2.14 to 2.18. The rib behavior was quite different from that with 

symmetrical loading. The crown joint began to open on the outside at a 

low level of load, and the east springline joint began to move inward from 

the start of the test (the active loads were applied on the east side). 

In most cases the east side joint began to open on the inside at about the 

same load at which the crown joint opened. The first indication of a major 

change in behavior occurred when the movement of the east springline reversed 

its direction, while at the same load, or slightly higher, yielding was 
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observed on the outside of the section between the active loads at 32 to 36 

deg and 54 to 58 deg. This yielding grew as load increased, and a load was 

reached at which deflection continued at no increase in load for ram No. 5 

except in test Pl8 (in that test this yield plateau was not reached for ram 

No. 5). Finally, the east springline contacted ram No. 7 (passive ram) 

where it had started when the test began. Thus, ram No. 7 began to take 

load, which increased the stiffness of the rib so that the total load be-

gan to increase more rapidly until a peak load was reached in both active 

rams. If ram No. 7 had not been present the first plateau would have consti­

tuted the maximum load and can be taken as the capacity of the rib if the 

blocking at ram No., 7 were to fall out because of the initial inward move­

ment of the rib. The second maximum load can be interpreted as the rib 

capacity if the blocking does not fall out or is replaced if it does. 

Finally, a mechanism was formed with yielding at the crown, ram Nos. 5 

and 6, and at the east springline, after which the load began to decline. 

A definite peak load was not reached in test M6 because of twist­

ing of the section at ram No. 6, which finally allowed the load block to 

slip off the rib. The mechanism had formed and a peak load was imminent, 

so the remainder of the load-deflection diagram has been estimated as shown 

dashed in Fig. 2.14. The definite tendency of the wide-flange section to 

twist even under very small eccentricity of load relative to the web is 

shown by this test. 

In test Pl8 the initial plateau in the load-deflection curve was 

not very pronounced. The yield regions were similarly located when the east 

springline changed its direction of movement; and when it contacted ram 
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No. 7 yielding developed in the east leg which then began to bow outward. 

By the end of the test most of the upper two-thirds of the leg was yielded 

and the leg was deflected outward about 3 in. (76 mm). The springline con­

nection was able to transmit enough moment to bend the leg because the con­

nection is stronger relative to the leg than in the previous tests. 

Photographs in Fig. 2.19 show the deformation and yielding of 

specimen B5. The flattening of the east arch is due primarily to the large 

deformations between the active loads and the rotations at the crown and 

east-side joints. Yielding of the straight leg below the east-side joint 

and around the crown joint are also shown. Significant local buckling of 

the section was not observed in this group of tests. 

2.2.3 GROUP C 

Four tests were performed on wide-flange and structural tube 

specimens with active loads applied 2 in. (51 mm) out of the plane of the 

rib. Loading was symmetrical for tests MlO and B13 and unsymmetrical for 

M7 and B9. The behavior of the two section shapes was dramatically different. 

Figures 2.20 and 2.21 show the active load-deflection curves and 

the general behavior for specimens MlO and B13. In each case the crown 

joint began to open at 6 kips (26.7 kN) average active load, and at the 

same load the M section started to twist. Twist was not detected in the 

TS section until a load of 17 kips (75.6 kN) was reached. The structural 

tube rib behaved much the same as test 82, loaded in-plane, with opening 

of the side joints at about 23 kips (102 kN) and yielding at 38 deg in 

both east and west arches. Yielding occurred near the crown connection 
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FIGURE 2.19 PHOTOGRAPHS OF SPECIMEN B5 
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at 29 kips (129 kN) average active load and the joint rotation reversed at 

a slightly higher load. Only after the peak load had been reached was local 

buckling of the walls of the tube detected. 

The yielding of the M section rib was confined to the crown at 

an average active load of about 17 kips (75.6 kN), but the twist was much 

greater and determined the rib capacity. Twisting of the sections at the 

active load points are compared for the two tests in Fig. 2.22 where it is 

seen that the twist at maximum load was 4.5 deg for the box section and 19 

deg for the M section. Figure 2.20 shows that the deflection of the mid­

section of the M section at the crown reversed after peak active load was 

reached, although the section continued to twist as shown in Fig. 2.22. 

This twisting caused the peak load of test MlO to be substantially smaller 

than that of test Ml in which the load was not eccentric. The difference 

in section rotation at the active loads is shown in the photographs of 

Fig. 2.23, taken near peak load in each test. 

Figures 2.24 and 2.25 show the load-deflection curves and the 

important events in the behavior of M7 and 89. Initially the deformation 

was similar to that of tests M6 and 85 in which the load was in-plane. The 

east springline moved inward until yielding began and then it reversed 

direction, but rotation of the M section at the active loads was much 

larger. When the east joint contacted ram No. 7 the active loads increased 

in test 89, but twisting dominated the deformation of M7 and the loads fell 

off. Twisting of the active load section of both ribs is shown in Fig. 2.26, 

where the large difference can be noted. The photograph of Fig. 2.27 also 

shows the extent of twisting in M7. It is seen to be rather local and to 
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FIGURE 2.23 PHOTOGRAPHS SHOWING SECTION 
ROTATION IN TESTS MlO AND B13 
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FIGURE 2.27 PHOTOGRAPH OF SECTION TWIST IN TEST M7 

reduce rapidly toward the lateral support sections. The structural tube 

section developed a mechanism with plastic hinges at 30 and 60 deg on the 

east side (at the active loads), at the crown, and just below the east 

joint. The east joint did not open as much as in the M section tests, 

but a yield hinge formed just below the joint in the leg. This general 

yielding and mechanism formation was prevented in test M7 when the east 

side joint contacted ram 7 because of the premature twisting failure. The 

total active load-displacement curves are compared in Fig. 2.28 for the 

tests in this group. 

2.2.4 GROUP D 

The passive ram at blocking point No. 2 (Fig. 2.1) was omitted 
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in tests M3 and B4 with the symmetrical active loading applied in the plane 

of the rib. Overall response was very similar for the Mand TS section 

ribs as shown in Figs. 2.29 and 2.30 with the crown joint beginning to 

open on the inside at about 6 kips (26.7 kN) average active load and the 

east joint on the outside at about 9 kips (40.0 kN). At 21 to 22 kips 

(93 to 98 kN) yielding began at blocking point 2 (30 deg on west arch) 

and the west joint started to open on the inside. This load level was 

very close to the peak load in both tests, as the mechanism, which con­

sisted of plastic hinges at the crown, 30 deg west, and about 22 deg east, 

formed very quickly. This mechanism and the resulting deformed rib are 

shown in Fig. 2.3l(a). 

The M section began to twist at 45 deg in the west arch after 

the peak load was reached, and local buckling of the inside flange occurred, 

as shown in Fig. 2.3l(b), two load increments after the twist began. There 

was no twist of the section in the TS rib, but local deformation of the sec­

tion at the west yield hinge occurred after the peak load with the inside 

face of the tube buckling inward and the sides outward. This same type of 

local deformation was observed in the square TS section tests of Group A. 

The passive ram at blocking point No. 2 was omitted in test MB 

with unsymmetrical active load. Active load-deflection curves are shown 

in Fig. 2.32. The joints at the crown and west opened first, and at 25 

kips (111 kN) average active load yielding began at 30 deg in both the east 

and west arches. The peak active load occurred at 28.5 kips (126.8 kN), 

and the section began to twist at 60 deg on the west arch after the peak 
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(a) Specimen B4 

(b) Specimen M3 

FIGURE 2.31 PHOTOGRAPHS OF SPECIMENS M3 AND B4 
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load. The east joint moved inward from the start of loading and never re­

versed its direction as it had in the previous unsymmetrical loading tests. 

Total active load-deflection curves for the tests in this group 

are compared in Fig. 2.33. 

2.2.5 GROUPE 

Test Mll was the same as M6 except that the bolts in the east 

joint were left loose so that 1/8 in. (3.2 mm) of threads remained exposed 

adjacent to the butt plate. Active load-deflection curves are shown in 

Fig. 2.34. The overall behavior was quite similar to that of test M6. The 

east joint moved inward until yielding began, when it reversed direction. 

An initial yield plateau then developed but load increased again when the 

east joint contacted ram No. 7. A maximum load was again obtained when a 

general yield mechanism formed. The total active load-displacement curve 

is shown in Fig. 2.35. 

Test 8S15 was similar to B2 (symmetrical load in the plane of 

the rib) except that a sleeve connector, shown in Fig. 2.2, was used at 

all joints. The active load-displacement and general behavior are shown 

in Fig. 2.36. Yielding developed at a rather low load of about 6 kips 

(26 kN) in the east arch at 40 deg, but was not noted at other locations 

until about 15 kips (66.7 kN), when yielding occurred at 45 deg in the west 

arch and at the next load increment at 62 deg on the east and 25 and 75 deg 

on the west. Loading continued as yield hinges formed at 25 and 75 deg on 

the west and 40 deg on the east to form a mechanism, as shown in Fig. 2.37(a). 
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(a) Rib at end of the test 

FIGURE 2.37 PHOTOGRAPHS OF SPECIMEN BS15 
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(b) Crown deformation after the test 

FIGURE 2.37 PHOTOGRAPHS OF SPECIMEN BS15 
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The load-deflection curve broke over more sharply at the knee than in pre­

vious tests, and is flatter. 

The sleeve connector allowed more rotation at the joints than 

the butt plate connection, as shown in Fig. 2.38 where joint rotations are 

compared for several representative tests. In the linear range of the 

curve the rotation of the sleeve connection is about twice that of the 

butt plate connection. The strength of the rib with sleeve connectors was 

about 20 percent less than for the comparable test B2 with butt plate con­

nections. The sleeves did not fail, but deformed more and allowed large 

deformation of the crown joint as shown in Fig. 2.37(a). It appears that 

the greater deformation reduced the rib capacity. The sleeve deformation 

is shown in Fig. 2.37(b), where the bumps on the right side are caused by 

the end of the arch within the sleeve bearing on it. Bearing of the ends 

of the structural tube section was concentrated at the outside at the crown 

connection because of the bending in the connection. The resulting plastic 

deformation of the ends of the tube is also shown in Figure 2.37(b). 

2.3 DISCUSSION OF RESULTS 

The effects of loading configuration, rib cross section, type 

of connection, etc., can be compared best in terms of maximum strength and 

overall behavior as regards ductility and mode of failure. Strength depends 

on geometrical properties of the cross section if all other variables are 

the same. Therefore, some scaling of the loads is necessary to compare the 

M, the square TS, and the circular TS. Since the cost per pound is the 

same for all three, and since costs of fabrication and erection will be 
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essentially the same, scaling in terms of cross-sectional area, which is 

equivalent to scaling in terms of weight, is appropriate. Also the circu­

lar TS ribs were scaled upward to account for their lower yield stress rela­

tive to the other specimens. From the yield stresses discussed in Section 

2.1.l this ratio is 1.20. 

Comparisons of the total vertical load, which is the sum of the 

vertical components of all the ram loads, both active and passive, are of 

interest because the usual procedure for the design of ribs (described in 

Chapter 6) is based on the weight of a block of rock across the full width 

of the opening. However, as was noted in Chapter l, rock usually loosens 

in only part of the opening, so that comparisons of active radial loads 

on portions of the rib are also of interest. 

Table 2.1 gives a comparison of all the tests with respect to 

total active load, which is the sum of the loads in all active rams, the 

average load on each active ram, and the total vertical load. Comparisons 

of the effects of section shape, load geometry, and other variables are 

given in tables that follow, in terms of total active load and total active 

load scaled according to cross sectional area and for yield stress as well 

as for the circular TS ribs. 

2.3.l SECTION SHAPE 

Table 2.2 shows a summary that allows comparisons of section 

shape on the basis of maximum capacity under various loading conditions. 

Maximum total active loads and their scaled values are listed. 

The tests in Group I were on ribs with symmetrical loading. 
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Load 2 Load 
Group Test omitted geometry 

I Ml No s 
Ml7 No s 
B2 No s 
Pl4 No s 

II MlO No s 
B13 No s 

III M6 No u 
B5 No u 
Pl8 No u 

IV M7 No u 
B9 No u 

TABLE 2.2 

SECTION SHAPE 

Eccentric Max. total 
load active load 

kips kN 

No 119.0 529.3 
No 123.3 548.4 
No 109.7 488.0 
No 71.6 318.5 

Yes 56.4 250.7 
Yes 106. 5 473.7 

No 71.8 320.0 
No 80. l 356.3 
No 48.2 214.4 

Yes 42.8 190.4 
Yes 77.0 342.4 

Scaled total 
active load 

kips kN 

119.0 529.3 
123.3 548.4 
117 .4 522.l 
121. 7 541.3 

56.4 250.7 
114.0 507 .1 

71.8 520.0 
85.7 381. 3 
81.9 283.0 

42.8 190.4 
82.4 366.4 

Tests Ml and B2 had scaled peak loads that were nearly equal, indicating 

that there is little difference in the Mand square TS shapes in resisting 

in-plane loads. The M section is slightly stronger, which could be normal 

variation in test specimens, but it should be somewhat stronger because 

the M section is more efficient in resisting moment. Test Ml7 had a capac­

ity about 3.6 percent higher than Ml, which may be due to the difference 

in the supports at the bottom of the leg. The circular TS test, Pl4, 
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should be compared with test Ml7 as the supports were the same. The circu­

lar tube capacity was only 1.3 percent less than that of the M section 

after scaling. 

The total active load-displacement curves for the Group I speci­

mens are shown in Fig. 2.11. They all show essentially the same behavior. 

The initial stiffnesses are the same and the overall deformability is quite 

similar if the differences in capacity are taken into account. Failure 

modes were of a type that does not lead to sudden failure; general yield­

ing of the section occurred at certain sections until a mechanism was 

formed and the load began to decline gradually. There was some local 

deformation of the Mand square TS sections, but this was observed only 

after the peak load was reached. 

The tests in Group II were on ribs loaded symmetrically about 

the crown of the rib with the active loads applied parallel to the plane 

of the rib but 2 in. (51 mm) from it. A comparison of test B13 with test 

B2 of Group I shows that eccentric load reduced the strength by only 3 per­

cent. However, a comparison of MlO with M17 shows a reduction of 54 per­

cent for the M section. These tests demonstrate the great advantage of 

the structural tube in resisting loads that tend to twist the section. The 

active test load for B13 was 89 percent more than for MlO, but when the two 

are scaled for area the strength of B13 is more than double that of MlO. 

Tests in Group III were on ribs with unsymmetrical, in-plane 

loading. They show an advantage of the square TS over the M section of 

19 percent (tests M6 and B5), which resulted from the M section's greater 
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tendency to twist even when the active loads were in the plane of the rib. 

The scaled strength of the circular TS section rib was 14 percent above 

that of the M section (tests M6 and Pl8); again due to the reduced capacity 

of the M section from twisting. 

The Group IV tests with unsymmetrical loads eccentric to the 

plane of the rib show again the advantage of the structural tube, which 

has a scale strength 92 percent higher than that of the M section. A com­

parison of M7 with M6 and B9 with B5 shows a reduction in strength of 40 

percent for the M section but only 4 percent for the box because of eccen­

tric loading. The corresponding figures for symmetrical loading were 54 

and 3 percent, respectively. 

The advantage of the box section also appears in the overall 

behavior of the rib as shown by the total-load deflection curves. Figure 

2.28 shows these curves for symmetrically loaded specimens MlO and B13 

and unsymmetrically loaded specimens M7 and B9, all of which were loaded 

eccentrically. In both loading configurations the difference in behavior 

is significant. The square TS section rose gradually to a peak load at 

3.8 to 4.3 in. (97 to 109 mm) of deflection and then dropped off gradually. 

On the other hand, the M-section ribs lost load immediately when the peak 

was reached, and at a deflection of only about l in. (25 mm). Under gravity 

load in a tunnel, the M section would almost certainly collapse because of 

the sudden loss of strength while the square TS sections might not because 

of their gradual loss of strength during which time the ground might be 

able to mobilize the small additional resistance required to maintain sta­

bility. For the square TS ribs the mode of failure was the same as for 
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in-plane loads, while for the M-section ribs it was primarily a twisting 

failure. 

The M section is efficient in resisting bending moment but has 

very low torsional resistance, while the box section is efficient in both. 

However, some moment of inertia is sacrificed in the box because of the 

two webs. Even when the loads were aligned quite accurately with respect 

to the web of the M section the small accidental eccentricity caused con­

siderable twist of the section as the peak load was approached. With inten­

tional eccentricity of load twisting developed almost from the start of 

loading and was as high as 30 deg at peak load. Thus, the box section has 

a definite advantage when eccentric loads are encountered. 

2.3.2 ECCENTRIC LOADING 

Eccentricity of load reduces the strength of the box section 

only slightly, but failure is sudden and at relatively low deflection for 

the eccentrically loaded M-section rib. The eccentricity in these tests 

represents the worst condition that can occur; the active condition in the 

ground probably lies between the in-plane and eccentric loadings. However, 

some twisting of the rib probably occurs in most cases. It may result from 

application of load near the edge of the section, particularly if wedges 

are driven from only one side or if blocking extends only partially across 

the rib. Furthermore, ground movement will generally not be parallel to 
' 

the plane of the rib, and the resulting component of load normal to the 

plane is somewhat limited because it can only be transmitted by friction 

between the ground and the blocking and between the blocking and the rib. 
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On the other hand, the tests show that the M section twists significantly 

under relatively small torque. 

Twisting of a rib ~ay be restrained under the conditions in 

which it is used in a tunnel. Restraint can result from the tie rods and 

collar bracing. There was some restraint from this source in the tests. 

Bearing of the blocking against the rib may also limit twist to some extent, 

even when the blocking applies load at an edge of the section. This is be­

cause the other edge of the flange may contact the blocking and restrain 

further rotation. This restraint is limited, however, because it was ob­

served in the tests that the flanges twist differentially because of the 

low bending capacity of the thin web. 

2.3.3 LOAD GEOMETRY 

Strengths of ribs under various load geometries are compared 

in Table 2.3. The tests in Group I were loaded in-plane either symmetri­

cally or unsymmetrically. For the M section ribs the total unsymmetrical 

active load was 40 percent less than that for symmetrical loading. The 

corresponding reduction was 27 percent for the square TS rib and 33 per­

cent for the circular TS. Thus, it is clear that capacity is considerably 

larger under symmetrical load. This results from more arch action and 

correspondingly less bending. 

Symmetrical and unsymmetrical eccentric loadings are compared 

in Group II of Table 2.3. The total unsymmetrical active load was 24 per­

cent below that for symmetrical loading of the M section and 28 percent 
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Load 2 Load 
Group Test omitted geometry 

I Ml No s 
M6 No u 
B2 No s 
B5 No u 
Pl4 No s 
Pl8 No u 

II MlO No s 
M7 No u 
B13 No s 
B9 No u 

I II Ml No s 
M3 Yes s 
B2 No s 
B4 Yes s 

IV M6 No u 
M8 Yes u 

V M3 Yes s 
M8 Yes u 

TABLE 2.3 

LOAD GEOMETRY 

Eccentric Max. total 
load active load 

kips kN 

No 119. 0 529.3 
No 71.8 320.0 
No 109.7 488.0 
No 80. l 356.3 
No 71.6 318.5 
No 48.2 214.4 

Yes 56.4 250.7 
Yes 42.8 190.4 
Yes 106.5 473.7 
Yes 77 .0 324.4 

No 119. 0 529.3 
No 66.5 295.6 
No l 09. 7 488.0 
No 66.9 297.8 

No 71.8 320.0 
No 55.9 248.6 

No 66.5 295.6 
No 55.9 248.6 

Scaled total 
active load 

kips kN 

119. 0 529.3 
71.8 320.0 

117. 4 522. l 
85.7 381.3 

121. 7 420.4 
81. 9 283.0 

56.4 250.7 
42.8 190.4 

114.0 507. l 
82.4 366.4 

119. 0 529.3 
66.5 295.6 

117 .4 522. l 
71.6 318.6 

71.8 320.0 
55.9 248.6 

66.5 295.6 
55.9 248.6 

below for the TS rib. The effect of this loading geometry on overall be­

havior is shown in Figure 2.28, where it is seen that the symmetrical and 

unsymmetrical active loadings yield the same shape of curve for the two 

2-66 



M-section ribs and the two square TS ribs. The effect of both symmetry 

and eccentricity of load is shown by comparing M7 and B9 with Ml and B2 

of Group I. The strength of M7 is 64 percent less than the strength of 

Ml while that for B9 is only 30 percent less than for B2. 

The test results in Group III indicate the effect on rib capac­

ity of unequally spaced blocking, or possible loss of blocking, by com­

paring the tests with symmetrical in-plane load with and without the No. 2 

passive force. A reduction in total active load of 44 percent results for 

the M-section and 39 percent for the TS rib. The importance of tight uni­

form blocking is emphasized by this comparison. Figure 2.39, where the 

overall behavior for these tests is compared, shows that the stiffness is 

somewhat reduced in the linear range by the elimination of the No. 2 block­

ing point, but the general shape of the load-deflection curve remains the 

same. 

The test results of Group IV provide the same comparison as in 

Group III except that the active loads are applied unsymmetrically. Omit­

ting the No. 2 passive force reduced the capacity of the M-section rib 22 

percent, compared to 44 percent for the symmetrical loading noted above. 

The effect of symmetry of load with No. 2 blocking omitted is further shown 

by the tests in Group V, where the strength for unsymmetrical loading is 

16 percent less than that for symmetrical loading. 

2.3.4 CONCRETE FILLED SQUARE TS 

Results of the tests of the concrete filled box section are com­

pared with the unfilled box and the Min Table 2.4. Capacity of the 
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Load 2 
Group Test removed 

I BC16 No 
B2 No 
Ml No 

I I BC12 No 
B5 No 
M6 No 

TABLE 2.4 

CONCRETE FILLED SQUARE TS 

Load Eccentric Max. total 
geometry load active load 

kips kN 

s No 129.9 577. 7 
s No 109.7 488.0 
s No 119. 3 529.3 

u No 93. l 413.9 
u No 80. l 356.3 
u No 71.8 320.0 

Scaled total 
active load 

kips kN 

139.0 618.3 
117 .4 522.l 
119. 3 529.3 

99.6 443. l 
85.7 381.3 
71.8 320.0 

concrete filled rib is scaled according to area as for the unfilled ST rib, 

so that the difference between the two results from the concrete alone. 

With the symmetrical loading of Group I the concrete filled rib was 18 per­

cent stronger than the unfilled rib and 17 percent stronger than the M-section 

rib. The load-displacement diagrams for the three tests shown in Fig. 2.11 

indicate the same initial stiffness and shape of curve with essentially 

the same deflection at peak load. 

The unsymmetrically loaded ribs in Group II of Table 2.4 show 

that the concrete-filled rib is 16 percent stronger than the unfilled rib 

and 39 percent stronger than the M-section rib. The larger difference for 
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the M section results from the reduced capacity because of twist. Load­

displacement diagrams for the three tests of Group II are shown in Fig. 

2.18. Rib B5 has a larger initial stiffness than the others, but ribs 

M6 and BC12 are essentially the same. Ribs B5 and BC12 have similar load­

displacement curves except that BC12 has a larger displacement at peak 

load and drops off more slowly. The curve for test M6 descends prematurely 

because of the twisting tendency of the section. 

Local deformation of the concrete filled section was much less 

than that of the other sections. The M section twisted and developed some 

local waving of the compression flange, while the unfilled TS section 

buckled inwardly on the inside (compression side) of the tube and outwardly 

at the sides where yield hinges formed. These buckles did not generally 

form until the peak load was reached, however. The concrete filled tube 

buckled slightly on the compression side of the tube at the plastic hinges 

but there was no noticable deformation of the sides. This deformation oc­

curred well past the peak load. 

The concrete in the TS section rib increased the capacity by 

16 to 18 percent and reduced the local deformation of the tube. The rate 

at which load declined beyond the peak was reduced by the decrease in 

local buckling. However, these results are not conclusive since they are 

based on only two tests. 

2.3.5 LOOSE CONNECTION BOLTS 

Test Mll was performed on an M sec ti on rib with unsymmetri ca 1 

loading and with the bolts in the east springline connection left loose 
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so that 1/8 in. (3.2 mm) of threads were exposed. The maximum loads for 

this test and the corresponding M section rib test with tight joints are 

given in Table 2.5. Loose bolts appear to have increased the capacity 

TABLE 2.5 

LOOSE CONNECTION BOLTS 

Load 2 Load Eccentric Max. total Sea led total 
Test removed geometry load active load active load 

kips kN kips kN 

* Mll No u No 75.7 336.6 75.7 336.6 

M6 No u No 71.8 320.0 71.8 320.0 

*East side joint bolts loose. 

of the rib over the corresponding M-section rib 5 percent. M6 failed pre­

maturely, as discussed earlier, because of twist; this is demonstrated in 

Fig. 2.40 where the total-load displacement curves are compared. The loads 

on rib Mll were probably aligned in the plane of the rib more accurately 

so that twisting was avoided. Thus, it should not be concluded that loose 

bolts increases rib capacity, although the test does suggest that they may 

not reduce it significantly. However, no broad conclusion can be drawn 

from the results of one test. 

The deformations in test Mll were similar to other tests that 

were loaded unsymmetrically, with the initial inward movement of the east 
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side joint, yielding accompanied by reversal of direction of movement of 

this joint, and stiffening of the structure with contact of the east joint 

and ram 7. The initial stiffness of the rib was the same as that of test 

M6 and the first plateau in the load-displacement diagram, which is asso­

ciated with first yielding, is not as distinct as in some of the other un­

symmetrically loaded tests. 

2.3.6 SLEEVE CONNECTION 

Test BS15 was performed on a square TS rib with sleeve connectors 

of the type shown in Fig. 2.2 and discussed in Chapter 4. Rib capacity is 

compared in Table 2.6 with the other TS rib loaded similarly. The scaled 

Load 2 Load 
Test removed geometry 

BS15 No s 

B2 No s 

TABLE 2.6 

SLEEVE CONNECTORS 

Eccentric Max. total 
load active load 

kips kN 

88.2 392.4 

No l 09. 7 488.0 

Scaled total 
active load 

kips kN 

94.4 419.9 

117 .4 522.l 

capacity is less than that of the TS section rib with standard connections 

by 20 percent. The sleeve connector at the crown deformed as shown in Fig. 

2.37(c) and allowed about twice the rotation of the crown joint as the 
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standard connection, as shown in Fig. 2.38, but it did not fail. At the 

end of the test a small crack at one corner of the sleeve was detected, 

but it was hair size and about 0.5 in. (13 mm) long. This sleeve was only 

1/8 in. (3.18 mm) thick, compared with 1/4 in. (6.35 mm) for the walls of 

the TS section. A thicker sleeve might have reduced these deformations and 

increased the strength of the rib. 

Load-displacement response of the two ribs of Table 2.6 is com­

pared in Fig. 2.41. The initial stiffness of 8S15 is about 25 percent less 

than for B2 because of the reduced stiffness of the connections. Ductility 

of the rib is maintained, however, and there appears to be a tendency to 

hold the load constant to a somewhat larger displacement. This tendency to 

maintain ductility also appears in the load-rotation curves of Fig. 2.38. 

Yield hinges formed near the 45 deg regions and at the crown joint in test 

B2 (Fig. 2. 13(b)), but the latter hinge formed just to the west of the crown 

in test 8S15 (Fig. 2.37(a)). This shows the crown sleeve joint was stronger 

than the standard connection at this stage of loading. 

Rib strength depends to a considerable extent on the bending 

moments, which depend in turn on the deflection of the rib. Therefore, 

the lower capacity of the rib with sleeves probably results from the larger 

displacements rather than the moment capacity of the sleeve itself. Whether 

sleeve connectors with adequate bending strength and stiffness can be de­

veloped for ribs of this size and larger can only be determine by further 

tests. Advantages and disadvantages of sleeve connectors is discussed 

further in Chapter 4. 
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3.1 INTRODUCTION 

CHAPTER 3 

TELESCOPING RIBS 

A telescoping steel pole for electric power transmission lines 

has been marketed. It consists of nested tapered sections, with erection 

accomplished by pumping concrete into the inner section after the assembly 

is erected. This operation pushes the various segments upward, one at a 

time, beginning with the smallest, until the pole is fully extended (Fig. 

3. l). 

Tunnel ribs are shipped in sections, brought into the tunnel on 

cars, and erected in the location they are to occupy. Horseshoe-shaped 

sets are made of two legs and two or more arch segments. Circular sets 

for transportation tunnels may be shipped in four or six segments, each 

of which must be lifted from the car, swung 90 deg, put in position, and 

bolted to the preceding piece. This is a time-consuming operation. There­

fore, anything that can be done to simplify the procedure has a potential 

for saving in cost of tunnels. This might be accomplished by using round 

or box shaped telescoping sets that could be expanded by pumped grout or 

concrete or by pulling the segments around the opening from the invert 

with an erector arm. 

Three things contributed to the success of telescoping transmis­

sion poles (1) the pole is straight, (2) the elements are tapered so that 

the movement of each is self-limiting since it is stopped when it reaches 
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FIGURE 3.1 TELESCOPING STEEL POLE FOR ELECTRICAL 
TRANSMISSION LINES 
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a predetermined position, and (3) the required cross section in terms of 

bending strength decreases with height so that the tapered section tends 

to produce an optimum structure. Although tapered arch elements can be 

made they would be more expensive to fabricate. Therefore, in this study 

nesting elements of uniform cross section are also considered. 

3.2 TELESCOPING SETS WITH UNIFORM CROSS SECTION 

The simplest application of telescoping ribs would be the horse­

shoe, with three arch segments (Fig. 3.2). The segments could be square 

Gasket J 

FIGURE 3.2 TELESCOPING HORSESHOE RIB WITH THREE ARCH SEGMENTS 
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or round. Two arch segments could be nested as shown in the figure. The 

nested pair would be inserted and pinned (or bolted) in a sleeve, shop­

welded to the leg. The third arch segment could be connected in the same 

way to the other leg. Although the load to be transferred at these con­

nections is primarily axial compression, the pins are needed to hold the 

segments in place when concrete is pumped into them or when segment Bis 

pulled into position if concrete is not used. 

If pumped concrete is used to expand the set the upper end of 

segment B would be capped so that pressure of the concrete pumped into 

the leg would force it out of segment A. It would have to be guided into 

segment C where a pin tack welded in the shop to this element would stop 

segment Bin the correct position. A pin would also be required for load 

transfer between A and B when Bis extended so that blocking could proceed 

without waiting for the concrete to set. Because of clearances required 

between the nesting elements a gasket would have to be attached near the 

lower end of segment B to prevent leaking of mortar into segment A. The 

gasket would be located so that it would allow concrete to enter the space 

between the two segments for a short distance to achieve a tight connection 

at the upper end of segment A. 

A horseshoe rib with four arch elements is shown in Fig. 3.3. 

Here a sleeve could be shop-welded to the upper end of segment Band seg­

ment D would be guided into it during the pumping operation. The obvious 

difficulty here is controlling the sequence of operations so that segment 

Bis not pushed out of segment A. It may be possible to develop a spring­

loaded pin to be installed inside element B which would engage holes in 
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FIGURE 3.3 TELESCOPING HORSESHOE RIB WITH FOUR ARCH SEGMENTS 

element A when Breaches its correct position. Axial compression at the 

crown would be transmitted by direct bearing while any moment that could 

not be transmitted by contact would be resisted by bearing against the 

sleeve. 

A telescoping arrangement for circular ribs is shown in Fig. 3.4a. 

Two nested segments A-Band C-0 would be brought in the tunnel and connected 

as ~hown by means of a sleeve shop-welded to element C, using a pin to con­

nect element A. A and C would be open at both ends but Band D would be 

capped at the upper ends. A sleeve would be shop-welded to element B. 
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Pumping concrete into the assembly through an opening in the bottom sleeve 

would force Band D out into position. The completed ring would be as 

shown in Fig. 3.4b. Gaskets would be required near the lower ends of ele­

ments Band Das for element Bin Fig. 3.2. The sequence of operations 

would have to be controlled to prevent B or D from being forced completely 

out. It would probably be necessary to pump concrete into one side first, 

say A-B, and then pin B to A after Bis extended to the correct position. 

This would be a difficult operation unless the internal spring-loaded pin 

mentioned above could be installed. If this were done both A-Band C-O 

could be pumped simultaneously. Of course, the alternative to using a con­

crete fill would be to pull Band D into position as mentioned earlier. In 

either case, the pins connecting B to A and D to Care needed. 

~ possible scheme for tunnels large enough to require ribs to 

be shipped in six segments is shown in Fig. 3.5. The sequence of opera­

tions here would be even more difficult to control, unless spring-loaded 

pins or some other scheme could be devised to stop the movements of the 

various elements when they reach their intended positions. 

3.3 CROSS SECTIONAL SHAPE 

Although a variety of standard pipe and box sections is available, 

clearances for nesting limit the choices to a considerable extent. Examples 

of possible combinations of box sections (square structural tubes) are as 

follows: A standard 5 x 5 section will nest in a 6 x 6 x 3/16ths with 

5/16ths in. (7.94 mm) clearance all around, in a 6 x 6 x 1/4 in. (6.35 mm) 

clearance all around, etc. A 6 x 6 will nest in a 7 x 7 and a 7 x 7 in an 
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8 x 8 with the same clearances. Special sizes cold formed in press brakes 

are also commercially available. 

3.4 TOLERANCES 

Round tubing two inches and over and square or rectangular tubing 

with the largest outside dimension over 5-1/2 in. (140 mm) are produced to 

a tolerance of ±1 percent from the standard outside dimension. An addi­

tional departure from the specified dimensions is permitted in square and 

rectangular tubing in that adjacent sides may deviate from 90 deg by ±2 

degrees. There is also a straightness tolerance of 1/8 in. (3.18 mm) per 

5 ft (1.5 m) of length: The most unfavorable combination of these toler­

ances would require a fairly liberal clearance to allow nesting. 

Distortions of the cross section from the forming operation to 

produce curved segments must be accomodated. These deformations can be 

considerable, and depend on the procedure used in bending. The 4 x 4 x 1/4 

box sections used in some of the earlier tests were filled with sand before 

bending. This resulted in a bulging of the side walls (the walls parallel 

to the plane of curvature). Measurements at l ft (0.3 m) intervals along 

the circumference of four 90-deg arches showed widths as much as 0.34 in. 

(8.64 mm) more than the 4-in. (102-mm) nominal width (Table 3.1). Box sec­

tions used in later tests were bent by a different fabricator, this time 

without a sand fill. This operation resulted in a bowing-in of the sides. 

Measurements at 1-ft (0.3 m) intervals on two 180-deg arch sections assembled 

for testing are given in Table 3.2. These are more representative of what 

would be expected in large-scale production of bent box sections (i.e., 
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TABLE 3.1 

* MAXIMUM WIDTHS OF SECTION OF 90-DEGREE ARCHES 

Section width, in. (mm) 
Distance Arch l Arch 2 Arch 3 Arch 4 from end, 
ft (m) in. (mm) in. (mm) in. (mm) in. (mm) 

l (0.3) 4 . 34 ( 11 0. 2) 4.31 (109.5) 4.31 (109.5) 4. 31 ( l 09. 5) 

2 (0.6) 4.33 (110.0) 4 . 28 ( l 08. 7) 4 • 34 ( 11 0 • 2 ) 4.33 (110.0) 

3 (0.9) 4 . 34 ( 11 0 • 2 ) 4. 28 ( l 08. 7) 4. 25 ( 108. 0) 4.31 (109.5) 

4 (1.2) 4. 31 (109.5) 4.31 (109.5) 4.28 (108.7) 4.30 (109.2) 

5 (1.5) 4.31 (109. 5) 4. 28 (108. 7) 4.27 (108.4) 4.33 (110.0) 

6 (1.8) 4.25 (108.0) 4.28 (108. 7) 4.25 (108.0) 4. 31 ( l 09. 5) 

7 (2.1) 4.22 (107.2) 4 • 31 ( l 09 . 5) 4. 26 ( 108. 2) 4.30 (109.2) 

8 (2.4) 4.22 (107. 2) 4.22 (107.2) 4 . l 9 ( l 06 . 4 ) 4. 31 ( l 09. 5) 

9 (2.7) 4 . 13 ( l 04. 9) 4. 17 ( l 05. 9) 4. 16 ( 105. 7) 4 . l 3 ( 104 . 9 ) 

* Sand-filled for bending 
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TABLE 3.2 

* DISTORTION OF SHAPE OF 180-DEGREE ARCHES 

Arch No. 1 Arch No. 2 

Distance Top Bottom Out-of- Top Bottom Out-of-
from end width width square width width square - ft (m) in. (mm) in. (mm) in. (mm) in. (mm) in. (mm) in. (mm) 

l (0.3) 3.95 (100.3) 3.90 (99 .1) 0 3.96 (100.6) 4.00 (101.6) 0 
2 (0.6) 3 . 94 ( 100. l ) 3. 94 (100. l) 0.08 (2.0) 3. 94 ( l 00. l) 3.98 (101. l) 0.08 (2.0) 
3 (0.9) 3. 98 (101. l) 3.95 (100.3) 0.05 (l.3) 3.94 (100. l) 3.96 (100.6) 0 
4 (l.2) 3.97 (100.8) 3. 94 (100. l) 0 3. 95 ( l 00. 3) 3.98 (101. l) 0.10 (2.5) 
5 (1.5) 3.97 (100.8) 3. 94 (l 00.1) 0 4.01 (101.8) 4 . 02 ( 102 . l) 0.03 (0.8) 
6 (1.8) 3.98 (101.l) 3.95 (100.3) 0 4 . 1 0 ( l 04 . l) 4 . 02 ( l 02 . l) 0.07 (l .8) 

w 
7 (2.l) 3.98 (101.l) 3. 94 (100. l) 0. 05 (l. 3) 3. 99 ( l 01. 3) 3.98 (101. l) 0.08 (2.0) 

I 8 (2.4) 3.97 (100.8) 3. 9 5 ( 100. 3) 0 3. 95 ( 100. 3) 3.98 (101. l) 0.10 (2.5) _, 
9 (2.7) 3.98 (101.l) 3. 95 ( 1 00. 3) 0 3 . 94 ( 100 . l) 3.98 (101. l) 0.07 (1.8) _, 

10 (3.0) 3.97 (100.8) 3.94 (100.l) 0 3.93 (99.8) 3.95 (100.3) 0.07 (1.8) 
11 (3.3) 3.98 (101.l) 3.96 (100.6) 0.04 (l.O) 3.96 (100.6) 3. 97 ( 100. 8) 0.09 (2.3) 
12 (3.6) 3.98 (101.l) 3.90 ( 99. 1 ) 0 3 . 94 ( 1 00 . l) 3. 98 (101. l) 0.06 (l. 5) 
13 (4.0) 3.98 (101.l) 3.96 (100.6) 0 3.96 (100.6) 3. 98 (101. l) 0.10 (2.5) 
14 (4.3) 3.97 (100.8) 3.95 (100.3) 0 3 . 94 ( l 00 . l) 3.97 (100.8) 0.10 (2.5) 
15 (4.6) 3.98 (101.l) 3.96 (100.6) 0 3 . 94 ( l 00 . l) 3.97 (100.8) 0.07 (1.8) 
16 (4.9) 3.98 (101.l) 3.97 (100.8) 0. 05 ( l. 3) 3. 95 ( l 00. 3) 3.98 (101.l) 0.10 (2.5) 
17 (5.2) 3.99 (101.3) 3. 96 (100.6) 0 3.95 (100.3) 3.96 (100.6) 0.02 (0.5) 
18 (5.5) 3.98 (101.l) 3.96 (100.6) 0.03 (0.8) 3 . 94 ( l 00 . l) 3.96 (100.6) 0.10 (2.5) 
19 (5.8) 3.97 (100.8) 3.93 (99.8) 0.04 (l.O) 3 . 96 ( 100 . 6 ) 3.98 (101.1) 0.10 (2.5) 
20 (6. l) 3. 98 ( 101. l) 3. 95 (100.3) 0 3.93 (99.8) 3.94 (100. l) 0.06 (l. 5) 

* Cold-bent without sand fill 
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bending without a sand fill). Although departures from nominal width are 

smaller than for the sand-filled sections, they range from 3.90 to 4.10 in. 

(99.l to 104.l mm). Furthermore, the cross section was out-of-square at 

various points by the amounts shown in Table 3.2. These measurements are 

distances by which one face (perpendicular to the plane of curvature) was 

displaced sideways relative to the opposite face. 

3.5 RADIUS 

Measurements on four of the 90-deg 4 x 4 x 1/4 arch sections of 

Table 3.1 showed a difference of 1/4 in. (6.35 mm) in the perpendicular 

distance from the chord to the outside walls at mid-length (Fig. 3.6). 

This difference would require a clearance of 1/4 in. (6.35 mm) all around 

in a 5 x 5 box for a 4 x 4 to slide through freely. The same clearance 

Outside face of 
4 x 4 x 1/4 box 

7 1 l 11 

FIGURE 3.6 BENDING TOLERANCE FOR 90 DEG ARCH SEGMENTS 
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would be required for other sizes differing by l in. (25.4 mm) in nominal 

outside dimension. The effect of these differences in radius should be 

smaller for segments with subtended angles less than 9O-deg. 

3.6 JOINTS 

The clearance required to accommodate the tolerances in shape 

and radius discussed above may cause problems of load transfer at the 

joints since there will be no metal-to-metal bearing between the tele­

scoping segments. Their performance can be evaluated only by tests. 

3.7 TAPERED SECTIONS 

Some of the problems involved in nesting sections of uniform 

cross section inside one another might be eliminated by using tapered sec­

tions. A tapered horseshoe rib is shown in Fig. 3.7. The legs are not 

tapered, but the arch segments are tapered so as to maintain a uniform depth 

in the plane of the rib. The taper would be designed to stop the movement 

of segments Band D when they reach the correct extended position. How­

ever, this direction of taper is also the direction in which the greatest 

distortion of shape from rolling to radius occurs, so that it is very un­

likely that it would be possible to fabricate the segments to the toler­

ances required to have segments Band D stopped when they reached their 

intended positions. Furthermore, a pin would be needed for load transfer 

at the junctures of A-Band C-D if the segments are expanded by an erector 

arm and for temporary load transfer if they are expanded by pumped concrete. 

Therefore, it appears that tapered sections would not be practical. 

3-13 



(a) 

FIGURE 3.7 TAPERED TELESCOPING RIB 

3.8 CONCLUSIONS 

I -~ 

(b) 

Several possibilities for developing telescoping steel ribs have 

been discussed in this chapter. It would appear that the only advantage 

such an arrangement might have over conventional ribs would be a decrease 

in time required for erection. Among the problems that would be associated 

with telescoping ribs are: 

l. Effect of mill and fabricating tolerances on the fit of 

nesting segments. 
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2. Quality control in manufacturing tubes to guard against 

jamming while forcing the segments into position. 

3. Possibility of local damage during handling that would 

tend to lock nested segments together. 

4. Load transfer at joints. 

5. Controlling the operation of expanding the nested segments. 

6. Equipment, material and labor costs of pumping concrete if 

concrete fill is used. 

7. Delays because of possible occasional jamming or other 

problems while the ribs are being expanded. 

8. Unless the decrease in area and section modulus of the seg­

ments with the smaller outside dimensions is partly offset 

by increased thickness the resulting structure may not be 

optimally proportioned for the loadings encountered in tunnels. 
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CHAPTER 4 

INNOV~TIVE CONNECTIONS 

4.1 INTRODUCTION 

The results of six connection tests are discussed in this chapter. 

Four of the connections are standard, two-bolt, butt-plate connections, and 

two are sleeve connections. Moment-rotation curves are given for each of 

the tests and the overall behavior described. The butt plate connections 

are tested on M4xl3 sections and the sleeve connections on TS 4 x 4 x 1/4 

sections. 

4.2 TESTS OF STANDARD CONNECTIONS 

The two-bolt standard connection is shown in Fig. 4.1. The butt 

plates are 3/8-in. (9.53 mm) thick and the bolts are A3O7 11 fit-up 11 type. 

The butt plates are not positioned symmetrically on the M4xl3 section. 

This may or may not be the case in an actual tunnel, depending on the de­

signer. However, this does have the advantage of providing a slightly 

greater clearance on the outside of the rib because the edge of the plate 

is flush with the outside edge of the section. 

Figures 4.2 and 4.3 show the instrumentation used in the first two 

tests. Dial gages measured in-plane and out-of-plane displacements. Rota­

tion over a 9-in. (229-mm) section was measured with a pair of LVDT's. A 

pair of deflection-measuring gages (Fig. 4.4) were fabricated to measure 

the opening of the butt plates on the tension side and the closing on the 
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FIGURE 4.1 TWO-BOLT BUTT PLATE CONNECTION 

FIGURE 4.2 IN-PLANE DEFLECTION 
MEASURING ARRANGEMENT 
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FIGURE 4.3 OUT-OF-PLANE DEFLECTION 
MEASURING ARRANGEMENT 

FIGURE 4.4 DEVICES FOR MEASURING JOINT 
OPENING AND BOLT STRAIN 
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compression side over a length of 2-1/2 in. (63.5 mm) at the connection. 

From these readings the rotation at the connection could be calculated. 

An extensometer was used to measure the change in strain of one of the 

connection bolts (Fig. 4.4). In subsequent tests the instrumentation 

was reduced to dial gages measuring displacements in the plane of bending 

and deflection gages measuring the opening and closing of the butt plates. 

The reduced instrumentation provided all the necessary data for studying 

the connection behavior. 

Beam-column tests with initial eccentricities of 2, 4, and 6 in. 

(51, 102 and 152 mm) were performed for the case in which the butt plates 

protruded on the compression side. From strain gage measurements taken 

during the large-scale rib tests (Paul, et al., 1974) it was found that 6 

in. (152 mm) was usually an upper limit for eccentricities in the rib, except 

at points of load application. Here, eccentricities were higher because of a 

steep moment gradient due to concentrated loads, but measurements could 

not be made. 

Moment-rotation curves for these connections are shown in Fig. 

4.5. The moment capacity decreases as the eccentricity of the applied 

load increases. This behavior is analogous to that of a reinforced con­

crete member that fails in tension. The highest moment capacity of the 

three connections was about 100 kip-in. (11.3 kN•m) for the connection 

with 2-in. (51-mm) initial eccentricity. The highest moment capacity of 

the M4X13 section is about 218 kip-in. (24.6 kN•m) for a yield stress of 

36 ksi (248 MPa), assuming elasto-plastic stress-strain behavior. Thus, 

at most this connection has a moment capacity about half that of the M4Xl3. 
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But for higher eccentricities, more likely to occur at the connection, its 

capacity may be as little as one-third that of the M4Xl3. 

The behavior of this connection is primarily affected by the 

opening of the butt plates on the tension side of the connection. If the 

butt plates were fastened together here, the connection would behave more 

as a continuous section, which could carry tension and compression in equal 

magnitude. The moment capacity of the connection is a result of a compres­

sive force in the portion of the butt plates near the compression flange 

coupled with the tensile forces in the bolts. Since the butt plates are 

welded to the M4Xl3 at its web as well as its flanges, the M4Xl3 pulls the 

butt plates apart in the entire region between the bolts as rotation in­

creases (Fig. 4.6). The greatest bending of the plates occur about the 

strong axis of the section (Fig. 4.7), but there is significant bending 

about the weak axis as well (Fig. 4.8). The plate bending would occur 

only about the strong axis if the plates were not welded to the web of the 

M4Xl3. 

As the connection continued to rotate after the peak axial load 

had been reached the butt plate welds at the outside edge of the tension 

flange cracked (Fig. 4.9). The butt plates then began to peel away from 

the section as the crack progressed towards the web of the section. At this 

point the ultimate moment capacity of the section generally had been reached. 

Because of the moment resulting from the increase of eccentricity as the 

connection rotated (the so-called P-~ effect), the maximum moment was always 

reached after the applied load had begun to decrease. 

Depending on the loads applied a connection may rotate either to 
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FIGURE 4.6 AREA OF COMPRESSION BETWEEN THE BUTT PLATES 

FIGURE 4.7 OPENING OF THE BUTT PLATES ABOUT 
THE STRONG AXIS OF BENDING 
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FIGURE 4.8 OPENING OF THE BUTT PLATES ABOUT 
THE WEAK AXIS OF BENDING 

FIGURE 4.9 WELD FAILURE BETWEEN BUTT PLATE AND 
OUTSIDE EDGE OF TENSION FLANGE 
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the inside or the outside of a set. For an unsymmetrical connection the 

behavior may differ with the direction of moment. To determine how much 

the connection behavior was changed by a moment applied in the opposite 

direction, an additional test was performed on a connection in which the 

butt plates extended on the tension side of the section. Figure 4.10 shows 

the moment-rotation curves for the two connections, both with initial eccen­

tricities of 4 in. (102 mm). There is some reduction in the moment capacity, 

but the difference is not significant. 

4.3 TESTS OF SLEEVE CONNECTIONS 

Two types of sleeve connections are considered as a possible means 

of cutting erection time. Both were designed for the 4 x 4 x 1/4 in. struc­

tural steel tube but they could also be used for round or wide-flange cross 

sections. 

The first type of sleeve connection will be referred to as a 

11 solid sleeve 11 (Fig. 4.11). The inside dimension of the solid sleeve 

tested was 1/8 in. (3. 18 mm) larger than the outside dimension of the 4 x 

4 x 1/4 in. tube. This tolerance is required to facilitate positioning the 

sleeve over the section. The sleeve length was 12 in. (305 mm) and wall 

thickness 1/8 in. (3.18 mm). Since the sleeve is loose fitting some method 

of holding it in place is necessary. There are many ways of doing this; 

one simple method is to put a pin through a pre-drilled hole in the section 

to prevent the sleeve from sliding. 

If the cross sections of the members being connected are not true 

to shape, which is usually the case, the solid sleeve may not be suitable 
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FIGURE 4.11 SOLID SLEEVE CONNECTOR 

because the additional inside dimension required to accept extreme varia­

tions would result in a very loose fitting connection that would allow con­

siderable rotation before developing any moment resistance. A split-sleeve 

connection might solve this problem (Fig. 4.12). The split-sleeve tested 

has inside dimensions approximately the same as the outside dimension of 

the 4 x 4 x 1/4 in. steel tube, with a wall thickness of 1/8 in. (3.18 mm) 
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FIGURE 4.12 SPLIT SLEEVE CONNECTOR 

and length of 12 in. (305 mm). In one side was a slot of increasing width 

from one end of the sleeve to the other. The edges of the slot were turned 

back (Fig. 4.13) to provide a track for a tightening wedge to be driven. 

This had the advantage of being a loose sleeve, for ease in positioning, 

that fit tight after the wedge was driven into place. 

Both types of sleeves could probably be fabricated most efficiently 
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FIGURE 4.13 TIGHTENING SLOT IN THE SPLIT SLEEVE CONNECTOR 

by cold forming. Because of shop limitations they were fabricated by weld-

ing straight pieces of 1/8-in. (3.18 mm) thick mild steel plate. Consequently, 

they had low ductility at weld locations. Instrumentation for the joint tests 

is shown in Fig. 4.14. It consisted of a pair of LVDT 1 s to measure rotation 

of the section and a dial gage to measure the lateral displacement at mid­

length of the connection. 

Both sleeves failed as a result of weld fractures. As the con­

nected members rotated the flanges on the tension side pushed out at the 

top and bottom. Figure 4. 15 shows the split sleeve (with the slot on the 

opposite face) with a weld fracture at mid-length on the tension side. The 
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FIGURE 4.14 INSTRUMENTATION FOR THE 
SLEEVE CONNECTION TESTS 
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FIGURE 4.15 WELD FAILURE IN SPLIT 
SLEEVE CONNECTION TEST 



solid sleeve, with a fractured weld at the top corner on the compression 

side, is shown in Fig. 4.16. In each case the fracture occurred at a point 

of high stress concentration. Once the initial fracture occurred the failure 

progressed primarily at that location. However, with only two tests there 

is no basis for relating the initial fracture location to the type of sleeve. 

Figure 4.17 shows the moment-rotation curves for the two sleeve 

connections as well as one for a standard, two-bolt connection, all tested 

FIGURE 4.16 WELD FAILURE IN THE SOLID SLEEVE CONNECTOR 
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with initial eccentricities of 6 in. (152 mm). The solid sleeve has a 

lower moment capacity at a given rotation throughout much of the loading, 

primarily because of its loose fit. Because the split sleeve fits snugly 

its initial stiffness is somewhat higher. However, both sleeve connections 

eventually reach the same moment capacity, about 50 kip-in. (5.65 kN•m). 

This is about 75 percent of the moment capacity of the standard connection 

(with butt plates extending on the compression side), but it occurs at a 

lower rotation. 

4.4 SUGGESTED SPLIT-SLEEVE CONNECTION 

Of the two types of sleeve connections tested, the split sleeve 

has the advantage of tighter fit and better moment-rotation characteristics. 

Since cold forming appears to be the only practicable method of producing 

a split sleeve, several possible configurations were considered. The simplest 

connection, detailed 3/16 in. (4.76 mm) thick for a 4 x 4 x 1/4 box, is shown 

in Fig. 4.18. The piece on the right would be tack-welded in the shop to 

one section of rib, with half its length extending beyond the end of the 

section and oriented so that the open end of the U would face the tunnel. 

The mating rib would be slipped into position in the tunnel and the connec­

tion made by driving the closing piece into place. This would help make the 

connection tight in the direction of bending. The slope of the connecting 

elements accommodates a ±1/8 in. (3.18 mm) variation from the nominal 4-in. 

(102-mm) dimension if the closing piece tightens with its upper end ±1 .3 in. 

from the top of the mating piece. A large manufacturer of cold-form products 

was consulted, and it appears that this connection could be produced in 
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volume at costs commensurate with the cost of welding plates to the ends 

of rib members for butt-plate connections. However, the minimum radius 

for cold bending is 3 thicknesses of metal, which tends to make the con­

nection bulky for the thicknesses that would be needed for large cross 

sections. 

4.5 CONCLUSIONS 

One test of a rib with sleeve connections was made in the large­

scale rib test series described in Chapter 2. This was test BS15 and the 

results are shown in Table 2.6. It is of interest to note that although 

the sleeves were only ~/8 in. (3.18 mm) thick the strength of the rib was 

only 20 percent below that of a rib of the same cross section but with 

standard butt-plate connections. Considering the possibilities of connec­

tions of this type in speeding up erection in the tunnel, it would seem 

that they merit further study. 

Time did not permit tests of split sleeves of the type shown in 

Fig. 4.18. Therefore, it cannot be finally evaluated. It may prove to be 

cumbersome in thicknesses that would be needed in larger cross sections, 

as noted above. However, the solid-sleeve test suggests that the required 

thickness may be less than that of the section to be connected. Further­

more, the split sleeve connection would probably be cheaper to manufacture 

than the solid sleeve, since the latter requires welding. 
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CHAPTER 5 

COMPUTER STUDY OF STEEL SUPPORTS 

An analytical investigation of ultimate strength of the horseshoe­

shaped steel rib was made with the general purpose structural analysis com­

puter program NASTRAN. Developed by NASA for the space program, NASTRAN 

contains elements that can be assigned a piecewide linear stress-strain 

relationship, so it can be used to model nonlinear behavior of the ribs. 

Such a program enables parameters which affect ultimate strength to be 

studied more easily and more economically than by performing large-scale 

laboratory tests. 

In tunnels through rock, loads are transferred to the steel rib 

through wood blocking so the blocking is an essential part of the structure. 

Stiffness of wood blocking is difficult to control since it depends on the 

type of wood used, its condition, and the manner in which it is placed. 

The location of blocking is generally controllable as long as there is 

some clearance between the rock and the rib. Ideally, it should be placed 

uniformly around the structure to distribute the load, but this is time­

consuming and therefore expensive. The alternative is to place the blocking 

at intervals along the rib, often at rather random locations. For a given 

load configuration some blocking locations will be more critical with regard 

to ultimate strength than others. In this chapter, a study of the effects 

of both blocking stiffness and absence of blocking on the ultimate strength 

of a steel rib are described. 
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Segments of a steel rib are usually joined with bolted butt­

plate connections. These connections may have various strengths, depending 

on the number of bolts used, their strength, location, and other factors. 

Three connection models, with different moment capacities, are described 

and their influence on the behavior of the rib reported. 

An investigation of the parameters mentioned is intended to give 

a better understanding of the total structural behavior of the rib. The 

knowledge gained will be useful in design as well as in the development of 

alternative primary support structures. These parameters were not considered 

in the test program described in Chapter 2, so this study was undertaken to 

determine how important they might be. As discussed in Chapter l, the ac­

tive loading considered here is not the same as either of those used in 

Chapter 2 but corresponds to that used in a previous study (Paul, et al., 

1974). 

5.1 DESCRIPTION OF ANALYTICAL MODEL 

5.1.l SET MODEL 

The horseshoe-shaped rib considered in this chapter is the M4xl3 

(wide-flange shape), with bolted butt-plate connections at the top of each 

leg (spring line) and at the crown, that is described in Chapter 2. Figure 

5.1 shows the geometry and the unsymmetrical configurations of applied 

(active) loads and resisting (passive) loads considered. This loading re­

sults in relatively high bending moments, and thus a lower ultimate load, 

than the symmetrical load configuration, so it can be considered the more 

critical case. 
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Figure 5.2 shows how the rib is divided into a series of straight 

segments in the analytic model. Representation of the M4xl3 section is ac­

complished by using rod elements which can be given nonlinear stress-strain 

properties for the flanges, and a shear panel, restricted to linear behavior, 

for the web. Dimensions of these elements are chosen to give the appropriate 

geometric properties of the section. A more detailed description of this 

model has been reported by Paul, et al. (1974). 

Stress-strain behavior of the steel in the arch portions of the 
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rib differs from that in the legs. This is due to cold working of the 

steel in the arches during bending. Stress-strain curves were obtained 

from a series of coupon tests for the arch and the legs and the difference 

in strength for these parts was taken into account in the model. 

5.1.2 CONNECTION MODEL 

Six tests of both moment-resistant and standard connections were 

reported by Paul, et al. (1974). Data from these tests and from two addi­

tional tests on standard connections was used to develop a connection 

model for use in the NASTRAN analysis. 

Two of the standard, two-bolt connections reported by Paul, et al. 

(1974), were on M4xl3 sections using A-325 bolts and 3/8-in. (10 mm) butt 

plates. Two additional tests, using fit-up bolts, were performed later, 

and the rotation measured over a 9 in. (229 mm) length of section centered 

at the connection. Moment-rotation curves from these tests are shown in 

Fig. 5.3. The rotation in the first tests was measured over a 2.5-in. 

(64 mm) length in order to eliminate most of the influence of the M4xl3 

section. To better compare these tests the rotations in the later tests 

were adjusted by subtracting the portion resulting from 6.5 in. (165 mm) 

of the M4xl3, giving a computed rotation over 2.5 in. (64 mm) of the connection. 

From the results of the standard connection tests, it can be seen 

that there is a reduction in the connection moment capacity with higher 

eccentricities of applied load. Since the behavior of these connections 

is fairly complex, depending on such things as butt plate thickness and 
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bolt pre-tension, no attempt was made to model them precisely. Instead, 

the model was developed to give the correct type of behavior. 
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As used in this study, the connection model consists of rod 

elements, which can be given nonlinear stress-strain properties, and linear 

shear panels. The geometry is shown in Fig. 5.4. The moment-rotation be­

havior of the connection is controlled by the level of stress allowed in 

the rods and by the slope of the stress-strain curve. 

Since for the standard connections there is a reduction in 
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moment capacity with larger eccentricities, the behavior is analagous to 

that of a reinforced concrete member that fails in tension. Therefore, 

the stress-strain behavior of the rod elements was chosen to be weaker 

in tension than in compression. After initial calculations were made, 

the determination of an appropriate stress-strain curve became a trial­

and-error process. The connection was studied in a beam-column model in 

which the load could be applied at various eccentricities. The moment­

rotation behavior of the final connection model used in the analysis is 

shown in Fig. 5.3. 

Two of the four-bolt moment-resistant connections tested were 

fabricated with 1/2-in. (13 mm) butt-plates identical to those used in 
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the large-scale tests. The peak moments recorded in these tests were 

77 percent and 90 percent of the plastic moment of the M4xl3 section for 

initial eccentricities of 4 in. (102 mm) and 8 in. (203 mm), respectively. 

Since eccentricities in the rib were generally less than 6 in. 

(152 mm), determined from measurements made in the large-scale tests, a 

moment capacity of 170 kip-in. (19.2 kN•m) at an eccentricity of 4 in. 

(102 mm) was chosen for the moment-resistant connection model. This is 

about 78 percent of the plastic moment of the M4xl3. At an eccentricity 

of 8 in. (203 mm), the moment capacity of the model is 195 kip-in. (22.0 

kN•m), or 90 percent of the plastic moment of the section. These values 

correspond quite well with those of the moment-resistant connection tests, 

as can be seen in Fig. 5.5. Because the initial stress-strain properties 

of the rods in this connection model were kept the same as in the standard 

connection model, the initial slopes of the moment-rotation curves are not 

comparable for the model and the tests. 

A third connection model was also used in part of this study. 

The moment capacities of this connection were less than half that of the 

standard connection for corresponding eccentricities. Figure 5.6 shows 

the moment capacities of the three connections plotted against the eccen­

tricity of applied load. 

5.1.3 BLOCKING 

To simulate blocking stiffness rod elements were connected to the 

rib model in a radial orientation at locations corresponding to those in 

the large-scale laboratory tests. Since the stress-strain behavior may be 
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used for rod elements, the blocking stiffness can be modeled as linear or 

nonlinear, and can be varied from one blocking point to another. In this 

manner the effect of blocking stiffness or missing blocking on the behavior 

of the structure can easily be studied. 

5.2 DISCUSSION OF RESULTS 

5.2.l COMPARISON OF ANALYSIS WITH TEST 

In order to check the behavior of the nonlinear computer model, 

it was compared with a large-scale rib test. Of the eleven tests reported 

by Paul, et al. (1974), four were loaded to failure. However, in only one 

test (Mlb in that reference) was the active loading applied in the plane 

of the rib (a requirement of the nonlinear model currently being used), 

so this test was chosen for the comparison. Test Mlb had standard connec­

tions, hard blocking, and was loaded unsymmetrically (Fig. 5.1). 

The accuracy of the nonlinear model was checked by simulating 

the test with the load-deflection behavior of the passive rams from the 

large-scale test. Recorded load-deflection of the passive rams were con­

verted to stress-strain relationships for the rod elements that represent 

passive loads. A comparison of the test and calculated results is shown 

in Fig. 5.7 in terms of average active load versus radial displacement at 

the east connection (springline). For the loading considered, the dis-
~ 

placement at this location is the largest in the rib. There is good corre-

lation of results, particularly below about 18 kips (80 kN) average active 

load, which represents 80 percent of the actual ultimate load. At loads 
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higher than this, the model is more flexible than the rib and has an ulti­

mate load of 25 kips {111 kN), about 10 percent higher than the 22.7 kips 

{101 kN) ultimate load in the'test. 

Since the nonlinear model is more important for parameter studies 

than for simply attempting to reproduce large-scale test behavior, it is 

convenient to use an average blocking stiffness.- From the four individual 

stress-strain curves used for the passive rams in modeling test Mlb, an 

approximate linear average of 90 kips/in. {15.8 MN/m) was obtained graphi­

cally. The corresponding average stress-strain relation was then used for 

all four passive forces. The resulting load-displacement curve is also 

shown in Fig. 5.7, and shows that by using this average stiffness the 

load-displacement behavior at the east connection is somewhat stiffer 

in the elastic range. However, the slopes of the curves are essentially 

the same and the ultimate loads converge to the same value, 25 kips {111 kN). 

Thus, an average linear stiffness for the passive forces is quite reason­

able and simplifies the model as well. 

5.2.2 EFFECT OF BLOCKING 

STIFFNESS OF BLOCKING 

Results of the large-scale rib tests reported by Paul, et al. 

{1974), showed that blocking stiffnesses had a substantial effect on de­

flections if the rib was loaded from the side. The comparisons were made 

on ribs with four-bolt, moment-resistant connections. At an average active 
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load of 9 kips (40 kN) (about 40 percent of the ultimate) the radial dis­

placement was 127 percent greater for soft blocking than for hard blocking. 

In this case the hard blocking stiffness was on the order of 90 to 100 

kips/in. (15.8-17.5 MN/m) and the soft blocking about 40 kips/in. (7.0 MN/m). 

However, it was not certain that blocking stiffness would substantially af­

fect the ultimate load capacity of the rib since there were no two ribs 

loaded to failure with blocking stiffness the only variable. For this rea­

son the NASTRAN analysis was used to study the blocking stiffness parameter. 

Stiffness of the blocking used in the analysis were the following: 

90 kips/in. (15.8 MN/m), an approximate average of the blocking in test Mlb; 

40 kips/in. (7.0 MN/m5, a linear approximation of the soft blocking used 

in those large-scale tests; 26 kips/in. (4.6 MN/m); and 13 kips/in. (2.3 

MN/m) (an extreme low). These stiffnesses are plotted in Fig. 5.8 along 

with load-deformation curves from wood blocking tests (Paul, et al., 1974) 

and the soft blocking curve used in the large-scale set tests. 

Figure 5.9 shows the load vs. displacement at the east connection 

for the four blocking stiffnesses. For blocking stiffnesses of 90 and 40 

kips/in. (15.8 and 7.0 MN/m) the ultimate load is 25 kips (111 kN), the 

only difference being in the flexibility of the structure. The rib with 

a blocking stiffness of 40 kips/in. (7.0 MN/m) is from 50 to 60 percent 

more flexible than the one with 90 kips/in. (15.8 MN/m) blocking stiffness. 

Significant decreases in the ultimate loads occur with the lower blocking 

stiffnesses. For 26 kips/in. (4.6 MN/m) and 13 kips/in. (2.3 MN/m) block­

ing stiffness, ultimate loads are 14 kips (62 kN) and 9 kips (40 kN) respec­

tively. Figure 5.10 shows a plot of ultimate load vs. blocking stiffness 
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for the four values used. The curve is approximate since only four points 

were obtained. At the lowest range of blocking stiffness the slope of the 

curve indicates that the ultimate load will be between 5 and 10 kips (22 

and 44 kN) for zero blocking stiffness. This represents the ultimate load 

for the rib acting as a free-standing unbraced frame. At blocking stiff­

nesses higher than 40 kips/in. (7.0 MN/m), the ultimate load remains at 

about 25 kips (111 kN). Here, the failure mechanism becomes independent 

of the blocking stiffness because the blocking points are essentially rigid 

supports, which is the limiting case. There is one primary difference in 

the failure mechanisms. For low blocking stiffnesses the crown connection 

yields, and so becomes a hinge. With high blocking stiffnesses this does 

not occur. Evidence of this change in the mechanism is the rather sharp 

knee in the curve of ultimate load vs. blocking stiffness (Fig. 5.10). 

It is significant that blocking stiffnesses higher than about 

40 kips/in. (7.0 MN/m) do not increase the ultimate strength of the rib 

for this unsymmetrical loading case. In a test of a cribbed wood blocking 

configuration (Paul, et al., 1974) consisting of a stack of blocks 10-1/2 

in. (267 mm) high, the stiffness was twice this value. Thus, 40 kips/in. 

(7.0 MN/m) is about one-half the stiffness of a neatly stacked crib, but a 

rib with such blocking has an ultimate strength about equal to that of one 

with rigid blocking. It can be concluded that, for this loading condition, 

ordinary wood blocking that is placed very tight and has small stress concen­

tration that causes local deformations has sufficient stiffness. In addition 

it is reasonable to expect this to be true for symmetrical loading, though no 
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analyses have been performed for this to date. The bending stresses and 

displacements are lower for symmetrical than for a comparable unsymmetri­

cal load, so the blocking stiffness is less critical. This conclusion re­

mains to be verified by analysis. 

ABSENCE OF BLOCKING 

The NASTRAN analysis can be used to investigate the effect on 

ultimate strengths of the absence or loss of blocking at one or more posi­

tions on the rib. Only the side loaded case was considered, and only block­

ing which provides passive resistance was considered to be removed. The 

absence of blocking through which active loads are applied to the structure 

will also affect its strength. If the weight of a soil or rock mass is to 

be carried by a rib, it is evident that the structure will withstand the 

load better if it is well distributed. Precisely how much this affects 

the ultimate strength has not been investigated. 

Figure 5.11 shows the load-displacement curves for three blocking 

arrangements, all with blocking stiffnesses of 90 kips/in. (15.8 MN/m), 

and with standard connections. One rib had all the blocking in place (repre­

senting set Mlb). Another had the crown blocking removed and a third had 

the blocking removed immediately to the left of the crown. The severe ef­

fect of removing the crown blocking is apparent. Ultimate strength of the 

rib changed from 25 kips (111 kN) to 14 kips (62 kN), a reduction of over 

40 percent. Removal of the blocking to the left of the crown also lowered 

the ultimate strength, but only to about 22 kips {98 kN). Thus, the criti­

cal location of the passive blocking for the side loaded case appeared to 

5-19 



Horizontal displacement at right connection, mm 
O 20 40 60 80 l 00 120 140 1--....::1;:_-....;1~-....,l,;:___-=r-1 _ _;,.;;.r-1 _......;,.;;;1r--4 1r-, 

30 r-------r------r---.-------r---~--7 

25 

Ill 

-~ 20 
..:.::: 

.. 
"O 
<ti 
0 
r-

QJ 

> 15 
•r-
+> 
u 
<ti 

QJ 
en 
<ti 
s... 
~ 10 

c::C 

5 

0 
0 

All blocking in place 

#3 blocking removed 

#4 blocking removed 

K = 90 kips/in. 
(15.8 MN/m) 

2 3 4 5 

Horizontal displacement at right connection, in. 

FIG. 5.11 EFFECT OF BLOCKING ABSENCE ON 
UL TI MATE LOAD OF THE SET 

5-20 

6 

120 

100 

z 
..:.::: 

.. 
80 "O 

<ti 
0 
r-

QJ 

> 
•r-
+> 

60 u 
<ti 

QJ 
en 
<ti s... 
QJ 

> 
40 c::C 

20 

0 



be at or near the crown, since removal of the blocking near the left con­

nection will obviously affect the strength less. 

5. 2. 3 EFFECT OF CONN EC TI ON STRENGTH 

The influence of connections on behavior of the rib was reported 

by Paul, et al. {1974), but the loading was limited to the elastic range. 

With the NASTRAN analysis the investigation was extended to the ultimate 

strength. For this study a blocking of 90 kips/in. (15.8 MN/m) was considered. 

Three connection models were used in analyzing the effect of con­

nection strength. These were the standard connection, the moment-resistant 

connection, and a weak standard connection. Figure 5.6 shows the moment 

capacities of these connections for various eccentricities of applied load. 

The models are discussed in greater detail in Section 5.1.2. 

Curves of applied load vs. horizontal displacement at the right 

connection in Fig. 5.12 illustrate the effect of these connections on the 

stiffness and ultimate strength of the structure. As would be expected, 

the weaker connections decreased the stiffness of the rib. In the NASTRAN 

model this difference in stiffness in the elastic range is not significant, 

but at higher loads deflections with standard connections were considerably 

greater than deflections with moment-resistant conditions. However, de­

flections of the computer model at high loads were somewhat greater than 

those in the test rib (Fig. 5.7), so they should be studied relative to 

one another rather than with respect to the test. 

A comparison of ultimate strengths indicates that moment-resistant 
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connections, compared with standard connections, do not substantially in­

crease the strength of the rib. The rib with moment-resistant connections 

reaches an ultimate load only about 15 percent higher than the one with 

standard connections. Furthermore, the weak connection (with a moment 

capacity less than half that of the standard connection) did not consider­

ably lower the strength of the rib; in fact, the load converges to the same 

value if the rib is allowed to deflect far enough. However, this is not a 

realistic behavior. 

In general, the ultimate strength of the rib was insensitive to 

connection strength. Therefore, the additional strength of the rib with 

moment-resistant connections probably does not warrant the extra expense 

involved. However, this is a tentative conclusion that needs further 

study, particularly with reference to other load configurations. 

5.3 SUMMARY 

The computer program NASTRAN was used to study the effect of 

connections and blocking on the behavior of horseshoe-shaped steel ribs. 

Results of connection tests on moment~resistant and standard connections 

were used to develop the connection model. The tests showed that the mo­

ment capacity of a two-bolt standard connection decreased with higher ec­

centricities of applied load while the moment capacity of a four-bolt 

moment-resistant connection increased with higher eccentricities. This 

behavior was modeled by adjusting the stress-strain relationship of ele­

ments in the model. Though the connection behavior was not modeled 

exactly, the correct type of behavior was obtained. This was considered 
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more important since the precise connection behavior depends on bolt pre­

tension, bolt strength, butt-plate thickness, and other factors that may 

change from one connection to another. 

Blocking was also represented in the computer model by elements 

that could be given nonlinear stress-strain properties. In this way the 

load-displacement behavior at blocking points in the large-scale test could 

be input for the model. 

A comparison of the load-displacement behavior of the model with 

that of a large-scale rib test was made for active loads applied from one 

side. The difference was insignificant up to a load of about 80 percent 

of the ultimate load of the actual rib. At higher loads deflections in 

the computer model were larger than in the rib, and the ultimate load of 

the model was about 10 percent higher. An average blocking stiffness was 

then used for studying blocking and connection parameters. 

Computer analyses were made on ribs using four blocking stiff­

nesses. For the unsymmetrical loading configuration used, there was no in­

crease in ultimate strength of the rib when blocking stiffnesses were in­

creased beyond 40 kips/in. (70 MN/m). 

The absence or loss of blocking which resists deformations in 

the rib (passive blocking) was studied for side loading. It was found 

that the blocking locations which most affects the ultimate strength for 

the unsymnetrical loading case is near the crown. 

A rib with active loads applied from the side was used for all 

parameter studies in this chapter. Since this loading produces higher 
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bending moments for a given load than symmetrical loading, it should be 

relatively severe. However, conclusions for symmetrical loading remain 

to be verified by analysis. 
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CHAPTER 6 

COMPARISON OF TEST RESULTS WITH APPROXIMATE ANALYSIS 

A procedure for the determination of loads on steel ribs and the 

analysis of the ribs is described in Proctor and White's 11 Rock Tunneling 

with Steel Supports, 11 published by Commercial Shearing, Inc. (1968). The 

procedure, which has become the standard for the industry, is described 

briefly in this chapter, and the allowable loads it gives for the test sets 

discussed in Chapter 2 are compared with the results of the tests. The 

analysis is not intended to predict the ultimate strength of the ribs, but 

the comparison is of value because it gives a good idea of the factor of 

safety involved. 

6.1 PROCTOR AND WHITE RIB-DESIGN PROCEDURE 

The wood blocking, which is wedged between a steel rib and the 

tunnel opening,develops interactive forces between the rib and the opening 

at the blocking points. These forces are assumed to be radially directed 

since the blocking cannot transmit tangential forces of appreciable magni­

tude. In Proctor and White's terminology, the set exerts an active force 

Fr on the surface of the opening, while the rock exerts an equal and oppo­

site passive force Fp on the rib (Fig. 6.la). In the initial stages the 

weight of the rock is carried principally by arch action in the rock itself. 

However, as the tunneling progresses loosened rock begins to exert its 

weight on the rib and equilibrium of forces at a blocking point requires 

a change in the direction and magnitude of the passive force (Fig. 6.lb); 
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(a) ( b) (c) 

FIGURE 6.1 LOADS EXERTED BY THE GROUND ON THE RIB 

which is now the resultant of forces exerted on the disturbed rock element 

by the adjacent ones. The vertical component of passive forces is assumed 

to be the result of friction. The angle of friction is assumed to be 25 

deg, which is taken to be the maximum inclination of Fp (Fig. 6.lc). 

The radial forces Fr at the various blocking points are as­

sumed to be of such a magnitude as to produce a thrust line in the rib 

which passes through the intersections of Fr with the rib centerline. 

According to this assumption, the rib moments at the blocking points are 

zero. The maximum moment between blocking points is then Th, where Tis 

the thrust and h the rise of the rib between blocking points (Fig. 6.2). 

However, since the rib is continuous there is a moment at each blocking 

point. According to Proctor and White 1 s analysis, this blocking-point 

moment is larger than the maximum moment between blocking points, and 

equals 0.67Th if the rib is continuous and fixed at both ends and 0.86Th 

if it is hinged at the crown or at the crown and both ends. 
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Overbreak 
Blocking 

Arch center line 

FIGURE 6.2 ASSUMED THRUST LINE OF THE ARCH 

6.2 ANALYSIS OF RIB 

The Proctor and White rib analysis is carried out as follows: 

1. Assume the blocking-point spacing and an upper boundary of 

the rock which is to be carried by the rib (Fig. 6.3a). The 

weight W of each rock element tributary to each blocking 

point is then computed and resolved at the overbreak block­

ing point into a radial component F and a tangential compo­

nent Ft if the tangent is inclined less than 25 deg to the 

horizontal, or into a radial component F and a component 

25 deg with the horizontal if the inclination of the tangent 

exceeds 25 deg. 

2. Draw the rays of a force polygon (Fig. 6.3b) with rays 
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(a) Loading on ideal overbreak line 

(b) Force polygon 

FIGURE 6. 3 AMAL YSIS OF A RIB HITH ROCK LOJ\DHIG 
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parallel to Rv, the thrust lines l, 2, and 3, and the crown 

load F4 of Fig. 6.3a. 

3. Construct a trial force polygon f 1, f 2, f 3, f4 (Fig. 6.3b). 

Proctor and White suggest that this be started at a point N 

on Rv corresponding to Rv = 0.8EW, where EW is the sum of 

the loads Won half the arch. 

4. Compare each force f with the corresponding force Fin 

Fig. 6.3a. Then construct a new force polygon F1, . , F4 
based on the value of Fin Fig. 6.3a for which the ratio 

F /f is largest. This is assumed to be the correct force n n 

polygon. 

5. Compute the maximum rib moment M = 0.67Th or M = 0.86Th, as 

noted above. 

6. Compute f = T/A + M/S for the largest thrust T where 

f = maximum stress in rib 

A = area of rib 

S = section modulus 

M = moment 

The resulting stress f must be equal to or less than the 

prescribed allowable value. 

It will be noted that the values of F obtained in step 4 are all 

greater than those in Fig. 6.3a except for the one that determines the force 
' 

polygon. Proctor and White assume that the difference is a passive resis­

tance of the rock against a tendency of the rib to advance toward it. 
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6.3 ALLOWABLE LOADS FOR TEST RIBS 

The outline of a test rib and positions of blocking points are 

shown in Fig. 6.4a. For the symmetrical loading, F3, F4, and F3 were taken 

to be active loads while F1, F2, F2, and F1 were passive. For the unsym­

metrical loading F2 and F3 were taken to be active loads with all others 

passive. The assumptions of the Proctor and White analysis lead to iden­

tical force polygons for these two cases (Fig. 6.4b), from which 

T tan 15° = f l l 

The bases of the test ribs were hinged. Assuming the two-bolt butt-plate 

connection at the crown to be hinged, the stress f is given by 

f = l + 0.86Th 
A S 

The arch-segment rise his given by h = R(l - cos 15°) = 1.98 in. 

(50.2 mm). For the M section A= 2.81 in. 2 (18.l cm2) and S = 5.24 in. 3 

(85.9 cm3), which gives 
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Connections 

G) 

Fl 
2 

Fl 
l 

2f = f = f = 2f = F 
l 2 3 4 

FIG. 6.4 LOAD DIAGRAM AND FOR~E POLYGON FOR THE 
TEST RIBS WITH SYMMETRICAL LOADING 
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F = 0.882 f 

For the square structural tube A= 3.54 in. 2 (22.8 cm2) and S = 4.0 in. 3 

(66 cm3), which gives 

F = 0.732 f 

6.4 COMPARISON OF TESTS WITH ANALYSIS 

The allowable stress suggested by Proctor and White for temporary 

steel supports is f = 0.75 fy, where fy is the yield stress. The average 

yield stress from the test coupons was about 40 ksi (276 MPa), although 

there is considerable variation between the legs and the arch as discussed 

by Paul, et al. (1974). The actual yield stresses for various tests are 

discussed in Section 2.1.l. The allowable stress was taken at 0.75x40 = 

30 ksi (207 MPa) for all the ribs tested. The comparison is made on the 

basis of the factor of safety against collapse, determined by dividing the 

maximum total active load in the test by the corresponding allowable load 

by the analysis. 

The Group I entries in Table 6.1 give the results for ribs loaded 

in their plane. Two are of M section and two of TS section. One of each 

is loaded symmetrically and one of each unsymmetrically. The ratio of 

test load to working load varies from 1.32 to 1.49. It does not show a 

trend with regard to section or loading geometry and so probably results 

from variability among tests. It is of interest to note that the lower 

ratios are very nearly the reciprocal of the Proctor and White suggested 
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TABLE 6.1 

COMPARISON OF TESTS WITH PROCTOR AND WHITE ANALYSIS 

No. 2 Total active Calculated total Factor 
Group Test Section Loading Loading blocking load in test, active load, of 

specimen geometry eccentric omitted kips (kN) kips (kN) safety 

- I Ml M s No No 119.5 (531.5) 80 (355.8) 1.49 
82 TS s No No 109.7 (487.9) 83 (369.2) 1.32 
M6 M u No No 71.8 (319.4) 53 (235.7) 1.35 
85 TS u No No 80.l (356.3) 55 (244.6) 1.47 

O"I 
I 

56.4 (250.9) I.O II MlO M s Yes No 80 (355.8) 0.71 
813 TS s Yes No l 06 . 5 ( 4 7 3. 7) 83 (369.2) 1.28 
M7 M u Yes No 42.8 (190.4) 53 (235. 7) 0.81 
89 TS u Yes No 77 . 4 ( 344. 3 ) 55 (244.6) 1.41 

III M3 M s No Yes 66.6 (296.2) 80 (355.8) 0.83 
84 TS s No Yes 68.4 (304.2) 83 (369.2) 0.82 
MB M u No Yes 55.9 (248.6) 53 (235. 7) 1.05 

IV M3 M s No Yes 66.6 (296.2) 32 (142.3) 2.08 
84 TS s No Yes 68.4 (304.2) 31 (137.9) 2.21 
MB M u No Yes 55.9 (248.6) 18 ( 80. l ) 3 .11 

-
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ratio 0.75 of allowable stress to yield stress. It is also of interest 

that the results appear to support the Proctor and White assumption that 

the set-rock (passive) interaction in the region of undisplaced rock takes 

on values that, together with the active loads from loosened, displaced 

rock, tend to hold the thrust line of the arch rib close to the neutral 

axis. 

The Group II entries in Table 6.1 compare the test results for 

out-of-plane loading (2-in. (51 mm) eccentricity) with the Proctor and 

White analysis for in-plane loads. The cross sections and load geometries 

are the same as for the Group I tests. It will be noted that the M-sections 

fall considerably short of carrying the predicted load while the TS ribs 

have virtually the same factor of safety as for in-plane loadings of 

Group I. This is a dramatic demonstration of the superiority of the box 

section under nonideal loading conditions. 

The Group III entries in Table 6.1 compare the results of tests 

on ribs with blocking at one haunch blocking point omitted with the Proctor 

and White analysis for the rib with blocking at all blocking points. The 

factors of safety range from 0.82 to 1.05. Compared with the corresponding 

tests in Group I the strength of the set with one blocking point unblocked 

is reduced by 46 and 38 percent for the two symmetrically loaded ribs and 

by 18 percent for the unsymmetrical loaded rib. 

In order to determine whether the Proctor and White analysis can 
' be used to predict the sensitivity of a rib to loss or absence of blocking, 

an analysis was made for the tests of Group III. The pr1edicted active 

loads were reduced considerably. The test results are also lower, but 
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the factors of safety with respect to the analysis now range from 2.08 

to 3.11. This suggests that the Proctor and White analysis may be somewhat 

sensitive to the number and d1stribution of blocking points assumed. 

6.5 EVALUATION OF PROCTOR AND WHITE ANALYSIS 

The Proctor and White analysis for rib forces is approximate and 

the structural design is based on a working stress. Therefore, it will 

not necessarily give a consistent factor of safety against collapse. At 

best, it would give a consistent factor of safety against yield. However, 

it is reasonable to evaluate the procedure on the basis of factor of safety 

at ultimate load because collapse is what the designer wishes to avoid. 1 

Maximum load depends on the mechanism that forms in the fully 

plastic condition of the set. Loading geometry, set geometry, blocking 

stiffness, etc. determine the failure mechanism. Thus, an 11 exact 11 analysis 

for ultimate load must be based on a mechanism approach as discussed in 

Chapter 5 of the report by Paul, et al. (1974). In the Proctor and White 

analysis the maximum moments are at the load points so plastic hinges will 

form there. This was not the case in the ribs that were tested, as is 

shown in the photograph of Fig. 2.13 where the yield regions are about 

midway between the load points. 

A nonlinear ultimate-load analysis that follows the rib to the 

fully plastic condition is described in Chapter 5. It is shown in that 

1Deflection might also be taken as a measure of failure. Thus, if 
a rib that deflects 3 in. (75 mm) is felt to be unsafe, and is replaced 
(or jump sets are installed), the rib has 11 failed 11

• 
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chapter that rib capacity is not influenced by stiffness of the passive 

blocking, within limits, but once the stiffness reaches a lower limit the 

sensitivity becomes great. The passive-blocking stiffneiss of 20 kips/in. 

(3.5 MN/m) which was used in these tests is in the sensitive range, and 

is believed to be reasonable for most tunnels. The main reason for the 

sensitivity is the resulting relatively large deformation of the rib. 

In the tests, maximum load occurred at active-load deflections of 3 to 5 

in. (76 to 127 mm). It was obvious when watching the test that the load­

carrying mechanism changed under large deflections, because the active 

load region became quite flat and this part of the arch began to act more 

like a fixed-fixed beam with plastic hinges at the ends, with very little 

arch action. This effect would be reduced with stiffer blocking that would 

reduce the deflections. Although this discussion is based on a limited 

number of tests on small-scale ribs with a fixed geometry, it is believed 

that the comparisons are valid for large tunnel situations, since the blocking 

stiffness is approximately scalable to the larger tunne·1s and the blocking 

spacing would remain about the same. 

There is a difference in basic philosophy between the Proctor 

and White loading mechanism and that used in selecting the loads for the 

large-scale tests. Proctor and White select a height of rock above and 

across the entire width of the opening and distribute the weight of that 

rock to the blocking points. Thus there are active vertical loads on the 

rib at every point but the springlines. Passive load occurs only if addi­

tional force is needed over and above the active load to satisfy equilibrium. 

In selecting loads for the large-scale tests only certain loads, in an 
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assumed region of loosening rock, were considered active and the passive 

blocking took load only when the rib moved into it. The Proctor and 

White loading is more uniform. Loosening rock over a portion of the 

opening is a more severe condition because more bending is involved, even 

though less total load is applied. Movement of rock blocks or wedges in 

a region of the opening appears to be more consistent with the observa­

tions of Cording and Mahar (1974). 

Despite the above mentioned approximations involved in the Proctor 

and White analysis, it gives reasonably consistent factors of safety under 

the two quite different active-load conditions used in the tests. 
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CHAPTER 7 

SUMMARY 

Tests to failure of 18 steel tunnel supports were carried out. 

The horseshoe-shaped specimens spanned 10 ft (3 m) and were 12 ft (3.6 m) 

high. Square box sections, concrete-filled box sections, and pipe were 

used, as well as the standard I-shaped section, to determine their relative 

advantages. Results of the Proctor and White procedure for the design of 

steel supports are compared with the test results and the use of the NASA 

structural analysis computer program to predict the ultimate strengths is 

described. 

The practicability of several new types of connections was studied 

and one support with sleeve connectors was tested to failure. The feasibil­

ity of using telescoping ribs to speed up erection was also investigated. 

7.1 CROSS SECTION SHAPE 

In respect to cross section shape the tests showed little or no 

advantage of one shape over another so long as the loads were in the plane 

of the set. However, the box section was definitely superior when the loads 

were eccentric, as might be the case, for example, with blocking driven 

from one side. Even with the loads applied at the edge of the 4 x 4 box 

and the 4 x 4 I-shaped section (eccentricity 2 in. (51 mm)) the box-section 
' 

rib strength was reduced only 4 percent compared to in-plane loads, but the 

I-shaped set strength was reduced 40 percent or more (Table 2.2). Behavior 
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of the I-shape was also less desirable than the box, under eccentric loading, 

in that it exhibited very low ductility (Fig. 2.28). Thus, the box section 

would seem to be a good choice· for rock tunnels and for tunnels in soft 

ground where lagging can be supported on the outer flange. If lagging is 

required and cannot be supported on the outer flange, the box could not com­

pete with the I-shape since it does not provide a shelf for lower placement 

as does the inner flange of the I. However, lagging on both sides of the 

inner flange of an I delivers a load that is essentially concentric, and 

since the lagging is usually supported on wood bearin9 strips freedom to 

twist is reduced so that the box loses much of its advantage in this 

situation. 

Concrete-filled box ribs were 16 to 18 percent stronger than the 

unfilled box and had essentially the same ductility (Table 2.4 and Fig. 

2.38). Such an increase in strength does not justify the use of concrete 

fill. The 4 x 4 x 1/4 box weighs 12 lb/ft (17.9 kg/m) and the concrete-filled 

box 24 lb/ft (35.8 kg/m). The next larger 4 x 4 section (5/16 in. (8 mm) 

thick) would give a larger increase in strength and weighs only 14.5 lb/ft 

(21 .6 kg/m). Considering the cost of placing a concrete fill compared to the 

extra cost of the larger box it seems clear that the concrete fill would be 

much more expensive. 

7.2 CONNECTIONS 

Two types of sleeve connections, a split sleeve (Fig. 4.18) and 

a solid sleeve, were investigated. The split sleeve can be drawn up tight 
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on the rib to offset the looseness necessitated by allowances for manu­

facturing and fabricating tolerances. A major manufacturer of cold-formed 

products who was consulted thinks this connection could be produced in 

volume at costs commensurate with the cost of welding plates to the ends 

of rib members for the standard butt-plate connection. However, this con­

nection might be bulky for large members because of the limitations on cold­

bending radii. A similar connection, fabricated by welding, was tested 

but no tests of a set with split-sleeve connection were made. 

A simpler sleeve connector consists of a solid sleeve. It has 

the advantage of being in one piece but the disadvantage of looseness of 

fit in order to provide for tolerances in the connected members. Solid 

sleeve connections and one set with this type of connection were tested. 

The sleeve for the 4 x 4 x 1/4 box set was only 1/8 in. (3 mm) thick. 

Results of the rib test suggest that the sleeve connector has possibilities 

that warrant further investigation (Section 2.3.6). 

7.3 TELESCOPING RIBS 

A telescoping steel pole that has been developed for electric 

power transmission lines suggests the possibility of adapting the idea to 

steel tunnel sets. This is discussed in Chapter 3, where it is concluded 

that manufacturing and fabricating tolerances, possible damage in shipping 

and handling, and variation in rib strength due to reduced cross section 

of the telescoping elements make this idea impracticable for use in tunnels. 

7.4 COMPUTER ANALYSIS 

The computer program NASTRAN gave a fair prediction of the 
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behavior of a steel set tested to failure (Fig. 5.7). The modeling of the 

set cross section could probably be improved with further study. The pro­

gram was used to investigate the effect of blocking stiffness and connec­

tion stiffness on set strength. Results of these studies are discussed in 

Chapter 5. 

This phase of the project suggests that the computer analysis, 

possibly with some improvement in the simulation of the cross section, could 

take the place of laboratory testing in any further investigations of sets. 

However, it is not likely to be of value in routine design of sets since 

the Proctor and White analysis appears to give good results. 

7.5 PROCTOR AND WHITE ANALYSIS 

The Proctor and White procedure for the design of steel ribs, 

which is described in Chapter 6, is a standard for the industry. Compari­

sons of the results of sets tested to failure with their predicted working 

loads show consistent factors of safety for in-plane symmetrical (crown) 

loading and in-plane side loading (Table 6.1, Group 1). The factors of 

safety for Groups II and III in the table are given to show the effect of 

eccentricity of load and local loss or absence of blocking. It is signifi­

cant that the I-shaped cross section with a 2-in. (51 mm) eccentricity of load 

failed at loads less than the Proctor and White working load (Group II) 

while, as was mentioned earlier, the box cross section is practically 

immune to the effect of an eccentricity of this magnitude. 
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