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EFFECTS OF REINFORCEMENT CONFIGURATION ON RESERVE 
CAPACITY OF CONCRETE SLABS 

Fifteen one-way reinforced concrete slabs were tested under a uniform 

surface pressure ei.ther to failure, or to deflections that exceeded 17 to 24 

percent of the slab clear span. These tests were in support of the FEMA Key

worker Blast Shelter Program. The objective of these tests was to determine 

principal reinforcement configurations that enhance large deflection tensile 

membrane behavior without any loss of maximum flexural capacity. The total 

amount of principal reinforcement was about the same in every test. 

Each slab had a clear span of 24 inches and was 2-5 / 16 inches thick. 

Area of total principal reinforcing was approximately 1.58 percent of effec-
• 

tive concrete area. Grade-60 reinforcement and 4,000-psi concrete were used. 

The slabs were supported in a reaction structure and restrained at the sup

ports. Variations of the reinforcement included: (1) placing equal areas of 

top face and bottom face reinforcement; (2) placing 25 percent of the rein

forcement as top steel and 75 percent as bottom steel; (3) bending all prin

cipal reinforcement such that only initial tension zones were reinforced and 

compression zones were not; (4) bending 50 percent of the reinforcement into 

tension zones and dividing the remaining 50 percent equally among the ' top and 

bottom faces; (5) placing stirrups at spacings of approximately 0.4 and 1.7 

times the effectiv~ depth in combination with variation 4 above. Each slab 

was instrumented for strain, displacement, and pressure measurement. 

Ultimate resistance was 5 to 55 percent greater than the predicted yield

line capacity. A modified three-hinged mechanism was formed in most of the 

slabs. Slabs constructed using variations 4 and 5 experienced a spreading of 

the crack pattern and an increase in load resistance at large deflections. 

Rupture of reinforcement prohibited the development oL· pure tensile membrane 

behavior. Posttest analysis applying tensile membrane theory agreed with the 

experimental tensile membrane slope, when the area of ruptured reinforcement 

was deleted. The slab constructed using variation 3 was the only slab to 

exhibit tensile membrane behavior with no ruptured reinforcement steel. 

Hinges formed at the supports and at the reinforcement bends, resulting in a 

four-hinged mechanism in this slab. Because of the reinforcement arrangement 

and the four-hinge mechanism, variation 3 was the only slab to carry large 

loads with relatively little deflection, and no reinforcing was ruptured. An 



undesirable result was significant spalling near the support due to the lack 

of confining reinforcement. 

In general, slabs with the greatest yield-line capacity exhibited the 

best tensile membrane behavior. For the reinforcing configurations tested, 

stirrup spacing did not affect load-response behavior. Ultimate capacity 

varied little among the slabs, but slabs with the most reinforcement in ten

sion zones had a high yield-line capacity and almost no enhancement due to 

compressive membrane action. It was concluded that variation 4 without stir

rups is a cost-effective roof slab design for a civil defense blast shelter. 

Spalling is limited and ductile behavior can be expected. 
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CONVERSION FACTORS, NON-S! TO SI (METRIC) 
UNITS OF MEASUREMENT 

Non-S! units of measurement used in this report can be converted to SI 

(metric) units as follows: 

Multiply 

degrees (angle) 

feet 

pounds force · feet 

inches 

kips per square inch 

megatons (nuclear 
equivalent of TNT) 

microinches per inch 

pounds (force) 
per square inch 

By 
0.01745 

0.3048 
1. 355818 

25.4 
6.894757 

4' 184 

, 

1.0 

0.00689475 
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To Obtain 

radians 

metres 

newton metres 

millimetres 

mega pascals 

terajoules 

millionths 

megapascals 



EFFECTS OF REINFORCEMENT CONFIGURATION ON RESERVE 

CAPACITY OF CONCRETE SLABS 

CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

At the initiation of this study civil defense planning called for the 

evacuation of nonessential personnel to safe (lower-risk) host areas during a 

time of crisis, requiring the construction of shelters to protect the key

workers remaining in the high-risk areas. Both expedient (20-person capacity) 

and deliberate (100- to 400-person capacity) shelters are planned. The 

shelters will be designed to resist blast, radiation, and associated weapon 

effects at the 50-psi 1 peak overpressure level for a 1-MT nuclear weapon. The 

Federal Emergency Management Agency (FEMA) tasked the US Army Engineer Hunts

ville Division (HND) to design the shelters. The research reported herein is 

in support of the HND design effort. 

With the anticipated construction of many shelters, economic design 

factors a~ well as load-response requirements assume added significance. A 

preliminary structural design for the deliberate shelters was developed by 

HND based on comput~tional procedures developed by Kiger, Slawson, and Hyde 

(Reference 1) in the Shallow Buried Structures Research Program at the US Army 

Engineer Waterways Experiment Station (WES). Using a roof slab thickness of 

10 inches, a span of 11.33 feet, and limiting the midspan deflection to 

7 inches, the principal tension ratio (p) and compression steel ratio (p') 

were determined to be approx imately 0.007 using the procedures in Refer-

ence 1. Six static tests and twelve dynamic tests were performed on approxi

mately 1/ 4-scale structural models of sections of the keyworker blast shelter 

and reported by Slawson and others (Reference 2). As discussed in Refer

ence 2, the roof slab was determined to be capable of resisting a 1-MT weapon 

at 150 psi with only light damage. However, no increase in roof slab resis

tance was observed with deflections greater than about the roof thickness. 

1A table of factors for converting non-S! units of measurement used in this 
report to SI (metric) units is presented on page 5. 
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Slabs having an increase in load resistance at large deflections have a 

significant reserve capacity and fail by excessive deflection rather than 

sudden collapse. Park and Gamble (Reference 3) discuss the resistance in

crease known as tensile membrane behavior. After ultimate load resistance 

has been reached in a reinforced concrete slab, the supported load decreases 

rapidly with further deflections. Eventually, membrane forces in the central 

region of the slab change from compression to tension and the slab boundary 

restraints begin resisting inward movement. Cracks in the central region 

penetrate the whole thickness of the concrete and yielding of the steel 

spreads throughout the region. The reinforcement may begin acting as a ten

sile membrane with load-carrying capacity increasing with further deflection 

until the reinforcement fractures. Park and Gamble believe that knowledge of 

the tensile membrane region is important because as soon as the ultimate load 

of the slab is reached in the case of gravity loading (which remains unchanged 

as the slab deflects), the load will drop suddenly through the slab unless the 

tensile membrane strength is great enough to ''catch'' the load. 

Tests by Park (Reference 4) indicated that pure tensile membrane action 

did not occur in lightly reinforced two-way slabs, since the cracking present 

at the end of the tests was little more than the cracking which developed with 

the yield-line pattern at the ultimate flexural load. Therefore, the load was 

carried by combined bending and tensile membrane action. Heavily reinfor~ed 

slabs cracked over much of their area and therefore approached pure tensile 

membrane action. 

Keenan and others (Reference 5) state that for support rotations greater 

than 2 degrees, the design of reinforced concrete members without lacing re

inforcement depends on their capacity to act as a tensile membrane. If lat

eral restraint does not exist at the supports, tensile membrane action does 

not develop and the member reaches incipient collapse at between 2 and 4 de

grees rotation at the supports. However, if lateral restraint exists, deflec

tion of the member induces membrane action and the in-plane forces provide the 

means for the member to continue resisting substantial load to maximum rota

tion exceeding 12 degrees at supports. 

Woodson (Reference 6) investigated the effects of shear stirrup details 

on the ultimate capacity and tensile membrane behavior of uniformly loaded 

one-way reinforced concrete slabs. It was found that under-reinforced slabs 

(p < pb) with a large number of closely spaced (spacing ~ d/2) single-leg 

1 



stirrups exhibit increasing load resistance at large deflections. Large mid

span deflections were defined to be those greater than the effective depth of 

the tensile reinforcement. Rotations between 13 and 21 degrees were experi

enced at the supports. The principal steel details in the slabs were similar 

to those of the keyworker blast shelter models tested by Slawson and others 

(Reference 2). The use of a large number of closely spaced stirrups to 

achieve increased resistance at large deflections significantly increases the 

cost of prototype construction. 

The tests conducted by Woodson indicated that the l9ad-response behavior 

of the slabs in the tensile membrane region is enhanced when the transverse or 

temperature steel is placed outside the principal reinforcement. Recommenda

tions included the development of other construction details (including modi

fication of principal reinforcement patterns) to provide a secondary 

resistance. 

1.2 OBJECTIVES 

The main objective of this investigation was to determine principal rein

forcement configurations which would provide maximum reserve capacity for a 

given total area of steel and depth of tensile reinforcement in the FEMA key

worker shelter roof slab. A secondary objective was to evaluate the effect of 

these reinforcement details on the ultimate load capacity and secondary re

ponse of the slabs. Additional objectives included evaluating the effects of 

stirrup spacing and exterior temperature steel placement on the response of 

the predicted "best" design. 

Another objective was to relate the behavior of the clamped, surface

flush slabs of this series to that of a buried reinforced concrete box struc

ture tested by Getchell and Kiger (Reference 7). The roof of the buried box 

structure was a one-way slab. The correlation was intended to provide insight 

into the behavior of the slabs in this series when buried and supported at re

inforced concrete roof-wall connections. 

1.3 SCOPE 

The approach taken for this study was to modify the principal reinforce

ment designs used in the investigation reported in References 2 and 6. In 

general, the modifications consisted of varying the areas of tension and 
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compression steel, while keeping the total area of principal reinforcement 
constant. 

Variations of the reinforcement included: 

1. Placing equal areas of top face and bottom face reinforcement, as 
described in References 2 and 3. 

2. Placing 25 percent of the reinforcement as top steel and 75 percent 
as bottom steel. 

3. Bending all principal reinforcement such that only initial tension 

zones were reinforced and compression zones were not. 

4. Bending 50 percent of the principal reinforcement into the tension 

zones and dividing the remaining 50 percent equally among the top and bottom 

faces. 

5. Cutting 50 percent of the principal reinforcement and placing it in 

the tension zones while dividing the remaining 50 percent equally among the 

top and bottom faces. 

6. Placing stirrups at spacings of approximately 0.4 and 1.7 times the 

tensile reinforcement effective depth in combination with variation No. 4 
above. 

1. Placing the temperature reinforcement exterior to the principal rein

forcement in combination with variation No. 6 above. 

Four of the fifteen slabs tested included variations which altered the 

total amount of reinforcement. Slabs 4 and 5 were constructed with dowels 

extending from the supports to simulate the extension of wall reinforcement 

into the slab in the prototype keyworker blast shelter. Slab 15 was con

structed with the removal of one-half of the bent steel used in variation 

No. 4, thereby reducing the total area of principal reinforcement. Slab 14 

modeled the roof slab of the reinforced concrete box discussed in Reference 7. 
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CHAPTER 2 

EXPERIMENTS 

2.1 GENERAL DESCRIPTION 

Fifteen one-way slabs with clear spans of 24 inches and span-to

effective-depth ratios (L/d) from 10.0 to 13.2 were built and statically 

tested under uniform water pressure. The slabs were restrained against 

rotation and longitudinal expansion. Plan details for the slabs are shown 

in Figure 2.1. 

2.2 CONSTRUCTION DETAILS 

All slabs were 24 1nches wide by 36 inches long. Slab 14 represented the 

roof slab of a previously tested shallow-buried structure (Reference 7) and 

was 2.9 inches thick. All other slabs were 2-5/16 inches thick. The slabs 

were reinforced with deformed wire and small-diameter rebar. Area of total 

principal reinforcing for all slabs except 1, 14, and 15 was 1.58 percent of 

net concrete area. Total temperature reinforcing was approximately 0.37 per

cent. Effective depth, d , was 1-13/ 16 inches for all slabs except 1 and 

14. Reinforcing details of the slabs, bottom-side-up, are shown in Fig-

ures 2.2 through 2~16. 

Slab 1 represented the HND design discussed in Reference 2.. Slab 2 was 

a modification of Slab 1 to allow equal concrete covers on compression and 

tension steel. Principal reinforcing was distributed evenly between top and 

bottom mats, resulting in p = p' = 0.0079 for Slab ~ and p = p' = 0.0074 

for Slab 1. (Effective depth for Slab 1 was 1-15/ 16 inches.) 

Approximately three-fourths of the total principal reinforcing • 1n 

Slabs 3, 4, and 5 was placed at the bottom face and one-fourth at the top 

face, resulting • = 0.0114 and p' = 0.004 at midspan and p' 0.0114 1n p --
and p = 0.004 at the supports. Dowels were added over the supports ' 1n 

Slabs 4 and 5 to simulate the extension of wall reinforcing into the roof. 

The dowels in Slab 4 modeled the HND design, and the dowels in Slab 5 were 

extended further to the point of contraflexure (zero moment under uniform 

loading) of the roof. 

Reinforcing in Slab 6 was bent such that all principal reinforcing fell 

in the tension zone, and p = 0.0158 at midspan and supports. 
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Slabs 7 through 12 represented the predicted "best design" for tensile 

membrane behavior. Pairs of bent and straight bars were alternated as shown 

in Figure 2.1, with p = 0.0113 and p' = 0.0045 . Single-leg stirrups were 

added to Slabs 8 through 12. Stirrup spacing was 3 inches for Slab 8 and 

3/4 inch for Slabs 9 through 12. Stirrup details and spacing for Slabs 9 

through 12 are shown in Figure 2.17. Slabs 9 through 11 were identically 

reinforced. Temperature reinforcing was placed outside the principal rein

forcing in Slab 12. 

Slab 13 was reinforced with alternate pairs of full-length and cut 

straight bars. The percentage of reinforcing was the same as for Slabs 1 

through 12. Slab 13 did not have stirrups. 

The effective depth for Slab 14 was 2.4 inches, and principal rein

forcement was equally distributed between top and bottom faces with 

p = p' = 0.0102 . Total temperature reinforcement was increased to 1.23 per

cent of net concrete area, and 1/4-inch-diameter deformed wire stirrups were 

placed at 1.6 inches center-to-center. 

Slab 15 was similar to Slab 7 except that single bent bars were alter

nated with pairs of straight bars. 

A summary of parameters for each slab is included in Table 2.1. 

2.3 REACTION STRUCTURE 

The reaction structure used in the test series is shown in Figure 2.18. 

After being placed in the reaction structure, slabs were clamped to pre

vent rotation and translation with 1/2- by 6- by 24-inch steel plates bolted 

into place at each end with 1/2-inch-diameter bolts. Clear span between sup

ports was 24 inches. 

A removable door was provided in the reaction structure to allow access 

and placement of a camera for photography during testing. 

2.4 LOADING DEVICE 

Slabs were tested in the 4-foot-diameter Small Blast Load Generator 

(SBLG) (Reference 8). The SBLG (Figure 2.19) consists of a series of stacked 

rings with a 3-foot 10-3/4-inch inside diameter and an elliptical dome top 

called a "bonnet". The rings are bolted together to allow variations in depth 

of the test specimen. Static pressures of up to 500 psi can be generated by 

forcing water into the bonnet to load the test specimen. 
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2.5 INSTRUMENTATION 

Each slab was instrumented for strain, displacement, and pressure mea

surement. Figure 2.20 shows a typical instrumentation layout. 

2.5.1 Deflection Measurements 

Two Celesco PT-101 displacement transducers were used in each test, one 

at one-quarter span (D1) and one at midspan (D2). The transducers had a max

imum allowable working range of 10 inches. 

2.5.2 Pressure Measurements 

One Kulite HKMS-375, 500-psi-range pressure gage was mounted in the 

bonnet of the test chamber to measure water pressure applied to the slab. 

2.5.3 Strain Measurements 

An example strain gage layout is shown in Figure 2.21. When possible , 

principal reinforcement strain gages were placed in pairs, with one gage on a 

top bar and one on a corresponding bottom bar. Gages were located at midspan, 

at quarter span, and near supports. Single gages were used at bent or cutoff 

bars, dowels, and stirrups. Pairs of gages were installed on the top and 

bottom temperature reinforcement of Slabs 9 and 12. 

2.6 TEST PROCEDURES 

The reaction structure was placed in the test chamber and surrounded 

with compacted sand. The slab to be tested was then placed in the reaction 

structure and covered with 3/32-inch-thick neoprene membrane to prevent loss 

of pressure through and around the slab. To ensure watertightness, Aqua-seal 

putty was placed on the rubber membrane at the bolts. The 1/ 2- by 6- by 

24-inch steel plates were then bolted into place. Bolts were torqued to 

approximately 50 ft-lb. The pressure bonnet was bolted to the top ring 

flange, sealing the SBLG and securing the edge of the neoprene diaphragm. 

Immediately before applying pressure, calibration steps for the instru

mentation transducers were recorded. The bonnet was then filled with water 

from a commercial waterline. When required water pressure exceeded line 

pressure (approximately 70 psi), a pneumatic water pump was used. 

After draining and removing the bonnet, posttest photographs and 
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measurements of the slab were taken. The slab was removed and the reaction 

structure was prepared for the next specimen. 
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Table 2.1. Slab details. 

Concrete Reinforcing 
C~linder Strength Reinforcing Ratio Slab Dimensions Appropriate Yield Stirrup 

Mids~n SU(2(20rts Slab Width Span, L h d dl 28 Day Test Day Strength - Spacing 
p, ~ pI t ~ p' ~ pIt ~ No. in • • • in 1/ h (2Si • ksi in ln 1n 1n (2Sl 

1 24 24 2-5/16 1-15/1 6 5/ 8 10.4 4,610 4,470 66 0.74 0.74 0.74 0.74 None 

2 24 24 2-5/ 16 1-13/1 6 1/2 10.4 4,610 4,470 66 0.79 0.79 0.79 0.79 None 

3 24 24 2-5/16 1-13/ 16 1/2 10.4 4,610 4,470 63-6j.5 1. 14 0.40 0.40 1.14 None 

4 24 24 2-5/16 1-13/1 6 1/2 10.4 4,610 4,490 63-63.5 1. 14 0.40 1.19 1.14 None 

5 24 24 2-5/16 1-13/ 16 1/2 10.4 4,610 4,490 63-63.5 1. 14 0.40 1.19 1.14 None 

6 24 24 2-5/16 1-13/16 1/2 10.4 4,610 4,490 66 1.58 0 1.58 0 None 

1 24 24 2-5/16 1-13/16 1/2 10.4 4,610 4,270 66 1. 13 0.45 1.13 0.45 None 

8 24 24 2-5/16 1-13/ 16 1/2 10.4 4,610 4,270 66 1. 13 0.45 1. 13 0.45 3 
......... 9 24 24 2-5/16 1-13/16 1/2 10.4 3,430 4,030 66 1. 13 0.45 1.13 0.45 3/4 
~ 

10 24 24 2-5/16 1-13/16 1/2 10.4 3,430 4,030 66 1. 13 0.45 1.13 0.45 3/ 4 

1 1 24 24 2-5/16 1- 13/16 1/2 10.4 3,430 4, 160 66 1. 13 0.45 1.13 0.45 3/4 

12 24 24 2-5/16 1-13/16 1/2 10.4 3,430 4' 160 66 1. 13 0.45 1.13 0.45 3/4 

13 24 24 2-5/ 16 · 1-13/16 1/2 10.4 3,430 4' 160 66 1. 13 0.45 1.13 0.45 None 

14 24 24 2.9 2.4 1/2 8.3 3,430 3,560 60.3 1.02 1.02 1.02 1.02 1.6 

15 24 24 2-5/16 1-13/ 16 1/2 10.4 3,430 3,560 66 0.79 0.45 0.79 0.45 None 
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SLAB 1 

Figure 2.2. Slab 1 construction 
details. 
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SLAB 3 

Figure 2.4. Slab 3 construction 
details. 
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Figure 2.3. Slab 2 construction 
details. 

Figure 2.5. Slab 4 construction 
details. 



SLAB 5 

Figure 2.6. Slab 5 construction 
details. 

SLAB 7 

Figure 2.8. Slab 7 construction 
details. 
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SLt\6 6 

Figure 2.7. Slab 6 construction 
details. 

SL4B B 

Figure 2.9. Slab 8 construction 
details. 



SLAB~ 

Figure 2. 10. Slab 9 construction 
details. 

SLAB'' 

Figure 2.12. Slab 11 construction 
details. 
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SLAB 10 

Figure 2.11. Slab 10 construction 
details. 

Figure 2. 13. Slab 12 construction 
details. 



SLAB\3 

Figure 2.14. Slab 13 construction 
details. 

SLA~ \ 
Figure 2.15. Slab 14 construction 

details. 

Figure 2.16. Slab 15 construction 
details. 

22 



• 

#2 --" 
' 

• 

4-1 /2" 

-

WIRE""- .L (SEE DETAIL 
BELOW) 

. . . ., ._.. ...... 7. . . . 

01 01 STIRRUPS 

[II I 1[1 I I I I I I 1[1 I I I~TTI[I I I J[ITTT[I I I 1[1 11111 

I 

I • 1 • • • • I • • • • • • • • • • • I. I • • • • . . . 
fT I I I I I I I T fT I I I I I I I I [TTTI I I I T [T TTT 

r ' ' ' ' 
I' I I I [I 

( 
( 

1. • _. 1 11 • l • I, t .t .t 
'. • l l t l •• • l • It , • • 1 • • • 

I I I I I I I I I II I I I I I I I I I I I I I I [I I I I I I I I I I I I I [T 

c 
( 

ill I 1~1 I 1!1 I II I I I 1~1 I I I I I 1f1 II Jil II 1f1 11 lil 
' o ' ' T~T~T o'' T 

3/4 " (TYP)~ ~ 

36" 

SLABS 9 THROUGH 12 
STIRRUP LOCATIONS 

01 

STIRRUP DETAIL 

) 

) 

4•1 12 II 

• 

Figure 2. 17. Stirrup details, Slabs 9-12. 

23 



... --~ ._ 

' 
~ 3/4" -

-- - -:-
• 

~ 
6-1/2"DIA 60KSI THREADED 
RODS (ij 4" D.C. 

t;::::;==rl 
It"\ . . ·•. ·6 ·. 
1"'. 4 . ·•. 

of · ~ · ~· .. ~ 
. y . 
• 4 • • ·. . ... 

"' .. .: . . .-
p. 
. 

4 
~ . : 
.;.~ 

24" 

...• 
•• • 

.· .. 
~ ... ·; 

l.J'• . 
f"1 . • 

. · q 

~~ ·~ 

~ -9 
;·. ·; 
. . . 
• '0 

• • • 
·~·a.: 
. . r 

• • I> 

IJ .: . 
I> . ·" . 

, 4. v . 
~ . 9.' " . L. 

, Y 

• • ct ..J •• 9 .r ." . . .. , 
i . 4 .. ~.L~ .. =.=...~..:;:::;:. =::;:. ~:;::::;:.=.:;:: ...... =. = •. ;::. ~·~.Li=..~-.=r .J..:;:=::. -~· .J..r;.=::.~ .L : . 4 

q 
p 

. - •..• · ' · . 4, ,. . • fl<t I>. •· ., . .. . . - . .... . . 
· /I · , : T.,.: f T· ~ . : · - .. . •T. ·. • 0 :. .· · .. ~. :_ .'•.lci,:~ ·.' . ~·~ 
'T·· ~· · ~ ... I • • • . 

.. , .. . . 
·~1 IT . ( 1 

7" 
38" 3/4" 

............. .., -

' ~ -

t----.::!-
2" • 

.r 1/2"-THICK STEEL 
1 

PLATE STIFFENERS 

-. 1/2"-THICK STEEL 
.0 LATE 

Figure 2.18. Cross section of reaction structure. 

. ,. 

--

·. 

' "• , 

•• -. .... 
--

Figure 2.19. Four-foot-diameter blast load generator. 

24 

' 



' ' 
~ 

I· 

S4A --
S1A --S1 

--S4 

S1A S2A S3A LEGEND 1= ;: ;: 
I I I 
I I I • DEFLECTION S1 S2 S3 GAGE - -· 01 02 - STRAIN GAGE 

I -
PAIR 

5" 6" -
18" 

• 

36" 

Figure 2.20. Typical instrumentation layout. 

S9A S10A - =seA -SSA I I 

S¥A_ ~~? ~~ _S~A 
!.. - ' I' ' '-s3 S2 

I - =sa -S5 S9 S10 

LEGEND 

: PRINCIPAL REINF. STRAIN GAGES: 
S1-S6 
S1A-S6A (ALTERNATE) 

II TEMPERATURE REINF. STRAIN GAGES: 
s1. sa 

I STIRRUP STRAIN GAGES: 
S9, S10 
S9A, S10A (ALTERNATE) 

Figure 2.21. Example strain gage layout. 

25 



CHAPTER 3 

MATERIAL PROPERTIES 

3.1 CONCRETE 

The concrete used in this test series was designed to have a 28-day 

compressive strength of 4,000 psi. The mix was prepared at the Structures 

Laboratory, WES, using a Type I portland cement. Slabs 1 through 8 were 

poured from batch one, from which fifteen 6- by 12-inch cylinders were cast. 

The remaining slabs and 16 test cylinders were cast from Batch 2. Average 

28-day compressive strength was 4,610 psi for Batch 1 and 3,430 psi for 

Batch 2. Average 60-day compressive strength was 4,270 psi for Batch 1 and 

4,030 psi for Batch 2. Compressive test results are given in Table 3.1. 

3.2 REINFORCING STEEL 

Principal flexural reinforcing was No. 2 rebar, 0.3-inch-diameter rebar, 

and 02.5 and 0.25-inch-diameter deformed wire. Stirrups and temperature steel 

were 01 deformed wire except in Slab 14. Stirrups and temperature steel in 

Slab 14 were 0.25-inch-diameter deformed wire. Grade-60 reinforcement was 

used. Results of tensile tests are presented in Table 3.2. 
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Table 3.1. Compressive test results for concrete test cylinders. 

Approximate 
28-Day 60-Day Test-Day 
Strength Strength Strength 

Batch Slab No. • • • ps1 ps1 ps1 
1 1-8 4,440 4,050 

4,780 4,490 

1 4,470 

2 4,470 

3 4,470 

4 4,490 

5 4,490 

6 4,490 

7 4,270 

8 4,270 

2 9-15 3,500 4,400 
3,360 3,660 

9 4,030 

10 4,030 

1 1 4' 160 

12 4' 160 

13 4' 160 

14 3,560 

15 3,560 
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Table 3.2. Results of static tensile tests of reinforcing. 

Specimen 

D1 wire 

02.5 wire 

0.25-inch-diameter wire 

No. 2 rebar 

0.3-inch-diameter rebar 

Yield Stress 
ksi 

72.56 

67.69 

51.32 

52.21 

62.0 

62.2 

64.78 

73.9 

73.7 

51 . 1 

59.94 

58.43 

62.53 

63.4 

64.35 

63.65 

62.66 

28 

Ultimate Stress 
ksi 

74.34 

71.24 

56.64 

56.64 

72.73 

75.91 

76.71 

78.9 

78.7 

61.9 

--
75.0 

78.3 

81.47 

82.03 

80.62 

80.02 



CHAPTER 4 

RESULTS 

4.1 GENERAL 

Test results are presented in this chapter and in Appendix A. A general 

description of the data produced and of the performance of each specimen and 

accompanying instrumentation is presented herein. Further discussion and 

analyses are presented in Chapter 5. 

4.2 GAGE MEASUREMENTS 

The flexural strength of a restrained slab is enhanced by compressive 

membrane forces, causing the ultimate load to be greater than that calculated 

using yield-line theory. Ultimate pressure considering compressive membrane 

forces is represented by Point 8 of Figure 4.1. At the end of compressive 

membrane action, center cracks penetrate the entire thickness of the slab, and 

the reinforcing bars act as a tensile membrane to support the load. In Fig

ure 4.1 the tensile membrane region extends from Point C to Point D, which 

represents incipient collapse. 

Ultimate pressure for Slabs 1 through 13 varied from 64 to 77 psi, with 

an average for the 13 slabs of about 68.8 psi. With the exception of Slab 6, 

deflection at ultimate pressure varied from 0.75 inch to 1.2 inches with an 

average of about 0.9 inch. The average ratio of deflection at ultimate 

pressure-to-slab thickness for all slabs except 6 and 4 was 0.40. The average 

for all slabs was 0.37. 

The maximum pressure in the tensile membrane region did not necessarily 

represent pressure at incipient collapse. Decline in pressure readings may 

have been due to membrane rupture or to deflections exceeding maximum gage 

settings. End-of-test pressures for Slabs 1 through 13 varied from a high of 

122 psi for the second test of Slab 6 to a low of 36 psi for Slab 15. Tensile 

membrane capacities were generally greater for Slabs 7 through 12 than for 

other reinforcing patterns. Excluding Slabs 6 and 14, average maximum pres

sure in the tensile membrane region was 58 psi. Average maximum pressure in 

the tensile membrane region for Slabs 7 through 12 was 63.3 psi. An unusually 

low value of 54 psi was recorded for Slab 11. 

Ultimate pressure for Slab 14 was 125 psi at a deflection of 0.8 inch. 
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End-of-test pressure was 92 psi at 5.0 inches of deflection. 

Ultimate pressure for Slab 15 was 52 psi, and end-of-test pressure was 

36 psi. These were the lowest values for all slabs tested. 

Experimental pressure-versus-deflection at ultimate pressure and at maxi

mum pressure in the. tensile membrane region are given in Table 4.1. Ultimate 

pressures at an assumed deflection of 0.5 times the slab thickness were cal

culated using Park and Gamble's method {Reference 3) and are listed for 
• compar1son. 

Data recorded from the slab tests are presented in Appendix A. 

4.3 STRUCTURAL DAMAGE 

The following three failure modes were observed and are shown in Fig

ure 4.2. 
1. A three-hinge mechanism, with deep cracks over the supports, crushing 

of concrete in the center and, with the exception of Slab 3, 100 percent of 

midspan bottom reinforcing broken. 

2. A modified three-hinge mechanism, with cracking at the supports 

extending in an almost circular pattern from the center of the support to the 

center of the unsupported edges and a central hinge occurring over a large 

{and often not clearly defined) area. Although badly bent and elongated, some 

midspan bottom reinforcing remained unbroken. 

3. A four-hinge mechanism with no reinforcing broken, but ·considerable 

crushing of concrete. The four-hinge failure mechanism is shown in detail in 

Figure 4.3. 
Slabs are grouped below according to mode of failure. 

Posttest observations are summarized in Table 4.1 and posttest views of 

Slabs 1-15 are contained in Figures 4.4 through 4.32. 

4.3.1 Three-Hinge Failure Mechanism 

4.3.1.1 Slabs 1 and 2. Complete midspan cracking and crushing through 

the slab thickness occurred over about one-fourth of the width in Slab 1 {Fig

ures 4.4 and 4.5) and throughout the entire width in Slab 2 {Figures 4.6 and 

4.7). Very little cracking occurred outside of the hinge areas. 

4.3.1.2 Slab 3. The edge bottom reinforcing bars did not rupture at 

midspan, and there was some cracking above the edge bars throughout the length 

of the slab {Figures 4.8 and 4.9). The concrete was cracked and crushed at 
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midspan through the entire thickness or the slab. Most top reinforcing at the 
supports was broken. 

4.3.1.3 Slab 11. The concrete was completely crushed throughout the 

center, but few cracks occurred outside or the hinge areas (Figures 4.24 and 

4.25). Much or the top reinforcing was broken, both at midspan and over the 
supports. 

4.3.1.4 Slab 14. Slab 14 failed in a classic three-hinge mechanism, 

with 100 percent or tensile reinforcing broken and almost no cracking between 

hinges (Figure 4.29). There were small gaps in the concrete at midspan where 

crushing occurred throughout the slab thickness. 

4.3.1.5 Slab 15. The slab was totally crushed at midspan, with all 

bottom reinforcing bars broken and top reinforcing pulled free of the con

crete (Figures 4.30 and 4.31). Much of the tensile reinforcing at the sup

ports was broken. 

4.3.2 Modified Three-Hinge 
Failure Mechanism 

4.3.2.1 Slabs 4 and 5 (Figures 4.10-4.13). Reinforcement was similar to 

Slab 3, except that dowels were added in the tensile region over the supports. 

Both slabs were crushed throughout the thickness at midspan. Few top rein

forcing bars were broken at the supports, and no top reinforcing was broken at 

midspan. Much of the bottom steel was broken at midspan. 

4.3.2.2 Slabs 7-10, 12, and 13. The same percentage of top and bottom 

reinforcing was used in all six slabs and in Slab 11. See Chapter 2 for vari

ations in stirrups and principal reinforcing configurations. 

Slabs 7 (Figure 4. 17) and 8 (Figures 4.18 and 4.19) behaved similarly, 

with few top bars broken at the supports, 40 to 60 percent of bottom reinforc

ing broken at midspan, and no compressive steel broken. Failure was clearly 

by Mode 2. 

Slabs 9 (Figures 4.20 and 4.21) and 12 (Figures 4.26 and 4.27) had areas 

of crushing outside the central hinge, suggesting that at some points an addi

tional hinge was formed. Slabs 9 and 12 were more heavily instrumented with 

strain gages and accompanying wiring than Slabs 10 or 11, perhaps affecting 

the cracking pattern. 

The failure mode for Slab 10 (Figure 4.22) closely resembled a three-

hinge mechanism. One large crack 

tiona! cracking at the supports. 

formed at each end, with very little 

The slab was totally crushed through 
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width at midspan (Figure 4.23). Slab 10 was the only slab in this group with 

top reinforcing broken at midspan. 

Slab 13 was badly cracked throughout the length of the span (Figure 4.28) 

4.3.3 Four-Hinge Failure Mechanism 

4.3.3.1 Slab 6. Hinges occurred at supports and approximately at cen

ters of reinforcing bend locations (Figure 4.3). No reinforcing bars were 

ruptured, but concrete was badly crushed at the hinges (Figure 4.14). After 

the second test, much of the bottom concrete at one end had spalled off (Fig

ure 4. 15) Except at slab edges, only a few hairline cracks appeared at mid

span (Figure 4.16). 
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Table 4.1. &1mmary of test results. 

Compressive Membrane Region Tensile 
Membrane Re~ion Midspan Support Theoretical P a 

t:. B Experimental t:. Total Permanent Reinforcement Reinforcement 
Slab Experimental PB B t:. /h for t:. /h = 0. 5 Pressure, PD D Deflection Deflection RuEture 1 ~ RuEture 1 ~ Type of Mechanism B No. ESi in B ESi ESi in in in TOE Bottom ToE Bottom (See Figure 4.2) 

1 66 1 . 0 0 . 43 46 . 3 48 4.1 4.1 3-75 0 100 7 0 3-hinge -
2 64 0 . 8 0.35 45.7 55 4. 3 4. 3 3. 9 0 100 14 0 3-hinge 
3 68 1.2 0 . 52 43.6 58 4 . 6 4.6 4 .2 0 71 86 0 3-hinge 
4 68 1.1 0 . 48 43 .6 60 4.5 4. 55 4.2 0 43 7 0 Modified 3-hinge 

5 77 1. 0 0 . 43 59 -3 55 4 .4 5.1 5 .0 29 71 14 0 Modified 3-hinge 

6 68 0.25 o.n 86 . 5 100 3.05 3 .1 2.7 0 0 0 0 4-hinge 

6B 122 4.13b 4. 93b 4.45b 

7 67 1.0 0.43 57 -7 63 5-7 5-7 5. 45 0 40 10 0 Modified 3-hinge 

8 68 o.B 0-35 57-7 70 5. 0 5 . 2 5. 0 0 60 20 0 Modified 3-hinge 

9 67 o.B 0.35 57 · 7 71 5- 3 5. 3 5-3 0 80 20 0 Modified 3-hinge 

10 73 0 . 9 0.39 57 -7 62 5.2 5.2 5-05 25 60 45 0 Modified 3-hinge 

11 73 0 -95 0 . 41 57 -7 54 4. 2 50 100 45 0 3-hinge 
w 

0.8 76 4.12 5-5 0 50 25 0 Modified 3-hinge w 12 71 0.35 57-7 5-5 

13 64 0 . 75 0 . 32 57-7 47 5.4 5.4 0 40 15 0 Modified 3-hinge 

14 126 0.8 0 . 28 100.7 96 5 .0 5. 0 4. 7 0 100 100 0 3-hinge 

15 52 1. 0 0.43 45.1 36 5. 2 5.4 0 100 57 0 3-hinge 

aUsing Park's equations (Reference 3) with B = 0.5 • 
bDeflection from Test 6B added to 2. 7 inches permanent deflection from Test 6. 
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slabs with restrained ends. 

34 

D 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

4o 



SUPPORT EDGE 
BELOW 

MODE 1. 3-HINGE 

MODE 2. MODIFIED 3-HINGE 

/ AREA OF CRACKING '\. 
I ~ I 

I ...u I 
I I 
I I 

I I I 
' \ I I 

' I I) I 
I II I I 

~ \ ll 
MODE 3. 4-HINGE 

Figure 4.2. Failure modes. 

35 



\ 

f \ ~ 
I 

I .£:..2- #2 
~ 

I 

' I 
\ 

' 
I 

Figure 4.3. Four-hinge failure mechanism. 
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Figure 4.4. Slab 1, posttest. 

Figure 4.5. Closeup view of Slab 1, posttest. 
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Figure 4.6. Slab 2, posttest. 

Figure 4.7. Closeup view of Slab 2, posttest. 
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Figure 4.8. Slab 3, posttest. 

Figure 4.9. Closeup view of Slab 3, posttest. 
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Figure 4.10. Slab 4, posttest. 

Figure 4.11. Closeup view of Slab 4, posttest. 
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Figure 4.12. Slab 5, posttest. 

Figure 4. 13. Closeup view of Slab 5, posttest. 
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Figure 4.14. Slab 6 following initial test. 
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Figure 4.15. Slab 6 following retest. 
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Figure 4.16. Closeup view of Slab 6 following retest. 

Figure 4. 17. Slab 7, posttest. 
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Figure 4.18. Slab 8, posttest. 
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Figure 4. 19. Closeup view of Slab 8, posttest. 
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Figure 4.20. Slab 9, posttest. 
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Figure 4.21. Closeup view of 
Slab 9, posttest. 
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Figure 4.22. Slab 10, posttest. 
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Figure 4.23. Closeup view of Slab 10, posttest. 
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Figure 4.24. Slab 11, posttest. 

Figure 4.25. Closeup view of Slab 11, posttest. 
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Figure 4.26. Slab 12, posttest. 
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Figure 4.27. Closeup view 
of Slab 12, 
post test. 



Figure 4.28. Slab 13, posttest. 

Figure 4.29. Slab 14, posttest. 
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Figure 4.30. Slab 15, posttest. 

Figure 4.31. Closeup view of Slab 15, posttest. 
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Figure 4.32. Slabs 1-15, posttest. 



CHAPTER 5 

DATA EVALUATION 

5.1 YIELD-LINE CAPACITY 

For a one-way slab with no thrust, yield-line capacity increases with 

the percentage of reinforcement in the tensile region. Predicted yield

line capacity was greatest for Slab 6 (p = 0.0158) and for Slabs 7 through 

13 (p = 0.0113). 

The experimental capacity for Slab 6 was much lower than expected due 

to the four-hinge failure mechanisms induced by the reinforcing pattern (Fig

ure 5.1). Interior hinges formed near the center of the diagonal section of 

rebar between bends, resulting in a reduced depth of section and reduced 

capacity 

Yield-line capacities for all slabs are listed in Table 5.1. The capac

ity for Slab 6 has been revised to reflect test hinge locations. 

5.2 COMPRESSIVE MEMBRANE BEHAVIOR 

Due to compressive membrane forces, ultimate capacity in laterally re

strained slabs can be several times greater than yield-line capacity. The 

greatest increase occurs for thick unreinforced slabs fully restrained against 

edge displacement (Reference 9). The ratio of ultimate capacity to yield

line capacity, qult/qyl , decreases as the percentage of tensile reinforce

ment increases and increases as the span-to-thickness ratio becomes smaller 

Previous tests have been conducted on one-way slabs with larger L/h 

ratios (~19) by Christiansen and by Roberts as summarized by Iqbal and 

Derecho (Reference 10). The reinforcement ratio, p , was 0.0062 in 

Christiansen's tests and varied from 0.0023 to 0.0093 in Roberts' tests. 

Ratios of qult/qyl for Christiansen's test varied from 1.42 to 3.83 for 

L/h = 20 and p = 0.0062 . Roberts reported values of qult/qyl as high as 

17 for L/h = 19 and p = 0.0023 . 

,For the 15 sl~bs tested, p varied from 0.0074 to 0.0114 and qult/qyl 

varied from 1.05 to 1.55. The lowest ratios of qult/qyl were for Slabs 7 

through 9 and Slab 13. Most of the reinforcement in these slabs was in the 

tensile zone, and relatively little thrust was developed. Ratios of 

qult/qyl for slabs with o' equal to p (Slabs 1, 2, and 14) ranged from · 
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1.38 to 1.42. This agrees with Keenan's conclusion (Reference 11) that for p 

greater than some critical value (0.6 to 0.8 percent for two-way slabs) ulti
mate capacity increases with p'/p 

Values of qultlqyl for Slabs 10 through 12 were slightly greater than 

those for Slabs 7 through 9 and Slab 13. Although principal reinforcing was 

similar for Slabs 7 through 13, closely spaced stirrups in Slabs 9 through 12 

provided concrete confinement. The ultimate capacity was further enhanced in 

Slab 12 by the placement of temperature steel on the outside of principal 

steel, which resulted in a larger core of confined concrete. The small in

crease in capacity is probably the result of increased ultimate concrete 

strain and a slight increase in concrete compressive strength due to confine

ment. Results for Slab 9, in which 26 strain gages were embedded, may have 

been affected by the gages and their wiring. The large number of wires may 

have affected the crack pattern. 

Slabs 3 and 4 behaved similarly up to ultimate capacity. Slab 4 test 

pressure was lost near 

ratio, qult/qyl , for 
all slabs tested. The 

ultimate capacity, and the Slab was reloaded. The 

Slabs 3 and 4 was 1.55. This ratio is the highest for 

large enhancement 

Park's equations, which give qult/qyl 

experimental ultimate deflections. 

in capacity is not explained by 

of 1.04 and 1.14, respectively, at the 

was 

For Slab 5, with p' approximately equal to 

1.27. Due to the four-hinge 

to develop 

failure mechanism 

p at supports, 

of Slab 6, very 
qult1qyl 

little de-

flection was required ultimate capacity, resulting in a relatively 

large qultlqyl of 1.32. 
In spite of high enhancement factors for Slabs 1 and 2, the more effi-

cient placement of reinforcement in Slab 5 and Slabs 7 through 12 resulted in 

higher ultimate capacities. Average qult for Slabs 1 and 2 was 65 psi. 

Average qult for Slab 5 and Slabs 7 through 12 was 70.9 psi. Slab 13, with 

cutoff bars rather than bent continuous bars, had a qult of 664 psi. 

Park's formulas (Reference 3) were used to predict ultimate capacity and 

for reference are given in Appendix B. Park recommends using a ratio of de

flection at ultimate capacity (6ult) to slab thickness (h) of 0.5. Experi

mental values ranged from 0.11 for Slab 6 to 0.52 for Slab 3. Excluding 

Slab 6, average 6ult/ h was 0.4. 
After completion of the test, ultimate capacity was recalculated using 

experimental values for 6ult/ h and hinge location. Recalculated ultimate 
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capacities were within 5 to 6 percent of the experimental values in most 

cases. The exceptions were Slabs 1, 3 through 5,10, and 11. The difference 

for Slab 1 probably resulted from a poor choice of 6ult • For a deflection 

of 1 inch, calculated ultimate capacity is 56.5 psi. For a deflection of 

3/4 inch, qult is 65.5 psi. The pressure-deflection curve for Slab 1 (see 

Appendix A) changes slope sharply near maximum pressure, indicating that the 

peak may have been "pushed over" by slip at the supports and that a lower 

Ault should be used. The large ultimate capacities of Slabs 3 and 4 have not 

been explained. Ultimate capacities for Slabs 10 and 11 may have exceeded 

predicted values due to the confinement provided by close stirrup spacing. 

Experimental values for ultimate capacity are compared with calculated 

values in Table 5.1. 

The resistance curves predicted by Park's equations for the region from 8 

to C were conservative for all slabs except Slab 6. For Slab 6, resistance in 

the compressive membrane region was limited by concrete crushing and an appar

ent sudden loss of compressive strength. 

Results of the Park equations for Slabs 1, 3, 6, and 8 are plotted in 

Figures 5.2 through 5.5. 

5.3 SECONDARY RESISTANCE 

In the theoretical resistance curve of Figure 4.1, secondary resistance 

is equal to the yi~ld-line capacity and is represented by Point C. 

In general, slabs with little enhancement due to compressive membrane 

forces should have little decrease in capacity after qult Those whose 

ultimate capacity is dependent on large compressive forces should experience a 

large decrease, often to less than yield-line capacity, as concrete crushes 

and compre~sive reinforcing goes into tension. 

Theoretical deflection at Point C, A , can be calculated using Park's c 
equation for tensile membrane capacity (Reference 4) with W equal to 

yield-line capacity. If the ratio of tensile forces in the y and x direc

tions, Ty/Tx , is equal to infinity for a one-way slab, Park's equation 

becomes 

( 5. 1 ) 
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Ty is assumed to be equal to the total area of reinforcing multiplied by 

yield stress. In the slabs tested, however, tensile reinforcement began to 

rupture shortly after ultimate capacity was reached. Because of the reduced 

Ty, slab resistance did not follow the theoretical curve (Figure 4.1) beyond 

Point B. Slip at the supports may have also contributed to the variation from 

the theoretical curve. 

The behavior of the test slabs is better represented by Figure 5.6 with 

C1 approximately the point at which compressive membrane behavior ends and 

c2 the point at which capacity begins to increase due to tensile membrane 

behavior. 

Pressure and deflection at Points c1 and c2 are given in Table 5.2. 

Deflections calculated at yield-line capacity are given for comparison. 

5.4 TENSILE MEMBRANE BEHAVIOR 

Capacity in the tensile membrane region is proportional to deflection. 

Capacity for various deflections was predicted using Equation 5.1. All rein

forcement was assumed to rupture at or near Point D. 

After testing was completed, the tensile membrane slope was recalculated 

using the area of reinforcing remaining intact at the end of each test. The 

recalculated slope closely followed the slope of the end of the resistance 

curve for most slabs. 

Slab 6 was the only slab that exhibited predictable tensile membrane be

havior. Because of the reinforcement arrangement and the four-hinge failure 

mechanism, Slab 6 was able to carry large lo~ds with relatively little deflec

tion, and no reinforcing was ruptured. Predicted tensile membrane capacity 

was conservative, probably due to the neglect of reinforcement strain harden

ing. Predicted and actual resistance curves for Slabs 1, 3, 6, and 8 are 

shown in Figures 5.2 through 5.5. 

For all slabs except 5, 11, 13, and 15, 

membrane region was greater than qyl . The 

Slab 15 was lower than for the other slabs. 

maximum capacity in the tensile 

percentage of reinforcing in 

Cutoff bars and dowels in Slabs 5 

and 13 may not have been effective in tension because of bond as concrete 

began to spall off. 

Experimental values for Point D are given in Table 5.2. These values 

represent maximum attained load resistance rather than incipient collapse. 

Although significantly damaged (e.g., crushed concrete and ruptured 
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reinforcing at hinges), the slabs were still capable of supporting substantial 

load. 

Ratios of midspan deflection to clear span length (6/L) for Point D 

varied from 0.17 to 0.23. In Reference 5, Keenan and others state that two

way laterally restrained slabs should be able to support substantial load at 

rotations exceeding 12 degrees. For the test slabs and a three-hinge mech

anism, a 12-degree rotation at the supports implies a 6/L of 0.106. Black 

(Reference 12) recommended using a deflection at maximum tensile membrane 

capacity of 0.15 L for two-way slabs rather than the 0.1 considered "safe" 

by Park. Based on the results of this study, the keyworker blast shelter roof 

would appear to be able to support substantial load at deflections exceeding 

0.17 L . However, since the shelter walls are not as rigid as the test slab 

supports, roof deflection predictions should not be based solely on the slab 

tests. The original design of the shelter was based on a roof deflection of 

0.05 L (Reference 13). 

5.5 FAILURE PATH 

Except for Slab 3 and possibly Slab 4, tensile reinforcement at interior 

hinges yielded before support tensile reinforcement, indicating a first hinge 

at midspan. Gurfinkel (Reference 9) noted that for a beam with infinitely 

stiff restraints and p < 0.006 , the first hinge will form at supports, while 

for a more heavily reinforced beam, the first hinge will form at midspan for 

L/h > 20 . Test results at L/h < 20 may be due to restraints that are not 

perfectly rigid. The small percentage of tensile reinforcing at supports in 

Slabs 3 and 4 resulted in early yield of support reinforcing. 

For Slabs 5 and 7 through 9, reinforcing at the supports yielded near 

ultimate capacity, possibly indicating a brittle failure at the supports. 

Strain gage data at the supports for Slabs 10 and 11 were not available. 

5.6 COMPARISON OF SLAB 14 
AND DYNAMIC TEST RESULTS 

Slab 14 failed in a three-hinged mechanism rather than in the tensile 

membrane mode suspected in the roof slab of the buried box structure tested by 

Getchell and Kiger (Reference 7). Differences in behavior may be due to dif

ferences in loading conditions and support restraints. Slab 14 was restrained 

more rigidly at the supports than the roof slab of the box structure. Also, 
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Slab 14 was tested under surface-flush conditions, whereas sand covered the 

roof slab of the buried box. Initial static test load was uniform, but after 

a slab deflected, the load distribution across the width of the slab became 

nonuniform. Because of the tendency of the rubber membrane to span the drop 

between the reaction structure sides and the slab, the load at slab edges was 

relieved and more load was distributed across the center of the slab. In 

dynamic tests, midspan loads are reduced by deflection and soil arching and 

load distribution across the width of a one-way slab should be uniform. 
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Table 5. 1. Comparison of theoretical and test values for ultimate resistance. 

Yield Initial Design Valuesa Test Results Posttest Anal~sisb 
Line Ultimate Ultimate Ultimate 

f' f Resistance f' f Resistance qult Resistance qult 
Slab Resistance c y 

q lt psi 
c y psi psi No. psi llLb 8 ksi ksi U 1 Alh 8 ksi ksi qult I q~l qult 1 q~l 

1 46.7 0.5 0.5 4.0 60 46.3 0.43 0.5 4.47 66.0 66 1.41 56.5 1.21 

2 46.3 0.5 0.5 4.0 60 45.7 '0. 35 0.5 4.47 66.0 64 1.38 62."9 1.36 

3 43.9 0.5 0.5 4.0 60 43.6 0.52 0.5 4.47 63.0-63.5 68 1.55 45.8 1.04 

4 43.9 0.5 0.5 4.0 60 59.3 0.48 0.5 4.49 63.0-63.5 68 1.55 50.0 1.14 

5 60.9 0.5 0.5 4.0 60 59.3 0.43 0.5 4.49 63.0-63.5 77 1.26 68.0 1.12 

6 51.6 0.5 0.5 4.0 60 59.3 0. 11 0.21 4.49 66.0 68 1.32 71.6 1.39 

7 61.2 0.5 0.5 4.0 60 57.7 0.43 0.5 4.27 66.0 67 1.09 66.6 1.09 

8 61.2 0.5 0.5 4.0 60 57.7 0.35 0.5 4.27 66.0 68 1.11 71.3 1.17 

9 61.2 0.5 0.5 4.0 60 57.7 0.35 0.5 4.03 66.0 67 1.09 67.4 1.10 
V1 10 61.2 0.5 0.5 4.0 60 57.7 0.39 0.5 4.03 66.0 73 1.19 67.4 1.10 co 

1 1 61.2 0.5 0.5 4.0 60 57.7 0.41 0.5 4. 16 66.0 73 1.19 67.1 1.10 

12 61.2 0.5 0.5 4.0 60 57.7 0.35 0.5 4. 16 66.0 71 1.16 70.5 1.15 

13 61.2 0.5 0.5 4.0 60 57.7 0.32 0.5 4. 16 66.0 64 1.05 -- --
14 88.5 0.5 0.5 4.0 60 100.7 0.28 0.5 3.56 60.3 126 1.42 123.71 1.40 

15 44.2 0.5 0.5 4.0 60 45. 1 0.43 0.5 3.56 66.0 52 1.20 49.9 1.13 

aUsing Park's equations. 
busing Park's equations and test values for d/h , a , f~ , fy . 



Table 5.2. Experimental pressure-deflection curves. 

ExEerimental Values Theoretical Point c1 Point c2 Point B Point D Point C 
Slab q 6 q/qyl 

q 6 q/ qyl 
q 6 

q/qyl 
q 6 q q 

No . psi in 6/h ESi in A/h ESi in Al h ESi in q/qult q/ qyl AI L ES i in Al h 

1 66 1.0 1.41 0.43 39 1.8 0.84 0.78 37 3.3 0.79 1. 12 48 4. 1 0.73 1.03 0. 17 46.7 2. 14 0.925 

2 64 0.8 1.38 0.35 37 2.4 0.80 1. 04 37 2.7 0.80 1. 17 55 4.3 0.86 1.19 0.18 46.3 2. 12 0.917 

3 68 1.2 1.55 0.52 45 2.5 1.03 1.08 37 3.0 0.84 1. 30 58 4.6 0.85 1.32 0. 19 43.9 2.06 0.891 

4 68 1.1 1.55 0.48 53 2.2 1.21 0.95 60 4.5 0.88 1.37 0. 19 43.9 2.06 0.891 

5 77 1.0 1.26 0.43 43 2.7 0.71 1. 17 43 3.2 0.71 1.38 55 4.4 0.71 0.90 0. 18 60.9 2.86 1.237 

6A 68 0.25 1.32 0. 11 41 0.4 0.79 0. 17 41 0.7 0.79 0.30 100 3.05 1.47 1.94 0. 13 51.6 2.36 1.237 

68 122 5.0 1. 79 2.36 0.21 

7 67 1.0 1.09 0.43 60 1.9 0.98 0.82 50 3.7 0.82 1.60 63 5.7 0.94 1.03 61.2 2.80 1.211 

8 68 0.8 1. 11 0.35 60 2.0 0.98 1.64 57 3.5 0.93 1. 51 70 5.0 1.03 1.14 0.21 61.2 2.80 1. 211 

9 67 0.8 1.09 0.35 60 1.8 0.98 0.78 56 4.0 0.92 1. 73 71 5.3 1.06 1.16 0.22 61.2 2.80 1. 211 

U'1 10 73 0.9 1. 19 0.39 52 1.9 0 .85 0.82 41 3.2 0.67 1.38 62 5.2 0.85 1.01 0.22 61.2 2.80 1. 211 
\.0 1 1 73 0.95 1. 19 0.41 33 2.5 0.54 1.08 54 4.2 0.74 0.88 0. 18 61.2 2.80 1.211 --

12 71 0.8 1. 16 0.35 -- -- -- 54 2.3 0.88 0.99 77 4.2 1.08 1.27 0. 18 61.2 2.80 1. 211 

13 64 0.75 1.05 0.32 37 1.8 0.60 0.78 33 2.6 0.54 1. 12 46 5.4 0.72 0.75 0.23 61.2 2.80 1. 211 

14 126 0.8 1.42 0.28 32 2.3 0.36 0.99 26 3.5 0.29 1.51 96 5.0 0.76 1.08 0.21 88.5 2. 16 0.745 

15 52 1.0 1.18 0.43 27 2.6 0.61 1. 12 24 3.4 0.54 1. 47 36 5.2 0.69 0.81 0.22 44.2 7.58 1. 116 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 CONCLUSIONS 

The primary objective of this project was to determine the reinforcing 

pattern that would provide the greatest tensile membrane capacity for given 

depth and total area of steel in the FEMA keyworker shelter roof slab. Sec

ondary objectives were (1) to determine the effect of reinforcing patterns on 

ultimate and secondary capacity, (2) to determine the effect of stirrups and 

placement of temperature reinforcement on slab capacity, and (3) to relate the 

behavior of the clamped slabs to that of a dynamically tested buried box. The 

following conclusions relating to those objectives are based on the data for 

the 15 slabs tested. 

Slabs with reinforcement configurations that produce the greatest yield

line capacity exhibit the best tensile membrane behavior for a given total 

area of steel. Bending all principal reinforcement such that only initial 

tension zones are reinforced and compression zones are not (e.g., Slab 6) 

provides good tensile membrane behavior, but significant concrete spalling 

occurs due to the lack of confinement. Tensile membrane action is consider

ably less in slabs having 50 percent of the reinforcement bent into tension 
~ 

zones with the remaining 50 percent divided equally among the top and bottom 

faces (e.g., Slab 7). The reinforcement configuration used in Slab 1 results 

in ductile behavior with the load resistance remaining near the ultimate re

sistance up to midspan deflections exceeding 24 percent of clear span. 

Placement of stirrups on 50 percent of the reinforcement in the Slab 1 
configuration (e.g., Slabs 8 and 9) aids in the development of tension between 

top bars broken at the supports and bottom bars broken at midspan. This im

proves tensile membrane behavior slightly. The enhancement is not significant 

because the stirrups are placed on only 50 percent of the reinforcement (not 

on the bent bars). For the same reason, stirrup spacing only slightly affects 

the load-response behavior of slabs with this principal reinforcement config

uration. The combination of closely spaced stirrups with temperature steel 

placed exterior to the principal steel affects the load response of similarly 

reinforced slabs (e.g., Slab 12) to a greater degree. The load resistance of 
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Slab 12 was equivalent to or above the ultimate resistance at midspan deflec

tions around 23 percent of clear span. 

For the slabs with a total percentage of reinforcing of about 1.6 per

cent, ultimate capacity varied little with the reinforcement arrangement. 

Slabs with the most reinforcement in tension zones had a high yield-line 

capacity but almost no enhancement due to compressive membrane action. Slabs 

with P = p' had a lower yield-line capacity, but compressive membrane action 

resulted in an ultimate resistance approximately 40 percent greater than the 

yield-line capacity. Using a 6ult/h value of 0.4 in compressive membrane 

theory calculations predicted the ultimate capacity more closely than the 0.5 

value recommended by Park (Reference 3) . 
• 

Due to differences in loading conditions and support restraints the 

three-hinge failure mode of a surface-flush clamped slab (Slab 14) differed 

from the general cracking pattern across much of the slab span observed in the 

buried box's roof slab (Reference 7). 

6.2 RECOMMENDATIONS 

The most predictable tensile membrane behavior was observed in the slab 

reinforced only in tension zones (Slab 6). However, because of concrete 

spalling, Slab 6 is not a recommended roof design. 

The recommended roof slab design for the keyworker shelter consists o: 

bending 50 percent of the principal reinforcement into the tension zones and 

dividing the remaining 50 percent equally between the top and bottom faces of 

the slab. This design resulted in an average static ultimate capacity of 

68.5 psi and an end-of-test capacity approximately equal to or greater than 

the ultimate capacity in Slabs 7, 8, 9, and 12 of this test series. The 

omission of stirrups is recommended for this reinforcement configuration, 

since the benefits of stirrups are not great enough to justify their expense. 

Recommendation for temperature steel placement given in Reference 6 is 

supported by this test series. The temperature steel should be placed 

"exterior" to the principal steel when stirrups are used, and probably should 

have the same bar diameter as the stirrups in order to maintain concrete 

cover. In the absence of stirrups, benefits from exterior placement may not 

occur since there would be a reduction in the effective depth of principal 

reinforcement for a given slab thickness and concrete cover. 

All slabs tested had rigid supports. Tests of similar slabs with varying 
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rotational restraint are presently being conducted at WES. These tests should 

be reviewed to evaluate the accuracy of modeling the prototype keyworker blast 

shelter roof, in which some rotation will occur at supports. 

Further tests also should be conducted to determine the effect of dynamic 

loading and soil cover on the response of the shelter roof. 
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Park's Equations: (See Figures 8.1, B.2, and B.3) 

h 6 81.
2 

c' = 2 - 4 - 46 

T' T - C' + C 
( £ + ~t) + ---~~~s~-~s 
'\ .. 1.1r~s 1 

( 
2t)T __ ' _-_T_-_c~s=-' _+_C~s 

£ +-;- -.. 1.1r~s 1 

Membrane force: 

Moments: 

Mu = 0.85f~s 1 c(0.5h- 0.5s 1c) + C
8
(0.5h- d') + T(d- 0.5h) 

M~ = o.85f~s 1 c'(0.5h- 0.5s 1c') + C~(0.5h- d') + T'(d- 0.5h) 

Solving for resistance, w , using the virtual work method: 

- M' + M - N s u u u 
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APPENDIX C 

NOTATION 
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a 

c c' 
' 

Depth of stress block 

Area of tension steel 

Area of compression steel 

Distance from compression face of the slab to neutral axis 

Concrete. compressive force 

Force in compression steel 

Depth from the compression face of the slab to the centroid of 
the tension steel (effective depth) 

d' Distance from the compression face of the slab to the centroid 
of the compression steel 

f~ Compressive strength of concrete 

fy Yield strength of steel 

h Member thickness 

t Clear span length (Park's notation) 

L Clear span 

L/d Clear span-to-effective depth ratio 

L/ h 

Nu 

Pa 
PC 

Po 
qult 

qyl 
t 

T,T' 

Ty/ Tx 

Clear span-to-thickness ratio 

Midspan resisting moment about middepth axis (compressive 
membrane region) 

Resisting moment at the support about middepth axis (compressive 
membrane region 

~ 

Compressive membrane force 

Ultimate resistance of slab 

Resistan~e at onset of tensile membrane zone 

Overpressure at incipient collapse 

Ultimate resistance of slab 

Yield-line capacity of slab 

Support movement 

Force • 1n Tension steel 

Ratio of tensile forces • the y and x directions 1n 

w Static collapse load, psi 

S Fraction of clear span length to hinge 

Rectangular stress di stribution factor defined by ACI 

(Reference 14) 1 

1References cited in this appendix are included in the References at the end 
of the main text. 
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fl 

llB 

fl c 
flo 
fl s 

fl/L 

6ult 
6ult/h 

£ 

p 

p' 

Midspan deflection 

Midspan deflection at ultimate resistance 

Midspan deflection at onset of tensile membrane zone 

Midspan deflection at incipient collapse 

Theoretical deflection at onset of tensile membrane behavior 

Ratio of midspan deflection to clear span length 

Midspan deflection at ultimate capacity 

Ratio of deflection at ultimate to slab thickness 
Strain 

Tension reinforcement ratio 

Compression steel ratio 
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