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ABSTRACT 

The study reported herein is one phase of an effort to develop cri

teria that will be helpful in evaluating or predicting the airblast 

load-carrying capacity of conventional floor slabs in existing Defense 

Civil Preparedness Agency approved shelters. The general objective of 

this study was to investigate the static and dynamic behavior of small, 

fixed-edge, longitudinally restrained, two-way reinforced concrete 

slabs. 

Twelve tests, four static and eight dynamic, were conducted on 

slabs with a clear span of 29 inches and a thickness of 0.89 inch. Two 

series of slabs (I and II) corresponding to two different percentages 

of steel reinforcement (0.78 and 1.17 percent) were used. The slabs 

were subjected to uniformly distributed static loads up to 36.5 psi 

using water pressure and to dynamic airblast overpressures ranging from 

26.5 to 56.8 psi using explosives. 

_Measurements of _Fressure, deflection, and reinforcement strains 

were made, and results are presented herein. 

The average ultimate collapse strengths of the slabs tested under 

static loading were 23.2 and 36.5 psi for the Series I and II slabs, re

spectively. The average values of ultimate flexural resistance were 

14.1 and 18.2 psi for the Series I and II slabs, respectively. It was 

noted that the ultimate strength of the slabs was substantially increased 

by membrane action. 

Midspan deflections at the peak of tensile membrane action for the 

slabs tested statically averaged 4.40 inches for the Series I slabs and 

4.10 inches for the Series II slab. The ultimate collapse strengths of 

the dynamically tested slabs averaged 28.7 and 45.5 psi for the Series I 

and II slabs, respectively. Midspan deflections at collapse of the slabs 

tested dynamically averaged 7.25 inches for the Series I slabs and 

8.1 inches for the Series II slabs. 

A comparison of the ultimate collapse strengths of the slabs tested 

dynamically with those tested statically shows that increases in ul

timate strength of 23,7 and 24.6 percent under dynamic loading were 
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( obtained for the Series I and II slabs, respectively. 

Slab strength was determined theoretically through the use of equa

tions for predicting tensile membrane resistance and midspan deflection. 

A~er some modification of the equations used, good predictions of ten

sile membrane resistance of the static slabs were realized. These equa

tions were also used in predicting the peak pressures sustained by the 

dynamic slabs. Using the equations to predict dynamic slab strength 

was less successful than using the equations to predict static slab 

strength. 
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PREFACE 

This study, sponsored by the Defense Civil Preparedness Agency 

(DCPA) under Contract No. DAHC 20-68-W-0192, Work Unit 1127E, was con
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NOTATION 

As Area of steel 

d Distance from compression edge of slab to the centroid of 
tension reinforcement (inches) 

D Denotes dynamic test 

f' Compressive stress of concrete (psi) 
c 

fr Tensile str.ess of reinforcement at rupture (psi) 

f Stress in tension reinforcement (psi) s 
ft Tensile stress of concrete (psi) 

f Ultimate stress of tension reinforcement (psi) 
u 

f Yield stress of tension reinforcement (psi) y 
k Constant 

L Clear span of slab (inches) 

Spans of the slab in the x and y directions with Lx = Ly 

n Odd integers 

p As/d, ratio of tension reinforcement per unit width of slab 

p' As/d, ratio of compress1on re1nrorcement per unit width o~ 

slab 

p 
u 

q 

s 
T ,T 

x y 

w 

x,y 

z 
z 

c 

Static overpressure during secondary flexural resistance of 
the slab 

Static overpressure 

Static overpressure during tensile membrane resistance of 
the slab 

Static overpressure during ultimate flexural resistance of 
the slab 

Tensile membrane resistance 

Denotes static test 

Yield forces, per unit width, of the reinforcement in the 
x and y directions which is placed over the whole area of 
the slab 

Uniformly distributed load per unit area of the slab 

Rectangular coordinates parallel to the slab edges and in 
the plane of the slab 

Midspan deflection 

Collapse midspan deflection 
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z Midspan deflection during secondary flexural resistance s 
zt Midspan deflection during tensile membrane resistance 

z Midspan deflection during ultimate flexural resistance u 
/J. Maximum value of deflection of any point of the slab in the 

direction of the normal to the x-y plane (positive in the 
direction of loading) 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to 

metric units as follows: 

Multiply By To Obtain 

mils 0.0254 millimeters 

inches 2.54 centimeters 

feet 0.3048 meters 

cubic feet 0.0283168 cubic meters 

pounds o.45359237 kilograms 

kips 453.59237 kilograms 

pounds (force) per square inch 0.6894757 newtons per square 
centimeter 

pounds (force) per square foot 47.88026 newtons per square 
meter 

kips (force) per square inch o.6~94757 kilonewtons per square 
centimeters 

Fahrenheit degrees 5/9 Celsius or Kelvin 
degrees a 

aTo obtain Celsius (C) temperature readings from Fahrenheit (F) 
readings, use the following formula: C = (5/9)(F - 32). To ob
tain Kelvin (K) readings, use: K = (5/9)(F - 32) + 273.15. 
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CHAPI'ER 1 

INTRODUCTION 

1.1 BACKGROUND 

The study described in this report is part of an effort to develop 

criteria that will be helpful in evaluating or predicting the airblast 

load-carrying capacity of conventional floor slabs in existing Defense 

Civil Preparedness Agency (DCPA) approved shelters. 

Conventional structures provide some degree of inherent protection 

from the airblast and radiation effects of nuclear weapons (Reference 1). 

In the past, the DCPA has designated fallout shelters considering only 

the radiation protection provided. Presently, they are engaged in an 

all-effects shelter survey in an effort to determine the protection 

provided by existing shelters. Part of the data collected in this sur

vey consist of the building's structural characteristics, which are ob

tained from on-site inspections and from construction drawings for the 

buildings. The information obtained fronr this s-lll~vey will be used to 

predict the airblast protection provided by the shelters. In order to 

improve the prediction methods, additional information is needed on the 

collapse modes and strengths of the reinforced concrete floor and roof 

systems characteristic of those found by the survey. 

The nuclear and high-explosive tests of the United States and the 

data from Hiroshima and Nagasaki have provided information on the dy

namic behavior of buildings. Although much information is available, 

not all of it is applicable to conventional structures. The dynamic 

responses of individual structural elements such as beams, columns, 

slabs, and wall panels have been studied theoretically and experimentally. 

Valuable information for analysis purposes, including the pressure-time 

loading required to cause collapse, has been obtained. However, the 

dynamic response of an element of a structure tested independently 

frequently differs significantly from that of a similar element tested 

as an integral part of a structure. Because most of the tests to date 

have been on individual elements, there is insufficient criteria on 
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which to base damage predictions for conventional buildings. Data and 

criteria exist for elastic and small deflection response, but they are 

not sufficient if large deflections are part of the design or analysis 

problem. 

Population density and shelter distribution are the primary fac

tors involved·in determination of destruction of life resulting from 

a nuclear explosion. However, it is not economically feasible to de

sign structures to provide complete protection of life in areas of 

great population density and close structure distribution. Because of 

this, limiting overpressure has been adopted as a partial standard 

against which to evaluate shelters. In this study, a design over

pressure level of 15 psi1 has been selected as the base line overpressure. 

Protective structures are designed to resist the dynamic forces of 

airblast loading and ground shock as well as other effects resulting 

from a nuclear explosion. Such structures are generally designed to 

provide protection for specific overpressure levels from a fixed-yield 

weapon. To provide the required protection, the structures are some

times isolated Trom shock, are frequently buried in soil or rock, and 

are designed to resist lateral forces of appreciable magnitude. In the 

design of such structures, damage levels, ductility, and ductility 

ratios are important considerations. In contrast, conventional build

ings are usually designed for allowable stresses and then checked for 

deflections to determine if they are acceptable. This procedure is 

used because stresses are usually easier to determine than deflections; 

thus, most design codes are based on allowable or maximum stresses. 

However, this does not mean that deflections in conventional buildings 

are unimportant. Excessive deflection may interfere with the intended 

purpose or serviceability of the building. In contrast, protective 

structures are designed for permanent deflections, the magnitudes of 

which are primarily determined by the level, duration, and repetition 

of loading. Although ultimate strength design in reinforced concrete 

1 A table of factors for converting British units of measurement to 
metric units is given on page 12. 
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and plastic design in steel are sometimes used in conventional design, 

protective structure design is primarily based on damage level and 

ductility ratios. In conventional structures, these are not usually 

considered as important design parameters. 

1.2 OBJECTIVES AND SCOPE 

The general objective of this study was to experimentally inves

tigate the static and dynamic behavior of small, fixed-edge, longi

tudinally restrained, two-way reinforced concrete slabs. Specific 

objectives were to investigate the following: (1) dynamic and static 

collapse strengths of the slabs tested, (2) relation between the static 

and dynamic responses of the slabs, (3) deflection histories for both 

static and dynamic tests, (4) reinforcing strain distributions and 

magnitudes, and (5) possible methods of analysis for determining col

lapse strengths of slabs. 

To accomplish the objectives of this study, twelve tests were con

ducted on small, square, fixed-edge, longitudinally restrained, two

way reinforced concrete slabs with a clear span of 29 inches and a 

thickness of 0.89 inch. 

Four static and eight dynamic slabs were tested. The geometry and 

materials used were the same for all slabs tested; however, two dif

ferent percentages of steel reinforcing (0.78 and 1.17 percent) were 

Used. The slabs were subjected to uniformly distributed static loads 

Up to 36.5 psi and dynamic airblast overpressures ranging up to 

56.8 psi. On one of the test slabs of the first series, two dynamic 

tests were conducted since the initial test did little damage. 

The slabs were instrumented to measure midspan deflection, rein

forcement strains, and the pressure-time history of the loading. 

1.3 COMPARISON WITH PREVIOUS STUDIES 

This project differs from most previous work in this area in that 

determination of the total collapse response of the slab is the pri

mary objective. Generally, previous tests have been carried out to only 

slightly beyond the general yield point. Determination of the total 
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collapse history of the slab is required because prior to total collapse, 

only limited casualties occur in shelters having two-way slab roofs, 

mainly from falling pieces of concrete and from venting. Only at com

plete collapse does a high precentage of casualties occur. 

Collapse of a reinforced concrete slab with a high degree of edge 

restraint occurs after large deflections result in membrane action. This 

membrane action is the primary mode of response investigated in this 

study. During membrane action, the overpressure-induced loads are car

ried by tensile forces in the steel reinforcing bars, with the concrete 

acting to distribute the blast loads. Tensile rupture of the individual 

bars around the periphery of the slab initiates total collapse. 

Many tests have been conducted to obtain the static strength of 

slabs, but relatively few slabs have been tested dynamically. A pre

vious study conducted at WES (Reference 2) investigated the dynamic 

and static ultimate strength of two-way reinforced concrete slabs. 

Failure of the test slabs was based on response resulting in the for

mation of a general yield line pattern. The present study extends the 

work -done in th:is initial investigation. -irest slao scale and edge con

straint are the main physical differences between the slabs described 

in Reference 2 and those of this project. 

An investigation conducted by the Naval Civil Engineering Labor

atory (NCEL), Reference 3, also dealt with the static and dynamic 

strength of slabs. This study was similar to the one reported herein 

except for the edge constraint, slab geometry, and reinforcement. Ref

erence 3 presents a comprehensive analysis of the behavior of slabs. 

Nine slabs were tested, each with a clear span of 72 inches. The tests 

and analysis included the effects of tensile membrane action. The work 

reported herein extends the work in Reference 3 and provides additional 

information on slab strength. 

A considerable amount of previous work has been performed on rein

forced concrete slabs, but most of the studies assumed failure as the 

point at which the slab first yielded. Therefore, a complete picture 

of slab failure has not been obtained. This study contributes to the 

determination of the behavior of slabs in the region beyond yield. 
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CHAPTER 2 

EXPERIMENTAL PROGRAM 

2.1 DESCRIPTIONS OF TEST SLABS 

Selection of the prototype slab was based on several factors. 

First, it was required that the ultimate collapse strength of floor sys

tems typical of DCPA fallout shelters be investigated. Second, a fully 

restrained fixed edge was desired to properly simulate a typical inte

rior slab. Third, slabs similar to that selected, but simply supported, 

had been previously studied at WES. A summary of the experimental pro

gram of this study is presented in Table 2.1. 

The basic prototype structural system selected for testing in this 

study is shown in Figure 2.1. The prototype steel reinforcing layout 

and bar schedule are shown in Figure 2.2. Except for edge restraint, 

the two prototype slabs (Series I and II) selected for testing in this 

program were models of the prototype of two-way slabs tested earlier at 

WES (Reference 2). These slabs were designed for live loads or-IO~ana 

225 psf, respectively, and a dead load of 86 psf in accordance with the 

provisions of the Building Code Requirement for Reinforced Concrete 

(ACI 318-56), Method 2 (Reference 4). Half of the positive moment steel 

in the prototype was bent up near the edges similar to that of an in

terior panel of a two-way reinforced floor slab system. 

For the test slabs, the primary criterion for selection of the 

clear span size were the inner dimension of the Small Blast Load Gen

erator (SBLG), which was used as the loading device. The maximum slab 

clear span that will fit in the SBLG is 29 inches. Because of the small 

scale of the test slab, some difficulty was experienced in fabricating 

the concrete and reinforcing. The test slab thickness was 0.89 inch. 

The slabs were cast inside 46-3/4-inch-I.D. circular steel rings, which 

are part of the SBLG. Slab reinforcing consisted of smooth 0.08-inch

diameter steel wire. Concrete was a scaled mixture of Type III portland 

cement (early strength) with graded sand as aggregate. Geometry and 

steel layout for the two types of test slabs (Series I and II) are shown 

in Figures 2.3 and 2.4. 
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The test slab support structure provided the slab edges with nearly 

100 percent fixity. A prototype structure may not have quite this 

degree of fixity because it would generally be supported on flexible 

beams. Results of these tests on slabs with a high degree of fixity 

coupled with previous test results on simply supported slabs of similar 

design provide a useful comparison of upper- and lower-bound values for 

the prototype boundary characteristics. 

Geometric similarity between the prototype and test slabs was main

tained by direct length scaling. The prototype and test slabs were suf

ficiently similar so the test results would be quantitatively indicative 

of prototype response and behavior. 

2.2 MATERIALS OF THE TEST SLABS 

2.2.1 Concrete. The ingredients of the concrete mix used in this 

study were water, Type III (high early strength) portland cement, and a 

fine-graded aggregate of natural sand. The proportions by weight of the 

·constituent materials , i.e. cement, fine agg:r~gate, and water, were 

1.00:5.37:0.79. Figure 2.5 shows the distribution of particle size in 

the fine aggregate. The sand was screened to eliminate particles larger 

than a size 8 sieve and smaller than a size 100 sieve. 

Proportioning of the concrete mixture was based on a desired com

pressive strength, f' , of 3,000 psi at an age of 14 days. The cone 
crete was mixed in 8-ft 3 batches in a 14-~ 3-capacity rotary mixer. 

2.2.2 Reinforcement. Obtaining steel wire reinforcing for the 

test slab to properly simulate prototype reinforcing bars was a major 

problem. Because of the need for simulating the reinforcing up to and 

including tensile rupture, prototype reinforcing bars and test slab rein

forcing wire had to exhibit nearly identical properties. Typically, the 

prototype steel (#5 reinforcing bars) is hot-rolled AISI 1030 carbon 

steel. This type of steel exhibits a sharp yield point at approximately 

50,000 psi and has an ultimate strength of about 70,000 psi, satisfying 

ASTM Specification A615 (Reference 5). Elongation is typically between 

12 and 25 percent. 
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In order to maintain the same percentage and spacing of steel as in 

the prototype, the test slab reinforcing diameter had to be 0.08 inch. 

This diameter is equal to a standard wire gage #14. Typically, hard

drawn wire is available only with low carbon contents, i.e. AISI 1008. 

This is necessary so that the wire can be drawn to a small diameter with

out rupturing due to strain-hardening. A search was conducted for a 

#14 gage wire of AISI 1030 steel. Finally, through the U. S. Steel 

Corporation, 100 pounds of galvanized AISI 1039 steel wire were obtained 

from a larger mill order. The wire was wound in a 2-foot-diameter coil 

in the hard-drawn condition. 

The task of straightening the wire presented difficulties. Mechan

ical straightening was tried, but results were less than satisfactory. 

Finally, electrical straightening was tried and was found to be success

ful and quick. Twenty-foot-long strands of wire were strung from a 

mounting point, and welding machine electrodes were attached to each end. 

Due to the high resistance of the wire, the electric current caused a 

rapid heat rise in the wire. The galvanizing was partially burned off 

during heating. Strength of the wire a~er straightening was only 

slightly r~duced. 

Because of the high yield of the wire in the hard-drawn condition, 

heat treatment of the wire was required to obtain a yield strength of 

about 50,000 psi. For AISI 1039 steel, this meant a fully annealed 

condition. The wire was placed in a gas furnace for 2 hours at 1400 F 

and then oven-cooled overnight. This heat treatment resulted in an 

average yield strength of 43,600 psi and an ultimate strength of 

73,500 psi. Average elongation was 12 percent over a 5-inch gage length. 

Because of the higher carbon content, the strain-hardening ratio was a 

little higher than that for AISI 1030 steel. 

The zinc coating was almost completely burned away in the annealing 

process. It was noted that in the tensile tests of the annealed wire an 

apparent brittle exterior layer existed. This may have been some form 

of embrittlement caused by the zinc coating. The brittle coating did 

not seem to affect the material properties significantly; however, elon

gation at rupture may have been slightly reduced because of this 
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condition. The wire was cleaned with steel wool before use to remove 

the loose zinc and iron oxide. The wire was used in the smooth condi

tion, i.e. no attempt was made to deform it in any way. It was practi

cally impossible to deform the wire by mechanical means so that it 

looked like deformed bar. However, it was believed that the deforma

tions would not be required to generate the membrane tensile stresses 

in the reinforced slabs tested since bar pullout was precluded by the 

continuous bar lengths. 

2.2.3 Material Sampling. The concrete specimens used in deter

mining the strength characteristics of the slab material were standard 

6- by 12-inch test cylinders. Six cylinders, three for compression and 

three for tensile splitting tests, were cast from each batch of concrete. 

One compression cylinder per batch was instrumented to measure longitu

dinal and transverse stress and strain. Table 2.2 gives the cylinder 

strength data for the concrete used in the test slabs. A typical stress

strain diagram is shown in Figure 2.6. 

The wire reinforcing was tested for strength using an 8-inch gage 

length between serrated surface grips in an Instron testing machine. 

Twenty tests were conducted on samples cut from the centers of 5-ft-long 

strands. Tests of sample~ cut from the ends showed that the strands had 

good consistency of strength along their length. The results of the 

tension tests are given in Table 2.3. A typical stress-strain diagram 

for the wire is shown in Figure 2.7, 

2.3 CONSTRUCTION OF TEST SLABS 

Each test slab was cast monolithically with its side support struc

ture. This provided edge fixity and continuity of reinforcing at the 

edges of a slab. The side beam structure was designed to support all 

loads imposed by the slab during testing without failure. A welded rein

forcing cage with moment and shear steel reinforcing was fabricated to 

provide the required side beam strength. 

Formwork consisted of a plastic-coated plywood platform on which 

a 29-inch-square plywood box was attached. The box was designed for 

ease of removal after curing of the concrete. A 6-inch-deep SBLG steel 
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spacer ring was used as a side form and as a surface reference for screed

ing the slab. All joints in the formwork were sealed against leakage of 

wet concrete with silicone rubber. The concrete slab and support struc

ture were held in the ring after curing by two small angles welded to 

the bottom of the ring. 

Proper location of the wire reinforcing was critical. Spacing be

tween wires was maintained by drawing lines on the top of the box form 

and aligning the wires over the marks. Proper vertical spacing was ac

complished by securing strips of sheet metal cut to the required width 

to the reinforcing cage and then tying the wire to the strips. The wire 

mat was supported on short lengths of 3/32-inch-diameter wire and was 

tied together at every third intersection with 24-gage copper wire. The 

whole mat was tied down to the box form at four points. Glue was used 

at some wire intersections and at the edge strips to prevent movement of 

the wires during casting. Strain gages were bonded to some of the 

reinforcing wires prior to assembly. The ends of the wire strands were 

bent up into the side herun area to pro·vide the required- restraint,_ De

tails of the reinforcement fabrication are shown in Figure 2.8. 

Where accessible before casting, the forms around the side beams 

were coated with form oil. The slabs were cast in an upright (loaded 

surface up) position. Figure 2.9 shows a slab form ready for casting 

with all the reinforcing steel in place. 

Four slabs were cast at once usjng two batches of concrete mix. 

The first batch of approximately 8 ft 3 was mixed in a 14-ft 3-capacity 

rotary mixer and was used to fill the side beam area. The concrete 

was vibrated using a 3/4-inch-diameter-head internal vibrator with mini

mum vibration because of the possibility of damage and displacement of 

the wire reinforcing. The second batch of approximately the same size 

was mixed and immediately placed over the first batch and onto the slab 

area of the forms with a minimum of vibration. This procedure resulted 

in air pockets along and under the wire reinforcing in the first set of 

four slabs, as shown in Figure 2.10. The voids probably did not affect 

slab strength appreciably. The second and third sets of four slabs were 

vibrated more extensively in the slab area. This eliminated virtually 
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all air pockets. A~er the forms had been completely filled with con

crete, the surfaces of the slabs were screeded flush with the top of 

the steel ring with a wooden screed. This was followed with screeding 

using an aluminum angle. After the concrete had stiffened sufficiently, 

the surface was finished with a steel trowel to produce a smooth, flat 

surface. The exposed surface was covered with wet burlap and plastic. 

The burlap was soaked with water at least once a day for seven days 

after casting, and then the burlap and plastic were removed. The slabs 

were then air-cured until the day of testing. Figure 2.11 shows a slab 

after casting and curing. 

A portion of each concrete batch placed in the slab area was used 

to make the test cylinders for later strength testing. These were cured 

in the same manner and tested at the same time as the test slabs. 

2.4 TEST PROCEDURES 

Both the dynamic and static slab tests were conducted in the SBLG. 

The configuration of the SBLG used in this study is shown in Figure 2.12. 

The only difference between the SBLG setup for dynamic and static test

ing was in the bonnet used. The reaction structures used in all tests 

were identical. Except for strain gages, instrumentation for all tests 

was similar. Descriptions of the test measurements made and instru

mentation equipment used are presented in Section 2.5. 

The setup for the static testing, as shown in Figure 2.13a, con

sisted of placing a 6-inch-deep SBLG ring containing the slab and sup

port structure over a 9-inch-deep SBLG ring, which was filled with rein

forced concrete with a 29-inch-square hole in the center. This struc

ture provided support for the slab and clearance under the slab for any 

large deflections. The 9-inch-deep ring was in turn supported by a base 

consisting of a flat steel plate with a hole in the center support that 

was accessible when the base was bolted to the floor. The hole in the 

center of the plate provided a location for mounting deflection gages. 

For the static tests, a closed static bonnet was used to cover the top 

of the slab. All elements of the test structure were bolted securely 

together to transmit the loads to the foundation and prevent lea.ks. 
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For the static tests, a 3/32-inch-thick neoprene rubber diaphragm 

was placed over the slab's top surface. This prevented loss of pressure 

When the slab deflected and cracked. The diaphragm extended across the 

slab and was secured by placing the edge between the bolt flanges of the 

bonnet and 6-inch-deep ring. An extra strip of neoprene was taped to 

the edges of the slab where large cracks were expected. Between the neo

prene and slab, there was an unsecured 6-mil-thick sheet of polyethylene. 

It was covered with powder to provide a low-friction surface for the 

neoprene diaphragm to slide on. 

The static bonnet was filled with water to develop the slab over

pressure. Water pressure was regulated manually using a line hose feed

ing into the bonnet through a screw valve. A large-dial pressure gage 

was mounted on the bonnet to monitor pressure. The load was applied 

slowly by opening the valve, with the flow rate controlled to produce 

a pressure increase of approximately 1 psi/min. Water flow was con

tinued until total loss of pressure or diaphragm rupture occurred. 

Posttest photographs were ta.ken of each test slab with a still camera. 

The slab and support structure were then removed from the 6-inch-deep 

rings, and the rings were prepared for another casting. 

For the dynamic tests, Figure 2.13b, the bonnet was changed to one 

that contained firing tubes for producing a dynamic overpressure. No 

diaphragms were used over the slab during the dynamic tests. The over

pressure was produced by electrically detonating primacord explosive in 

the firing tubes. All measurements were recorded on high-speed analog 

magnetic tape. After each test, photographs were taken. The slabs were 

then removed from their rings as in the static tests. 

2.5 TEST MEASUREMENTS AND INSTRUMENTATION 

Measurements made during the static and dynamic slab tests included 

Pressure, deflection, and reinforcing steel strains. All measurements 

Were recorded on analog magnetic tape. During the static tests, an X-Y 

Plotter was also used to monitor the pressure-deflection history of the 

test slabs. 

The dynamic test data required detailed processing to obtain a 
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clear picture of the pressure and deflection measurements. These data 

were digitized and then filtered to reduce periodic noise. The result

ing pressure data were then numerically integrated to obtain an im.pulse

time diagram of the overpressure. 

Static pressure levels were measured using strain-gaged diaphragm 

transducers. Specifically, two 200-psi Norwood pressure transducers 

were fitted to the static bonnet with a tee fitting, as shown in Figure 

2.13a. During the dynamic tests, as many as four gages were used. One 

Norwood gage was mounted on each side of the dynamic bonnet, and two 

other gages, either Norwood or CEC, were embedded in the slab support 

structure flush with the slab's top surface, as shown in Figure 2.14. 

Pressure ranges of the gages varied from 100 psi for the CEC to 500 psi 

for the highest pressure Norwood gage. The Norwood gages in the bonnet 

were mounted on Teflon disks for shock-isolation, and those in the slab 

structure were surrounded by silicone rubber.. The pressure gages and 

mounts are shown in Figure 2.15. 

Mid~an deflection was measured during both static and dynamic 

tests. In the static tests, two gages were used at the same point for 

redundancy, i.e. a 12-inch, linear-travel, Collins linear variable dif

ferential transformer (LVDT) and a rotary potentiometer with a cable

reel pickup and a maximum deflection range of 4 feet. Only the LVDT was 

used during the dynamic tests because inertial effects would prevent the 

rotary potentiometer from functioning. The LVDT probe was attached to 

the slab by means of a universal joint and a rod cast into the slab at 

the center. 

Two static and two dynamic slabs were instrumented with strain 

gages on the wire reinforcing, shown in Figure 2.16. In the figure, 

each gage location is numbered for ease of correlation with the appro

priate strain curves. Longitudinal strain at various points along the 

edge and center of the slab were measured. One epoxy-backed strain gage 

(M-M Type EA-06-125BT-120) was used at each location. The small size 

of the wire prevented mounting two gages opposite each other. The 

bridge circuits for the strain gages were completed with dummy gages 

mounted on a steel block outside the test fixture. 
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TABLE 2.1 EXPERIMENTAL PROGRAM SUMMARY 

Series Slab b c Steel Stress Remarks p Concrete Stress Desig-
nation a 

Compres- Tensile Yield Ultimate 
f f sive ft y u 

f' c 

psi psi ksi ksi 

I ISl 0.0078 3,683 328 43.6 73,5 

IS2 0.0078 3,683 328 43.6 73,5 

183 0.0078 3,683 328 43.6 73,5 Strain-
gaged 

IDl 0.0078 3,683 328 43.6 73,5 Two 
tests 

ID2 0.0078 3,485 332 43.6 73,5 

ID3 0.0078 3,485 332 43.6 73,5 

ID4 0.0078 3,485 332 43.6 73,5 

ID5 0.0078 3,485 332 43.6 73,5 

II IISl 0.0117 3,810 275 43.6 73,5 Strain-
gaged 

IIDl 0.0117 3,810 275 43.6 73,5 Strain-
gaged 

IID2 0.0117 3,810 275 43.6 73,5 

IID3 0.0117 3,810 275 43.6 73,5 Strain-
gaged 

a S denotes static test; D denotes dynamic test. 
b 

p = A /d, ratio of tension reinforcement per unit width of slab. 
c s 

Values are averages of three tests after a 14-day cure time. 
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TABLE 2.2 RESULTS OF TESTS ON CONCRETE CONTROL SPECIMENS 

ISl, 
IDl 

ID2, 
--ID5 

IISl, 
IID2, 

Slab Speci- Test Cylinder Strength Poisson's Strain at 
men Age Ratio at Maximum 

Compres- Splitting 1,500 psi Load 
sive Tensile 
f' ft c 

days psi psi µin/in 

IS2, IS3, 1 15 3,750 0.19 2,100 
2 15 3,680 
3 15 3,620 

Average 3,683 

4 15 345 
5 15 350 
6 15 290 

Average 328 

ID3, ID4, 1 14 3,520 0.20 1,800 
2 i4 3,450 
3 14 2,98oa 

Average 3,485 

4 14 310 
5 14 330 
6 14 355 

Average 332 

IIDl, 1 14 3,790 0.17 2,600 
IID3 2 14 3,770 

3 14 3,870 
---

Average 3,810 

4 14 265 
5 14 290 
6 14 270 

Average 275 

a Value not used in figuring average because of diagonal tension
type failure. 
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TABLE 2.3 RESULTS OF STATIC TESTS OF REINFORCING STEEL 

Specimen Average Distance Strain Rate Tensile Stress Elongation Remarks 
Diam- Between Over 
eter Grips Yield Ultimate Yield Ultimate Rupture 5-inch 

f f f Gage 
y u r Length 

inches inches in/min in/min ksi ksi ksi percent 

1 0.079 8.0 0.02 0.10 46.5 78.4 68.5 16.3 Broke near grip 
2 0.080 8.o 0.02 0.10 46.o 77.5 68.1 16.8 Broke near grip 
3 0.080 8.o 0.02 0.10 46.4 77.0 68.o 17.8 Broke near grip 
4 0.079 8.o 0.02 0.10 44.8 78.7 68.5 17.2 Broke near grip 
5 0.079 8.o 0.02 0.10 47.0 79.5 69.4 17.2 Broke near middle 

6 0.079 8.o 0.02 0.10 45,9 76.4 68.0 16.4 Broke near grip 
7 0.079 8.0 0.02 0.10 46.4 78.7 68.7 16.2 Broke near grip 
8 0.079 8.o 0.02 0.10 46.2 77.2 68.5 16.6 Broke near grip 
9 0.079 8.0 0.02 0.10 44.4 78.5 73.5 14.8 Broke near grip 

I\) 

0.081 8.0 43.8 73.0 63.6 8.1 Broke grip -.:J 10 0.02 0.10 near 

11 0.079 8.0 0.02 0.10 47.4 79.4 69 .5 14.o Broke near middle 
12 0.079 8.0 0.02 0.10 47.4 80.0 69.4 15.6 Broke near grip 
13 0.084 8.o· 0.02 0.10 37.9 65.5 56.5 6.6 Broke near grip 
14 0.084 8.0 0.02 0.05 39.3 64.5 55,9 5.2 Broke near grip 
15 0.081 8.o 0.02 0.10 44.o 72.5 63.5 6.5 Broke near grip 

16 0.084 8.o 0.02 0.10 39.1 65.4 57.3 5.1 Broke near grip 
17 0.080 8.o 0.02 0.10 45.6 76.6 66.6 15.8 Broke near grip 
18 0.084 8.o 0.02 0.05 38.6 63.5 54.o 5.3 Broke near grip 
19 0.085 8.o 0.02 0.05 36.2 60.0 53.1 5.8 Broke near middle 
20 0.083 8.o 0.02 0.05 40.2 67.0 57,5 6.2 Broke near middle 

Average 43.6 73.5 64.4 12.2 



~· ~-- TEST SLAB 

(CENTER TO CENTER OF SUPPORT BEAMS) 

TWO-WAY SLAB FLOOR SYSTEM 

Figure 2.1 Prototype structural system. 
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a. Slab form showing lines drawn for reinforcement spacing. 

b. Wire mat showing tie-down points and metal strips 
for vertical spacing. 

Figure 2.8 Reinforcement fabrication (sheet 1 of 2). 
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c. Wire mat showing ends of wire bent over side 

support structure. 

d. Completed reinforcement mat. 

Figure 2.8 (sheet 2 of 2). 



Figure 2.9 Slab form ready for casting. 

Figure 2.10 Voids in Slab IS2 due to inadequate vibration 
(typical of the first four slabs). 
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a. Top view. 

b. Bottom view. 

Figure 2.11 Slab IS2 a~er casting and curing. 

38 



6" SBLG 
RING 

9" SBLG 
SPACER 
RING 

DEFLECTION 
GAGE 

SCALE IN FEET 

Figure 2.12 SBLG test configuration for slabs. 
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a. Slab surface 
gages and mounts. 

c. Internal pres
sure gage mounted. 

Figure 2.15 Pressure gages. 
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CHAPTER 3 

TEST RESULTS 

3.1 METHOD OF PRESENTATION 

The test results are presented in this chapter in graphical and 

tabular form. The pressure-time records from the dynamic tests were 

numerically integrated and are presented as impulse-time curves. 

3.2 STATIC TESTS 

Four slabs, three identical slabs in the first series and one slab 

in the second series, were tested statically in support of the dynamic 

experimental program. The top and bottom surfaces of each slab after 

testing are shown in Figure 3.1. 

The curves of pressure versus midspan deflection for the four 

static tests are plotted in Figure 3.2. The pressure measurements ob

tained from the Norwood transducers during the static tests had to be 

corrected for two factors. One correction was necessary because the 

pressure gages did not read the pressure created by the water head be

cause of their positions above the slab surface. This correction con

sisted of adding 0.6 psi to all the pressure measurements to correct 

for the weight of the water. The second correction was concerned with 

the neoprene diaphragm, which supported load as it deflected with the 

slab. If the deflection was between 4 and 6 inches, 0.3 psi was sub

tracted from the pressure measurements; if between 2 and 4 inches, 

0.1 psi was subtracted; and if less than 2 inches, no correction was 

made. When more than one pressure gage was used, an average of all 

measurements was taken. The dual-peak, pressure-deflection curves are 

characteristic of the two failure mechanisms (flexural resistance and 

membrane resistance) present in a two-way reinforced slab. All four 

curves (Figure 3.2) show similar behavior throughout their response. 

The maximum recorded pressure in the first series of slabs corresponded 

to a deflection of about 6 inches, or approximately one-fi~h of the 
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span length. Pertinent points on the pressure-deflection curves for the 

static tests are presented in Table 3.1. Slab IISl, which had 50 per

cent. more steel reinforcing, was considerably stronger than the 

Series I slabs. The increased steel percentage made the slab stiffer. 

This is evident from the deflection of Slab IISl. The deflection cor

responding to the maximum recorded pressure was approximately 5 inches, 

or about one-sixth of the span length. 

3.3 DYNAMIC TESTS 

Eight dynamic tests, five on Series I slabs and three on Series II 

slabs, were conducted. As stated previously, the Series II slabs con

tained 50 percent more steel reinforcing than the Series I slabs. A 

summary of the results of the dynamic tests is presented in Table 3.2. 

The only characteristic of the dynamic load that was controlled was the 

peak surface overpressure. This peak was varied during testing to ob

tain the desired slab response. 

Typical surface overpressure-time records are shown in Figure 3,3, 

The pressure-time data for the dynamic tests were integrated and plotted 

as impulse-time curves, as shown in Figures 3.4 through 3.11. To ob

tain these curves, the analog- tape records of the test were !i-igitized

with an analog-to-digital data reduction unit and then numerically inte

grated with the aid of a digital computer. Following the integration, 

the results were plotted using an X-Y plotter. 

Each figure presents the impulse-time curve for each pressure 

gage that gave satisfactory results. Zero time for all tests was as

sumed to occur at the time the first slab pressure gage responded to 

the surface overpressure. The strain and deflection measurements were 

also referenced to this time base. 

The top and bottom surfaces of each dynamically tested slab are 

shown in Figure 3.12. All slabs exhibited similar behavior and crack 

patterns, i.e. steel percentage had no significant effect on the general 

response characteristics. 

Midspan deflection-time measurements were made during all the dy

namic tests. A typical permanent dynamic deflection profile is shown 
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in Figure 3.13. Deflection-time histories are shown in Figure 3.14. 

The plot for Test IIDl is not shown because the deflection gage was 

faulty. In some instances, the deflections exceeded the linear range 

of the deflection gage, i.e., when the slab collapsed to the bottom of 

the reaction structure. If the linear range of the deflection gage w~s 

exceeded, the dynamic deflections were estimated and are shown as dashed 

lines in Figure 3.14. 

Peak pressures, rise times, impulses, durations, deflections, and 

response times of the dynamically tested slabs are summarized in 

Table 3.2. 

3.4 STRAIN MEASUREMENTS 

Steel strain versus pressure data are shown in Figures 3.15 and 

3.16 for the statically tested slabs. Strain-time curves for the dy

namic tests of Slabs IIDl and IID3 are shown in Figures 3.17 and 3.18, 

respectively. During the static tests of Slab ISl, several gages became 

separated from their leads before the test was over because the leads 

broke as cracks opened. Steps were taken to prevent this in the rest 

of the tests. 

The strain curves for £lab IB3 {Figure 3.1-5} e~ibit a relatively 

slow rise until, at about a pressure of from 10 to 15 psi, they jump 

rapidly upward until the gages become discontinuous .. At 10 to 15 psi, 

the corresponding strain is about 0.0018 in/in. The steel appears to 

yield at this point. Referring to Figure 2.7, it can be seen that at 

about this strain (0.0018 in/in) the steel is indeed yielding. The 

peak strain appears to be approximately 0.01 in/in excluding strains at 

Gages 10 and 11, which experience the greatest strains due to their 

location. In the case of Slab IISl (Figure 3.16), the strains show a 

greater tendency to loop around themselves and, as a result, do not ex

perience the rapid rise of the Series I slab strains. However, the 

average peak reached by these strains is 0.015 in/in. 

The strain-time curves for dynamic tests of Slabs IIDl and IID3 

(Figures 3.17 and 3.18, respectively) exhibit somewhat similar charac

teristics. In some instances, the strains have a relatively short 
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duration (2 to 4 msec) before they experience a very rapid rise until 

the gage becomes discontinuous (Figures 3.17b and 3.18a for example). 

Some strains undergo more erratic behavior (Figures 3.17c and 3.18e), 

but still exhibit an overall rise. Still other strains exhibit a 

longer duration (7 to 9 msec) before jumping up rapidly, as shown in 

Figures 3.18b and 3.18c. The peaks of these various curves vary from 

0.0055 to 0.04 in/in (in tension). 



TABLE 3.1 STATIC RESISTANCE AND DEFLECTIONS 

Slab Ultimate Flexural Secondary Flex- Tensile Membrane 
Resistance ural Resistance Resistance 

Collapse 
Midspan Midspan Midspan Midspan 

Pressure Deflec- Pressure Deflec- Pressure Deflec- Deflec-
p tion Z p tion Z pt tion zt tion Z u u s s c 

psi inches psi inches psi inches inches 

ISl 13.1 o.63 5.1 1.60 20.3 4.47 5.17 

IS2 15.5 o.45 7.8 1.50 22.4 4.10 6.10 

IS3 13.8 0.60 8.8 1.55 27.0 4.64 6.oo 

Average 14.1 0.56 7.2 1.55 23.2 4.40 5.76 

IISl 18.2 0.30 11. 7 0.95 36.5 4.10 4.90 

t 
. P.il 

PU w 
Cl'. 
:::> 
en 
en 
w 
Cl'. 

PS a.. 

DEFLECTION -
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TABLE 3. 2 DYNAMIC RESISTANCE 

Test 

IDl 

IDlB 

ID2 

ID3 

ID4 

ID5 

Peak Pressure 
Direct from 
Pressure Curve 

psi 

35,4 

26.8 

28.4 

27.0 

27.7 

Peak Pressure 
from Impulse 
Curve 

psi 

34.1 

26.1 

27.2 

27.0 

27.2 

Series I average peak pressure = 
IIDl 

IID2 

IID3 

57,7 

37,5 

43.6 

55.8 

35.6 

42.6 

Average 
Peak 
Pressure 

psi 

34. ·r 

27.a 

27.0 

27.4 

Rise 
Time 

msec 

4.o 

4.3 

4.2 

4.3 

4.3 

28. '7 psi b 

56.8 3.4 

36.6 4.o 

43.1 3.8 

Series II average peak pressure = 45.v psi 

:Maximum 
Midspan 
Deflection 
(Permanent) 

inches 

0.25 

7.5 

7,0 

Time to 
Maximum 
Midspan 
Deflec
tion 

msec 

24 

31 

31 

34 

15 

15 
28 

28 

Comment 

Slight cracking around 
periphery of slab 

Repeat test of Slab IDl, 
total collapse 

Four corners held, sides 
ruptured 

Two corners held, sides 
ruptured 

Four corners held, sides 
ruptured 

Total collapse 

Total collapse 

Three corners held, sides 
ruptured 

Total collapse 

a Deflection gage bottomed out. Suppo!t structure allows 13 inches maximum slab deflection. 

b Slab IDl value not used in figuring ~verage. 



a. Slab ISl, top. 

b. Slab ISl, bottom. 

Figure 3.1 Conditions of slabs a~er static tests 
(sheet 1 of 4). 
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c. Slab IS2, top. 

d. Slab IS2, bottom. 

Figure 3.1 (sheet 2 of 4). 
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e. Slab IS3, top. 

f. Slab IS3, bottom. 

Figure 3.1 (sheet 3 of 4). 
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g. Slab IISl, top. 

h. Slab IISl, bottom. 

Figure 3.1 (sheet 4 of 4). 
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a. Slab IDl, top. 

b. Slab IDl, bottom. 

Figure 3.12 Conditions of slabs after dynamic tests 
(sheet 1 of 11). 
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c. Slab ID2, top. 

d. Slab ID2, bottom. 

Figure 3.12 (sheet 2 of 11). 
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e. Slab ID3, top. 

f. Slab ID3, bottom 

Figure 3.12 (sheet 3 of 11). 
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g. Slab ID4, top. 

h. Slab ID4, bottom. 

Figure 3.12 (sheet 4 of 11). 
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i. Slab ID5, top. 

j. Slab ID5, bottom. 

Figure 3.12 (sheet 5 of 11). 
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k. Slab IIDl, top. 

1. Slab IIDl, bottom. 

Figure 3.12 (sheet 6 of 11). 
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m. Slab IID2, top. 

n. Slab IID2, bottom. 

Figure 3.12 (sheet 7 of 11). 
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o. Slab IID3, top. 

p. Slab IID3, bottom. 

Figure 3.12 (sheet 8 of 11). 
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q. Slab ID2, maximum deflection. 

r. Slab ID2, closeup of concrete cracking. 

Figure 3.12 (sheet 9 of 11). 
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s. Slab ID3, maximum deflection. 

t. Slab ID3, steel rupture. 

Figure 3.12 (sheet 10 of ll). 



u. Slab ID5, maximum deflection 

v. Slab IIDl, maximum deflection. 

Figure 3.12 (sheet 11 of 11). 
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CHAPTER 4 

DISCUSSION OF RESULTS 

4.1 STATIC RESPONSE 

The analysis and interpretation of the test results can best be 

discussed by taking a closer look at the graphic records of those tests. 

The statically loaded slabs consistently behaved in a manner that . 
produced dual-peak resistance curves, as shown in Figures 3.2 and 4.1. 

The first peak, which occurred at about a 1/2-inch midspan deflection, 

was due either to arching action of the slab, induced by the in-plane 

forces developed from the edge restraint, or initial yield line flexure. 

Yield line theory (References 6 and 7) assumes that a constant load 

on a slab causes a concentration of strain in the reinforcing steel and 

concrete along lines of maximum moment. These lines, referred to as 

yield lines, form and spread into a pattern that divides the slab into 

segments. In the case of a square, longitudinally restrained slab, 

yield lines form an X pattern dividing the slab into four equal seg

ments. Near failure, the elastic deformations of each segment are as-

sume<l negligible wLth respect ±.o "the plas:ti-c -d.ei'ormation at t11e yield 

lines. Consequently, all curvature in the slab at failure is assumed 

to be concentrated at the yield lines. These lines are the axes of 

rotation for the movements of each segment. 

When the edges of a slab are free to translate, moment is developed 

in the loaded slab, but there are no in-plane forces developed because 

the edges are unrestrained. Therefore, the resistance curve takes the 

shape of that for the unrestrained slab in Figure 4.1. This was the 

case of the test slabs in the study described in Reference 2. 

When the edges of a slab are restrained against outward movement, 

both moment and in-plane compressive forces are induced in the slab 

when the slab is loaded. Then the resistance curve takes the shape of 

that for the restrained slab in Figure 4.1. It is these in-plane forces 

induced by the edge restraint that give rise to the arching effect of 

the loaded slab. 
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To explain why arching and not yield lin~ theory better describes 

the first peak of the static resistance curve, the deflection that 

occurs after the ultimate pressure P is reached must be observed 
u 

(from Point A to Bin Figure 4.1). Even after ultimate flexural pressure 

has been reached, the deflection of the slab still increases although the 

corresponding load is actually decreasing. According to yield line 

theory, an increasing deflection, however small, requires a constant 

load. Therefore, yield line theory cannot explain why deflection con

tinues to increase under decreasing load. Arching action, however, can 

explain the phenomenon. Arching induced in the slab due to the fixed 

edges strengthens the slab, thus requiring a higher load to cause it to 

yield. Once this resistance is overcome, the slab experiences snap

through (ultimate flexural resistance, Point A, Figure 4.1). Snapthrough 

indicates that the concrete is failing. Cracks are forming and pene

trating the slab, thus causing pressure reduction. However, the over

pressure is still high enough to cause deflection along the yield lines. 

Hence, the deflecti_on increases as the load decreases. This action pro

ceeds until the dropping pressure corresponds to the yielding steel 

plateau and forms the trough of the resistance curve (Point B in Fig-

ure 4.1}. 

Another explanation for the behavior of the resistance curve from 

Point A to Point B (Figure 4.1) is the fact that water (an incompressible 

fluid) was used as the load producing medium. As the slab experienced 

ultimate flexural resistance, deflection increased but the corresponding 

load decreased due to the increase in volume above the slab caused by 

the slab deflection. The loading rate was constant throughout the test, 

but if the loading rate had been increased when the slab experienced 

ultimate flexural resistance, the increased load due to the faster load

ing rate might ha"re offset the volume change brought about by the slab 

deflection and the dip in the resistance curve from Point A to Point B 

might not have occurred. 

It cannot be determined whether the behavior of the curve in Fig

ure 4.1 from Point A to Point B is attributable to arching action in

duced from the fixed edges or due to using water as the loading medium. 
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It is suspected, however, that the behavior of the curve from Point A to 

Point B is a combination of both effects. 

The latter part of the resistance curve (from Point B to C in Fig

ure 4.1) represents the tensile membrane resistance of the slab. The 

major difference between the Series I and II tests, relative to this 

part of the curve, was maximum pressure. Sharp drops and recoveries 

near the end of the resistance curves (Figure 3.2) probably were pro

duced when reinforcing wire broke. The peak was reached a~er several 

breaks, and once the peak was attained, pressure dropped as successive 

wires were broken. 

Apparently, a side of the slab will begin to rupture with the 

breaking of the top reinforcing until the load is increased to a high 

enough level to break the bottom reinforcing. The bottom reinforcing 

was apparently the primary load-carrying component of the system after 

membrane action had fully developed. Once the bottom reinforcing began 

to break, load capability was lost and little extra pressure was re

quired to rupture the entire side. Final pressure loss occurred when 

the diaphragm pushed through the severed side, thus ending the test. 

The scattering of values of peak pressure (Table 3.1) cannot 

readily be -expl--ained. Maximum midspan defl-eetions were fairly eonsis-

tent and corresponded to about a 7 to 12 percent elongation of the 

reinforcing. 

The beginning of the resistance curve for Slab IISl (Figure 3.2d) 

is different from that for the Series I slabs. Apparently, the higher 

percentage of steel made the slab stiffer. ,The higher strength of the 

Series II static slab was also consistent with the higher steel per

centage. At the beginning of the test of Slab IISl, the pressure had 

to be held at 10 psi until the calibration step for instrumentation had 

been recorded, as it had not been done prior to the test. This may ex

plain the unusual beginning of the resistance curve for Slab IISl. 

All four statically tested slabs had one of the two sides that con

tained the "shallow-bent" wires ruptured. The wires are termed "shallow

bent" because the height of bend was only 0. 46 inch, as compared with a 

height of bend of 0.62 inch for the wires laid perpendicular to the 
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shallow-bent wires. The shallow-bent wires were placed on top of the 

0.62-inch-bend wires, as shown in Figure 2.8b. Of the two reinforcing 

mats in the slab, the one with the least negative moment capability 

(based on the area of steel, A ) was the mat containing the shallow-s 
bent wires. Therefore, failure should have occurred at either of the 

two sides that had the shallow-bent wires, as was the case for the four 

statically loaded slabs. 

Yield lines were apparent on Slabs IS2 and IS3, but they were not 

well developed and occurred only near the corners. The yield lines 

generally appeared to lie not on the diagonals of the slab but slightly 

off to either side. This may correspond to the Y-pattern corner seg

ments in yield line theory (Reference 8). 

Typical of membrane action are the numerous tensile concrete cracks 

that occurred near the center of all the slabs. These cracks were 

fairly random except in those slabs that had excessive voids under the 

reinforcing wire. Also, radial cracks occurred on the bottoms of the 

slabs near the corner diagonals. These were apparently tension cracks 

in the concrete caused during formation of yield lines. 

Large cracks were typical along the line where reinforcing was 

bent up. An· explanation of this- would be that- after- th-e- tntttal yield 

lines occurred and the slab went into membrane tension, the bent-up 

wires were forced to straighten out. This pulled the concrete apart at 

those points, thus resulting in the ·Cracks. 

Slab IISl was quite different in appearance from the Series I 

slabs. Cracking was much more intense, especially around the edge. 

Concrete crushing was extensive around the edges of the slab due to the 

higher steel percentage. Development of yield lines on this slab was 

not apparent, but radial cracks were prevalent on the bottom surface. 

4.2 DYNAMIC RESPONSE 

The dynamically tested slabs differed greatly from the statically 

tested slabs for several reasons. First, dynamically ·tested slabs tend 

to fail more uniformly than statically tested slabs, which start to 

fail in one area, thus unloading the rest of the slab. Thus, failure is 
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concentrated in one area of a statically tested slab. Second, dynamic 

testing is a "hit or miss" situation with respect to determining the 

collapse pressure. For this reason, many tests are required to obtain 

a reasonably valid collapse pressure. Third, in dynamic tests, the re

inforcing steel stretches at a very high rate of strain, which tends to 

increase the steel's strength. This change in strength is very impor

tant to the overall strength of the slab. Finally, dynamic airloads, 

as produced in the laboratory, produce both venting in the slab and back 

pressure under the slab. This phenomenon is very difficult to evaluate 

but is also important to the strength of the slab. 

Before the dynamic testing is discussed, some comment on measure

ment and the pressure environment is necessary. Four pressure gages 

were placed above the slab, two in the bonnet and two near the edge of 

the slab. A gage was placed under the Series II slabs. Records from 

these pressure gages showed a rapid rise time followed by a fairly rapid 

decay time due to venting through the slab into the lower chamber. 

Once venting was completed, at about 20 msec, the decrease in pressure 

was less rapid since the gases could then escape only through the vent 

holes in the lower chamber and in the bonnet. The pressures given 

herein are actually average pressures for the first few milliseconds. 

Because of the pressure reduction due to venting and the consequential 

increase in pressure under the slab, it would seem that the response of 

the slab would have been slowed and a higher than actual collapse pres

sure would have been attained. However, from a practical standpoint, 

venting and the presence of pressure underneath the slab would occur in 

an actual situation on a full-sized shelter also. Therefore, the re

sponse of an actual slab should be similar to that of the model. 

In measuring deflection, a little trouble was encountered because 

the probe was separated from the slab at times. Also, deflection mea

surements experienced some electrical interference caused by grounding 

of the transducer. However, all the deflection curves showed a smooth 

response. Time of response to maximum deflection varied and depended on 

the overpressure and amount of reinforcing. Maximum deflections with

out collapse were between 7 and 8 inches. 
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Steel elongation was approximated after the tests. It was realized 

that a correction factor was needed due to the fact that the reinforcing 

had separated from the sides of the slab. Measurements were taken di

rectly from the slab with a ruler, and an inch was subtracted from these 

measurements to compensate for the separation of the reinforcement from 

the sides. For a 6- to 7-inch center deflection, elongation was esti

mated to be 12 to 16 percent. This is close to the maximum deflection 

possible based on full utilization of the elongation capability of the 

steel used. 

The first dynamic test, IDl, resulted in a low pressure of 15 psi 

due to bad primacord. Therefore, a differe~t size cord was used for the 

rest of the tests. Only hairline cracks occurred around the periphery 

of Slab IDl. A second shot at 35 psi collapsed the slab. The slab 

dished before it separated from the sides. 

The dynamic tests yielded a relatively valid collapse pressure for 

the slabs. For Series I dynamic slabs, the collapse pressure was 23.7 

percent above static strength; for Series II slabs, the collapse pres

sure was 24.6 percent above static strength. 

The sequence of failure of the slabs followed yield line behavior. 

The dynamically tested slabs showetl better deve-loped yield lines and 

greater deflections than the statically tested slabs. All the dynam

ically tested slabs showed well developed tensile membrane action. 

Collapse was apparently initiated with the breaking of the top rein

forcing along the center of all four sides. This was followed by rup

ture of the bottom reinforcing at the center of the sides, with rupture 

progressing to the corners of the slab. The rupture of the corner 

wires determined the point at which collapse occurred. At this point, 

venting had virtually equalized pressure between the top and bottom of 

the slab, and final rupture depended upon the inertia of the slab as it 

blew through. 

4.3 THEORETICAL DETERMINATION OF SLAB STRENGTH 

4.3.1 Static Analysis. Tensile membrane resistance begins to de

velop at a point near that designated as Point B in Figure 4.1. The 
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membrane forces in the central region of the slab begin to change from 

compression to tension. Beyond Point B, the tensile membrane region 

grows outward toward the edges of the slab, which begin to resist in

ward movement. Cracks begin to penetrate the entire depth of the con

crete, and yielding of reinforcement spreads throughout thi& region. 

The reinforcement acts as a tensile membrane, causing the slab resis

tance to increase with deflection until the reinforcement ruptures. 

The following expression has been developed (Reference 9) for the 

resistance of a uniformly loaded slab acting as a tensile membrane: 

Where: w = 

L = x 
T = x 

00 

4 

n=l,3,5 ••• 

n-1 
L (-1) 2 
n3 

uniformly distributed load per 

span of slab in x direction 

yield force, per unit width, of 
direction 

qosh 

unit area of slab 

reinforcement in x 

b = maximum deflection of any point of slab in a direction 
of the normal to the x-y plane (positive in direction 
of loading) 

n = odd integers 

L = span of slab in y direction y 
T = yield force, per unit width, of reinforcement in y y direction 

This equation gives a linear relation between w and b and defines 

that portion of the pressure-deflection curve between Points B and C in 

Figure 4.1. 

To simplify the use of Equation 4.1, values of wL2/T b for vari-x x 
ous values of L /L and T /T have been plotted (Figure 4.2). Only y x x y 
T > T for slabs with L > L was considered since economy of steel x - y y - x 
will always require more steel in the direction of the short span than 
in the direction of the long span (Reference 9). 
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Therefore, the right side of Equation 4.1 becomes a constant, and 

for a square slab (1 = 1 ) Equation 4.1 becomes: x y 

Where: q = 

k = 

p = 

p' = 

f = s 
1 = 

z = 

df 
q = k(p + p') _s Z 

12 

tensile membrane resistance 

a constant 

ratio of tension reinforcement per 

ratio of compression reinforcement 

stress in tension reinforcement 

clear span length of slab 

midspan deflection 

(4.2) 

unit width of slab 

per unit width of slab 

Assuming pure tensile membrane action (T = T ), k would equal 13.5 
x y 

based on Figure 4.2 (Reference 9). However, based on test results 

reported in Reference 9, pure membrane action does not occur, partic

ularly in deep slabs and at slab deflections near the secondary resis

tance level. The error in Equation 4.2 resulting from assuming that 

the slab is a pure membrane can be adjusted by setting k equal to 20, 

as was done in Reference- 3. By setting ~ equal to 20, the- ratio 

T /T is less than 1, which is saying that the reinforcement in the x y 
two directions is not yielding at the same time. 

It has been found, Reference 9, that a safe maximum value for cen

tral deflection after tensile membrane action is: 

zt = 0.11 (4.3) 

Using Equation 4.3 to calculate deflection yields 2.9 inches. This 

value is a conservative estimate of the actual experimental values 

(Table 3.1). As stated earlier, the primary objective of this study 

was to study total collapse response of the slabs. Therefore, a safe 

value for deflection is not useful. The static deflections at collapse 

found during this study were 15 and 14 percent of the span length for the 

Series I and II slabs, respectively. A more applicable approximation 



of static collapse based on results of this study would be: 

Z' = 0.151 t 
(4.4) 

Tensile membrane resistance was computed using the preceding 

equations. Table 4.1 is a summary of the results of computations made 

using different values of k , f and Z in Equation 4.2. The s 

values of k and f 
s 

in Column A of Table 4.1 are the values used in 

Reference 3, Also in Columns A through D, the deflection equation from 

Reference 9 (Equation 4.3) was used, whereas in Columns E through H, 

the deflection equation of this study (Equation 4.4) was used. The 

best correlation between experimental and theoretical values of membrane 

resistance is in Column E of Table 4.1. The· k and f values are s 
taken from Reference 9, and the deflection value is from Equation 4.4. 
The difference between the theoretical values in Column E and the ex

perimental values is less than 1 percent. To attain the values in Col-

umn E, fs was set equal to fy This could be a source of some 

error because during membrane resistance the stress in the reinforcing 

steel should be nearer the ultimate level, as was also noted in Refer

ence 3, The results in Column E of Table 4.1 appear to justify the use 

of f 
y 

rather than f for f This conclusion was also reached in u s 
Reference 3, and f was used for f in the calculations therein. y s 
When fu is substituted for fs in Equation 4.2, the results (Col-

umn F) are off by as much as 70 percent when compared with experimental 

values. Therefore, based on the correlation between theoretical and 

experimental values of membrane resistance, it seems logical to assume 

that f = f in Equation 4. 2. 
s y 

The Reference 9 k value for pure tensile membrane resistance was 

used in Columns C, D, G, and H of Table 4.1. The best correlation be

tween experimental and theoretical response is given in Column H, but 

even these values are 15 percent higher than experimental values. It 

seems apparent from this that the slabs did not exhibit pure tensile 

membrane action and that the use of k = 20 is justified. 

Prediction of ultimate collapse pressure using Equation 4.1 for 
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the static slabs in this study appears to be very good. However, the 

deflection equation a.eveloped herein (Equation 4.4) had to be used in 

conjunction with Equation 4.1 to obtain a close correlation with the 

experimental results. 

4.3.2 Dynamic Analysis. Equation 4.1 was also used to predict 

the tensile membrane resistance for the dynamic slabs. Then the vilue 

obtained for tensile membrane resistance was compared with the average 

peak overpressure obtained experimentally. However, Equation 4.4 had 

to be revised to accurately describe the dynamic deflections obtained 

experimentally. The dynamic deflections ranged from 25 percent of the 

span length for the Series I slabs to 28 percent for the Series II 

slabs. Therefore, the deflection equation would take the form of: 

zt = 0.251 (4.5) 

Using Equations 4.2 and 4.5, values were calculated and are pre

sented in Table 4.2. For the statically tested slabs, the values in 

Column E of Table 4.1 represented the best correlation between theo

retical and experimental values. For the values in Column E of 

Table 4.2, however, the correlation is not as ~avoraoie. Tlie vaiues 

for membrane resistance in Column E are 36 percent higher than the peak 

pressure attained experimentally for the Series I dynamically tested 

slabs and 33 percent higher than the peak pressure attained experimen

tally for the Series II dynamically tested slabs. The best correla

tion between experimental and theoretical values for the dynamically 

tested slabs is given in Column B or G of Table 4.2. However, the de

flection value in Column B is not representative of experimental re

sults. Even though the deflection value in Column G is indicative of 

the experimental value, the k value is not, based on the results of 

the static analysis. The statically tested slabs did not exhibit pure 

tensile membrane action, so it does not seem logical to assume that the 

same slabs when loaded dynamically will behave with pure tensile mem

brane act'ion. 

However, it was apparent from observation of the dynamically 
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tested slabs and the larger deflections encountered that concrete 

crushing was more intense than in the statically tested slabs. As con

crete crushing increases, only the tensile strength of the reinforce

ment is left to resist loading; hence, tensile membrane action increases 

and pure membrane action is approached, which justifies the 13.5 value 

for k in Column G in Table 4.1. So the results in Column G of 

Table 4.2 appear to give the closest correlation between experimental 

and theoretical values. These values in Column Gare conservative and 

differ from experimental results by about 9 percent for the Series I 

slabs and 11.5 percent for the Series II slabs. 

Based on the test results, it appears that the dynamically tested 

slabs more closely approached pure membrane tension than the statically 

tested slabs. Although Equation 4.1 did not give as accurate predic

tions of dynamic strength as it did i~ the case of static response, 

it did yield a conservative value of overpressure that is a reasonable 

approximation of dynamic response; also, it exhibits how important mem

brane action is to the overall strength of the slab. 
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TABLE 4.1 THEORETICAL VALUES OF TENSILE MEMBRANE RESISTANCE <lt; FOR STATICALLY TESTED SLABS 

Average experimental values--Series I, <lt; = 23.2 psi, Z = 4.40 in; Series II, <lt; = 36.5 psi, 
Z = 4.10 in. 

Column A 

k = 20 
fs fy 

Z 2.9 in 

Series I: 

15.6 

Series II: 

24.2 

Column B 

k 20 
f f s u 
z 2.9 

26.4 

41.0 

<lt; as 

Column c 

k = 13.5 
f f s y 

in z 2.9 in 

10.5 

16.3 

Determined Using Indicated Parameters 

Column D Column E Column F Column G 

k 13.5 k 20 k = 20 k = 13.5 
f f f f f = f f f s u s y s u s y 
z 2.9 :i,n z 4.35 in z = 4.35 in z = 4.35 

17.8 23.4 39.6 15.8 

27.6 36 .3 61.4 24.5 

TABLE 4. 2 THEORETICAL VALUES OF TENSILE MEMBRANE m;:srsTANCE <lt; FOR DYNAMICALLY TESTED SLABS 

Column H 

k 13.5 
f f s u 

in z 4-.35 

26.7 

41.5 

Average experimental values--Series I, peak overpre~sure = 28.7 psi, Z = 7.25 in; Series II, peak over
pressure= 45.5 psi, Z = 8.10 in. 

<lt; as Determined,. Using Indicated Parameters 

Column A Column B Column c Column D Column E Column F Column G Column H 

k 20 k = 20 k = 13.5 k = 13.5 k = 20 k = 20 k = 13.5 k = 13. 5 
f f f f f = f f f f f f f f = f T' f s y s u s y s u s y s u s y s u 
z 2.9 in z = 2.9 in Z = 2.9 in z = 2.9 in z = 7.25 in z = 7.25 in z = 7.25 in z 7.25 

Series I: 

15.6 26.4 10.5 17.8 39.0 66.o 26.3 44.6 
Series II: 

24.2 41.0 16.3 27.6 60.5 102.4 40.8 69.1 

in 

in 
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CHAPTER 5 

SUMMARY OF RESULTS, CONCLUSIONS, AND RECOMMENDATIONS 

5.1 SUMMARY OF RESULTS AND CONCLUSIONS 

The results of four static and eight dynamic tests on fixed-edge, 

longitudinally restrained, two-way reinforced concrete slabs and the 

conclusions drawn therefrom are summarized below. 

5.1.1 Slabs Subjected to Uniformly Distributed Static Loads. The 

average ultimate collapse strengths of the slabs tested under static 

loading, as determined from the actual dual-peak resistance curves, 

were 23.2 psi for the Series I slabs and 36.5 psi for the Series II 

slab. The average values of ultimate flexural resistance were 14.1 psi 

for the Series I slabs and 18.2 psi for the Series II slab. 

A comparison of the value of tensile membrane resistance with that 

of ultimate flexural resistance indicates that an increase in load

carrying capability of 64.5 percent was realized for the Series I slabs 

and 100.5 percent for the Series II slab. It can be concluded that the 

ultimate strength of the slabs was substantially increased by membrane 

action. 

Deflections of the static slabs averaged 4.40 inches for the 

Series I slabs and 4.10 inches for the Series II slab. This corres

~onds to a deflection of 15.2 percent of the slab span for the Series I 

slabs and 14 percent for the Series II slab. 

5.1.2 Slabs Subjected to Dynamic Loads. The average ultimate 

collapse strengths of the dynamically tested slabs were 28.7 psi for the 

Series I slabs and 45.5 psi for the Series II slabs. 

Comparing the values of ultimate collapse strength for the dynamic 

slabs with those for the static slabs shows increases in ultimate 

strength of 23.7 percent for the Series I slabs and 24.6 percent for the 

Series II slabs. 

Deflections for the dynamic slabs are a bit more difficult to pre

sent due to the fact that so many of the test slabs totally collapsed. 

However, for the Series I slabs, the deflection averaged 7.25 inches, 
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disregarding deflections of the slabs that totally collapsed. This de

flection represents 25 percent of the slab span. For the Series II 

slabs, average deflection was 8.1 inches (28 percent of slab span), 

again neglecting deflections of slabs that totally collapsed. Compared 

with the statically tested slabs, deflection of the dynamically tested 

slabs was 64.8 percent greater for the Series I slabs and 97.5 percent 

greater for the Series II slabs. 

5.1.3 Comparison of Results. This study was similar to that re

ported in Reference 2 and actually serves as a continuation of the Ref

erence 2 study. Primarily, this study establishes an upper boundary 

for ultimate slab strength relative to the values presented in Refer

ence 2. To illustrate this point, Table 5.1 was developed to compare 

the results of this study with those-obtained in the Reference 2 study. 

5.2 RECO:MMENDATIONS 

This study and the Reference 2 study have established an upper and 

lower boundary for the dynamic response of two-way reinforced concrete 

floor slabs; the lower boundary was established in the Reference 2 

study. The lower limits for the Series I and III dynamic slabs are 

11.0 and 15.0 psi, as shown in 'rab-ie ).-i. Tue upper limits are 28. 7 psi 

and 45,5 psi for Series I and II, respectively. 

In Figures 5.1 through 5.3, a comparison of pressure-midspan deflec

tion curves is presented. Since the test slabs in the Reference 2 study 

were three times as large as the test slabs of this study, the pressure

midspan deflection curves had to be scaled accordingly to make an ade

quate comparison. Looking at these curves, one can readily see how the 

different edge constraints affected slab resistance. It can also be 

seen that the test slabs of the Reference 2 study experienced very little 

tensile membrane action, while those of this study experienced a high 

degree of tensile membrane action. 

As mentioned earlier, the Reference 2 slabs had simple supports on 

all edges; those tested in this study had edges that were completely 

fixed. Neither condition represents exactly a real-world slab, which 

would be supported on all four sides by beams. The actual support 
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condition can best be simulated by testing a model of a multipanel floor 

system. Presently, dynamic and static testing of a multipanel floor 

system is under way at WES. The multipanel floor system being tested 

consists of nine concrete panels incorporated into a steel frame system. 

Results indicate that the multipanel slab system has a collapse loading 

nearer the lower bound. However, it is further recommended that a con

crete beam and slab system be dynamically tested to correlate with the 

steel frame slab system and further narrow the range of collapse pres

sures for the two-way slab system. 
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TABLE 5.1 COMPARISON OF ULTIMATE LOAD CAPACITIES 

Study Series Slab Dimensions Ultimate Load Capacity 

Span Thickness % Steel Static Dynamic 

inches inches psi psi 

This study I 29 0.89 0.78 23.2 28.7 
II a 29 0.89 1.17 36.5 45.5 

Reference 2 I 90 2.625 0.78 7,7 11.0 
III a 90 2.625 1.17 11.8 15.0 

a Series II and III slabs each had 1.17 percent steel reinforcement. 
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