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SUMMARY 

The objectives of this investigation were to study experimentally 

the response of deep, two-way reinforced and plain concrete slabs subjected 

to static overpressures and to determine the response to failure of deep 

slabs subjected to airblast overpressure. In the static program, tests 

were conducted on twenty-one deep-slab specimens having a constant span- 

to-thickness ratio of b.12. The parameters varied during the tests were 

the steel percentage and concrete strength; also the study included tests 

on plain concrete slabs. Six additional deep slabs were included in a 

field test, with three slabs having a span-to-thickness ratio of 3.5 and 

three a ratio of 2.6. All of the slabs had a model scale ratio of 1/7 of 

the assumed prototype deep slab, had a constant square length of 30.2j 

inches, and were supported flat over a 2U-inch-diameter clear span. The 

magnitude of static failure overpressures ranged from 695 psi for the 

low strength plain concrete slabs to 1,^32 psi for the slabs containing 

reinforcement and having a high concrete strength of 4,590 psi. The slabs 

tested in the field were subjected to an apparent airblast overpressure 

of approximately 5,000 to 6,000 psi. Collapse of the slabs was instan¬ 

taneous and very catastrophic, and the mode of failure for all slabs was 

shear. The results from the static tests indicated that the slabs had 

low ductility ratios of approximately 2 to 3. The tests have shown that 

increase in tensile reinforcement from 0.99 to 1.49 percent does not ap¬ 

preciably change the resistance of the slab. The failure overpressures 

for plain concrete deep slabs were less, although not significantly, than 

those for reinforced concrete slabs with comparable concrete strengths. 

In the field test, the airblast overpressure was greater than that required 

to fail the slabs; however, there was no evidence to indicate that the 

dynamic load capacities were lower than the static load capacities. 
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RESPONSE OF DEEP REINFORCED AND UNREINFORCED 

CONCRETE SLABS TO STATIC AND 

DYNAMIC LOADING 

By Gayle E. Albritton,1 A.M. ASCE 

INTRODUCTION 

APPROACH 

The entrance systems for hardened facilities, i.e. missile silos, com¬ 

mand or control centers, etc., must be designed to resist high overpressures. 

It is reasonable to expect that such facilities may be located in regions 

subjected to overpressures greater than 1,000 psi. For this reason, deep, 

reinforced concrete s.^abs, which have a much greater load-carrying capacity 

than conventional shallow slabs, are considered feasible for such systems. 

Currently, only limited experimental information is available concerning the 

response of such deep structures. Therefore, there is a need to examine 

target-analysis procedures and to determine experimentally the response of 

deep slabs to high-intensity transient loads. The study reported herein 

is a summary of the work to date on a continuing eifort to accomplish this 

task. 

OBJECTIVES 

The general objective of this investigation was to determine the re¬ 

sponse of deep, reinforced concrete slabs subjected to airblast from 

nuclear detonations, and to evaluate procedures for analyzing the target 

■^Project Manager, Projects Group, Protective Structures Branch, Nuclear 

Weapons Effects Division, U. S. Arm;'- Engineer Waterways Experiment Station. 
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vulnerability of structures of this nature. Specifically, the objec¬ 

tives were to study experimentally the response of deep, two-way reinforced 

and plain concrete slabs subjected to static overpressures and to determine 

the response to failure of deep slabs subjected to airblast overpressure in 

the field. 

SCOPE 

In this study, static tests were conducted on twenty-one deep-siab 

specimens having a constant span-to-thickness ratio, l/t, of 4.12. Six 

additional deep-slab specimens were included in a field test, with three 

slabs having an l/t ratio of 3-5 and three a ratio of 2.6. All of the 

slabs had a model scale ratio of l/7 of the assumed prototype deep slab, 

had a constant square length of 30.25 inches, and were supported on flat 

steel plates over a 24-inch-diameter clear span. The parameters varied 

during the tests were the steel percentage and concrete strength; also, 

the study included tests on plain concrete slabs. 

EXPERIMENTAL PROCEDURES 

» 

DESCRIPTION OF STATIC TEST SLABS 

The static teut program was conducted in three tasks with the slabs 

in each task having one major variable parameter. All slabs had similar 

geometries with a constant l/t ratio of 4.12 (Fig. l). For Task A, the 

nine slabs had two-way tensile and compressive reinforcement percentages 

of 0.99 and 0.50, respectively (Fig. l'; however, the concrete compressive 

strength was varied for each of the three series of slabs as given in 

Table 1. For Task B, the parameter varied was the reinforcement: three 

slabs had increased tensile reinforcement of 1.49 percent, and three slabs 

2 
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PLAIN CONCRETE 

PHASE 1 TEST PARAMETERS 

NO. OF 
SPECIMENS L/t L/d 

P 
pet 

p* 
pet 

TASK A 
4.12 

4.12 
4.12 

4.67 
4.67 

4.67 

2390 
3370 
4590 

0.99 

^.99 
0.99 

0.50 
0.50 
C.50 

TASK B 

TASK C 

4.12 4.67 

4.12 — 

4.12 — 
4.12 — 

3600 
3320 

2730 
5250 

1.49 
0 

0.50 

0 

0 
0 

Fig. 1. Geometries and parameters of deep-slab static test specimens; 

dimensions in inches 
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were constructed of plain concrete (Fig- l). The six slabs in Task C were 

constructed of plain concrete with three slabs having a concrete strength of 

approximately 2,730 psi and three a strength of 5,250 psi. 

In order to ensure that anchorage failure would not occur during the 

tests, the tensile reinforcing bars were welded together at intersection 

points along the outside periphery of the reinforcing mat. The reinforce¬ 

ment used in all the slabs was commercially available, No. 3, deformed, 

intermediate-grade steel bars having a yield strength of approximately 

50,000 psi. The concrete mix for al] specimens consisted of 3/8-inch maxi¬ 

mum size limestone aggregates. 

DESCRIPTION OF FIELD TEST SLABS 

Six deep-slab specimens were included in the field test with three 

slabs each having l/t ratios of 3.5 and 2.6 (Fig. 2). Slabs that are 

deeper than those previously tested in the laboratory were used due to the 

high overpressure of the test. Additionally, the two l/t ratios were used 

in order to bracket the failure overpressure. 

The three slabs with an I*/t ratio of 3*5 were designed to have the 

same concrete strength of approximately 5,000 psi; however, two slabs had 

tensile and compressive reinforcement of 1.00 and 0.47 percent, respec¬ 

tively, and one slab consisted of plain concrete (Fig. 2 and Table 2). 

The three slabs having an l/t ratio of 2.6 were designed in the same manner 

except that the concrete strength was 3,150 psi and two slabs contained 

tensilt and compressive reinforcement of 1.02 and O.5I percent, respectively. 

It was anticipated that the shallower slabs with increased concrete strength 

and the deeper slabs with lower concrete strength would aid in bracketing 

the failure overpressure. One slab each of the two sets (Slabs A and B) was 
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TYPICAL section 

FIELD TEST PARAMETERS 

SLAB 

-NO. 

L/d fc P p' 
P»< pet pet 

A 3.5 3.88 

c 3.5 3.88 
6 3.5 -- 

5550 t 00 0 47 
5550 1.00 0.47 
4750 0 0 

B 

0 
F 

2.6 2.8 
2.6 2.8 
2.6 -. 

3150 1.02 0.51 

3150 1.02 0.51 
3150 0 0 

Fig. 2. Geometry and parameters of deep-slab field test 

specimens; dimensions in inches 
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constructed with internal bearing steel over the supports. 

<r 
The type reinforcing steel and concrete mix were the same as previously 

V- 

described for the static laboratory specimens. 

INSTRUMENTATION v 

During the laboratory static test program, longitudinal strain in the 

steel (when applicable) was measured for each slab at 12 locations including 

the strains at midspan. Concrete surface strains at the top face were 

measured at the center for each slab by means of a rosette-type gage. De¬ 

flection measurements were made at the slab midspan, at two locations at 

the inside edge of the support, and at two locations under the supported 

slab. Two pressure transducers mounted in the loading bonnet of the test 

device were used to measure the applied overpressure. 

In the field test, 36 channels of instrumentation were recorded. The 

measurements for each slab included four steel strains (where applicable), 

midpoint deflection and acceleration, blast overpressure, and the pressure 

beneath the slab. 

STATIC TEST FACILITY 

The tests were conducted in the pressure chamber of the Small Blast 

Load Generator (SBLG) that has an inside diameter of 46.5 inches (Fig. 3a). 

The dimensions of the SBLG determined the size of the reaction structure 

that could be placed in it and, hence, the maximum length of slabs that 

could be accommodated. A steel reaction structure (Fig. 3b), with a 24- 

inch-diameter clear span and capable of sustaining static or dynamic over¬ 

pressures of approximately 8,000 psi, was fabricated for use in all tests. 

This structure was designed to provide support extensions for changing 

support elevations to accommodate test slabs of various depths. During all 

6 
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b. Steel reaction structure 

Fig 3. Static test chamber and reaction structure 
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tests the tops of the slabs were sealed to prevent air or water pressure on 

the sides of the slabs. 

The initial slab tests were conducted in the 1,000-psi static test de¬ 

vice (Fig. 4a) of the SBLG. However, due to the requirement for higher 

overpressure to fail the slabs with high concrete strength as well as for 

deeper slabs, a 2,000-psi static test device vas constructed (Fig. 4b) and 

is currently being used in the deep-slab test program. 

FIELD TEST FACILITY 

The field test experiment was conducted in conjunction with a project 

by the Air Force Weapons Laboratory (AfWL) and utilized the High Explosive 

Simulation Technique (WEST) for producing the overpressure. The overpres¬ 

sure environment was produced by the detonation of PETN in the form of deto¬ 

nating cord and was applied to a 40-foot-wide by 60-foot-long test bed 

situated in rock. 

All specimens required a steel-shell structure to support the slabs 

during the test (Fig. 5&). Six support structures including the necessary 

hold-down rods and seal plates were constructed and placed in test pits 

which were excavated in the rock site. High strength concrete was cast 

around and beneath each support structure to complete the foundation 

(Fig. 5b). 

RESULTS AMD DISCUSSION 

STATIC TESTS 

Pertinent results obtained during the tests, i.e. maximum overpressure, 

maximum midpoint deflection, and mode cl failure, are summarized in Table 1. 

The initial tests on the A specimens we.e conducted with air overpressure. 

8 
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b. 2,000-psi device 

Static test devices 
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a. Typical slab support structure 

UflpMn 

b. Support structures and slabs 

Fig. 5. Dynamic test support structures and slabs 



Collapse of these slabs was instantaneous and very catastrophic (Pig. 6). 

The mode of failure was shear and a circumferential crack propagated from 

the edge of the support at approximately a 60-degree angle. This resulted 

in a sheared, cone-shaped element in the center portion of the slab. At 

collapse, the loading diaphragm ruptured, allowing the air overpressure to 

penetrate the slab and destroy the center concrete portion. 

Tests on the B and C specimens were conducted with water as the loading 

medium. The same type of failure was observed when using water as when using 

air; however, as collapse was initiated the pressure decayed very rapidly 

and the center of the slab did not punch through. This water-loading tech¬ 

nique vras more efficient as the transducers located below the slab were not 

destroyed during testing. Specimen 5C1 was tested twice to pressure that 

was beyond the rated maximum overpressure capacity of the 1,000-psi testing 

device; however, failure of the slab did not occur and the remaining tests 

on these specimens were conducted in the 2,000-psi static test device. 

One slab each out of the D and E series was tested using air as the load¬ 

ing medium in order to validate that the failure response was the same with 

either method, i.e. air or water. The results of the tests indicated that 

the response vías practically the same for either case (Pigs. 7 and 8). 

Tests on the D specimens, which had an increase in tensile reinforcement 

from 0.99 to 1.49 percent, indicate that the increase in tensile steel does 

not appreciably change the resistance of the slab. The E, G, and I speci¬ 

mens were constructed of plain concrete, and except for an increase in the 

number of tension cracks at failure, the response of these slabs was similar 

to that of the slabs with reinforcement. In addition, the failure overpres¬ 

sures for the plain concrete slabs were approximately the same, although 

11 



a. Top view 

b. Bottom view 

Fig. 6. Posttest view of deep slab 5A1 tested statically 

with air pressure (Ps0 * 953 psi) 
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b. Bottom view 

Fig. 7. Posttest view of deep slab 5D1 tested statically 

with water pressure (Ps0 53 1,04? psi) 
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consistently less, as those for the reinforced concrete slabs with comparable 

concrete strengths (Fig. 14). This appears to have resulted from induced 

compression forces into the plane of the slabs caused by significant friction 

between the bottom of the slab and the support. 

Ductility ratios for a number of the slabs tested are given in Table 3« 

As expected for deep slabs the ductility ratios are low; however, an increase 

in the tensile steel (D specimens) resulted in somewhat higher ductility 

ratios. The pressure with respect to midspan deflection is plotted in Fig. 9 

for Slab 5B3 and is typical for the deep, reinforced concrete slabs tested. 

The magnitude of failure overpressures ranged from 695 psi for the low 

strength plain concrete slabs (f^ = 2,720 psi) to 1,432 psi for the slabs 

containing reinforcement and having a high concrete strength of 4,590 psi. 

FIELD TEST 

Peak value results obtained during the field test, i.e. overpressure and 

rise time, midpoint deflection and acceleration, and the mode of failure, 

are summarized in Table 2. General views of the slabs after removal of debris 

resulting from the shot are shown in Fig. 10. Posttest top views of each 

deep-slab specimen are shown in Fig. 11 and bottom views of the slabs contain¬ 

ing reinforcement are shown in Fig. 12. 

As shown in Figs. 10 to 12 all of the slabs failed and the mode of fail¬ 

ure was shear. The failure patterns were similar to that for the slabs tested 

statically in the laboratory (Figs. 6 to 8). However, specimens E and F that 

were plain concrete slabs also had bearing failures on the short supported 

sides. It is believed that this crushing at the supports was caused by the 

overpressure being in excess of that anticipated (35000 psi). Additionally, 

this excess in pressure is somewhat verified by the high accelerations 

15 
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bottom view of deep slabs tested in field Posttest 
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measured (sreater than 10,000 g's)- ™ ^ 

approximately 5,000 to 6,000 pal »1th a rlae time of approximately 0.1 maec. 

At this time (0.1 msec), the blast pressure ßage measurements became invalid 

due to the extreme amount of heat resulting from the shot and affecting the 

ga8e response. The predicted failure overpressures for the slabs are tabu¬ 

lated In Table 2 and »i e computed based on static Information (see section 

on Response Analysis). Based on these predictions it would have taken ap¬ 

proximately 4,880-psi pressure to fail the slabs having an l/t ratio of ..6. 

During the writing of this paper, no experimental data were available 

to use for describing the response to failure of deep slabs subjected to 

dytuunic loading. However, dynamic nondestructive tests were conducted on 

slabs having l/t ratios of 5.5, 4.88, and 3.55 (References 2 and 3) and 

from these tests there was no evidence to Indicate that the dynamic load 

capacities were lower than the static load capacities. If there is a change 

In the slab response, it is believed that it would be beneficial due to the 

possible increase In the concrete compressive strength under dynamic loading 

conditions, hence, from an attack point of view, this procedure would be 

proper for predicting target response. As reported in Reference 5, shear 

properties of concrete should increase under dynamic loading; however, the 

s.», problem exists no. as it did then (1962), i.e. little data exist on 

this subject, especially for deep members. 

RESPONSE. ANALYSIS 

Summarised here are the only applicable and available solutions based 

on experimental data for defining the static failure overpressure of deep 

slabs. Shear stress in the slab was used as the basic criteria in the solu¬ 

tions, since available experimental results have shown that the governing 

20 



mode of failure of deep slabs is shear (References 1 to 4). 

An empirical solution for predicting the ultimate shear stress and, 

hence, the failure overpressure of deep slabs surported flat over a circular 

opening has been formulated by the University of Illinois (References 2 and 

4). The solution is based on experimental date from tests on deep, circular 

dabs having an l/t ratio of 3-5- It was found that for circular slabs the 

ultimate shear stress, vu , is a function of {Fc and is represented by the 

following expression: 

vu = , psi ^1) 

where 

k = an empirical constant 

f = compressive strength of concrete 

and occurs on a section equal to the full slab thickness, t , and located a 

distance t from the face of the support. It was determined that the 

empirical constant k had values ranging from 9*0 to 13.5 and an average 

value of 11.2. The failure overpressure, Ps0 , was found to be equal to 

V multiplied by the ratio of the shear area, ASH , and the loaded shear 

area, A^ . 

The results of the static tests reported herein on deep, square slabs 

having an l/t ratio of 4.12 have been used to modify the solution and make 

it applicable for slabs having this geometry (Fig. 13). Based on these re¬ 

sults, two modifications were made to the solution as follows: (l) the 

ultimate shear stress is located a distance, t/2 , from the face of the sup¬ 

port; and (2) the empirical constant, k , for determining the ultimate shear 

stress was found to have maximum, average, and minimum values of l6.4, 13.1> 

21 



r/d L-l 1/2 

WHERE: 

Vu = ULITMATE SHEAR STRESS = k-/F 

= SHEAR AREA = TTt (L - t) 

At = LOADED SHEAR AREA = y (L - t)2 

k = EMPIRICAL CONSTANT HAVING RANGE OP 
VALUES OP 16.4, 1S.1, AND 10.3 

Fig. 13. Empirical solution for predicting failure 

of deep, square slabs 
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and IO.3, respectively. These changes resulted in the following empirical 

solution for predicting the static failure overpressure, Pso , of deep, 

square slabs: 

where 

Aou = shear area = fft(L - t) 
on 

= loaded shear area = ^ (L - t) 

The relation between deep-slab static failure overpressure and the con¬ 

crete compressive strength is shown in Fig. 14. One of the significant re¬ 

sults that has been determined from this investigation, and is presented in 

the figure, is that the failure overpressure appears to be primarily dependent 

on the strength of the concrete in the slab. The predicted failure overpres¬ 

sures using the modified solution (Eq. 2) are plotted in Fig. 14 and appear 

to form a reasonable bound for the data. This solution is sufficient for 

deep, square slabs having an L/t ratio of 4.12, and it is anticipated that 

when experimental data are available for deeper slabs the solution can be 

modified to predict deep-slab failure overpressures for the full range of 

span-to-thickness ratios (from 4.12 to I.89) of interest. 

CONCLUSIONS 

STATIC TESTS 

The conclusions drawn herein are based on experimental tests of deep, 

reinforced and plain concrete slabs having a span-to-thickness ratio of 

4.12 and a square geometry, and supported flat over a circular span. 

Mode of Failure. The governing mode of failure for square, deep, 

23 
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overpressure and concrete strength 

2b 



reinforced and plain concrete slabs was shear. Collapse of the slab ï was in¬ 

stantaneous and very catastrophic. At collapse, a circumferential crack had 

propagated from the edge of the support at approximately a 60-degree angle 

and resulted in a sheared, cone-shaped element in the center portion of the 

slab. 

Concrete Strength. From the tests conducted in the deep-slab study, one 

of the significant results obtained is that failure of the slabs is primarily 

dependent on the concrete compressive strength. When determining the target 

vulnerability of such structures, this effect is significant since the amount 

of reinforcing steel does not have to be taken into account in predicting the 

failure overpressure. 

Reinforcement. The tests have shown that increase in two-way tensile 

reinforcement from 0.99 to 1.49 percent does not appreciably change the 

resistance of the slab. 

Plain Concrete Slabs. The failure overpressures for the plain concrete 

slabs having compressive strengths in tne range of 2,500 to 5,000 psi were 

somewhat less, although not significantly, than these for the reinforced 

joncrete slabs with comparable concrete strengths. This considerable resist¬ 

ance of the plain concrete slabs appears to have been produced by significant 

friction between the bottom of the slab and the support and resulted in in¬ 

duced compression forces into the plane of the slabs. 

Ductility Ratio. The results indicated that the reinforced concrete 

slabs had low ductility ratios of approximately 2 to 3. The plain concrete 

slabs appeared to have no ductility and collapsed completely. 

Response Analysis. The results from these tests on deep, square slabs 

have been used to modify an existing empirical solution based on shear 

25 
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stress eriteri« for clr01llar slabs ^ ^ lt appllc|lble for slabs 

this geometry. 

FIELD TESTS 

Six deep, reinforced and plain concrete slabs having span-to-thiclmess 

ratios of 3.5 and 2.6 »ere snbjeoted to an apparent airblast-induced overpres- 

sure of approximately 5,000 to 6,000 p.1. jh. TO.aurea ovarprass„a ms 

greater than anticipated and as a result failure of all slabs occurred. The 

.ode of failure »as shear, and from posttest visual examination of the slabs 

their response appeared to be similar to the shallcer deep slabs tested 

statically. Although the overpressure »as greater than that reared to fail 

the slabs, there »as no evidence to indicate that the dynamic load capacities 

were lower than the static load capacities. 
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TABLE 3 STATIC RESULTS, DUCTILITY RATIOS 

Slab No. 

5A2 

5A3 

5B1-2 

5B3 

>D1 

5D2 

5C1-3 

Yield Deflection 

A 
y 

inches 

0.07 

O.Oh 

0.11 

0.05 

0.10 

0.07 

0.l6 

Ultimate Deflection 

inches 

0.12 

0.13 

0.23 

O.lU 

0.32 

0.27 

0.45 

Ductility Ratio 

“ ‘ VAy 

1.72 

3.25 

2.09 

2.80 

3.20 

3.86 

2.8l 
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APPENDIX II.—NOTATION 

The following symbols are used in this paper: 

AL = loacied shear area on surface of slab, inches2 

p 
Agjj = shear area, inches 

d = effective depth, distance from top compressive fiber to centroid of 
tensile reinforcement, inches 

f^ = compressive strength of concrete, psi 

k = empirical constant for determining the ultimate shear stress in 
deep slabs 

L = clear span length of slabs, inches 

p = ratio of area of tensile reinforcement to effective area of concrete, 
percent 

p1 = ratio of area of compressive reinforcement to effective area of 
concrete, percent 

Pso := static overpressure to produce failure of slab, psi 

t = total thickness of slab, inches 

vu = ultimate shear stress in deep slabs, psi 

Au = ultimate midpoint deflection, inches 

Ay. = deflection at yield, inches 

H = ductility ratio, \/Ay 

n = a constant (3.14) 
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