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SUMMARY 

The objectives of this study were to develop and represent the pressure 
distribution on the surface of a buried, simply supported flat plate subjected 
to static and airblast overpressures. The plate was 24 in. square and buried 
in dense, dry sand to a depth of one-half span, and subjected to static sur
face overpressures ranging from 0 to 75 psi and airblast overpressures at the 
surface ranging from 29 to 65 psi. The plate was instrumented with thirteen 
soil-stress gages to measure the soil-stress or pressure distribution, and a 
load cell was used to measure the total reaction of the plate. A surface rep
resented by a third order polynomial was fitted to the experimental data to 
represent graphically the pressure distribution and to facilitate the computa
tion of the value (force) of the volume under the surface so that it could be 
compared with the value of force measured by the reaction load cell. The re
sults indicate that the load on the plate, for both the static test and the 
dynamic test for times when the comparison was valid, was considerably greater 
than the reaction. The static soil stress, represented in nondimensional form 
as the ratio of soil stress to overpressure, remains relatively constant during 
loading but increases during unloading. The dynamic soil-stress overpressure 
ratio, above a certain overpressure level, increases from below unity at the 
center of the plate to above unity at the supports, and the distribution and 
variation with time essentially remain the same. 



PRESSURE DISTRIBUTION ON A BURIED FLAT PLATE 

SUBJECTED TO STATIC AND AIRBLAST 

OVERPRESSURES 

1 
J. P. Balsara 

R. S. Cummins, Jr.
2 

INTRODUCTION 

The redistribution of pressure on a buried structure subjected to the 

blast effects of nuclear weapons is dependent on the surface pressure-time 

history, the geometry and flexibility of the structure, and the soil charac

teristics. The basic problem ti-om an analytical or numerical approximation 

standpoint is to formulate a mathematical model that describes the pressure 

transmitted to the structure. Experimentally the problem is that of meas-

uring stresses at discrete locations on the surface of the structure with 

transducers that do not influence the magnitude of the pressure recorded at 

such locations. For an ideal case, a precise me_asm:ement_ requires_ that- a-

gage deform in exactly the same manner as the structure at each gage loca-

tion. The gage itself behaves as a small structure and the load distri-

bution over its surface is affected by the deformation characteristics of 

the gage relative to the structure. The development and evaluation of some 

of the on-structure stress gages used in protective structures research are 

1
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reported by Faust and Ingram (4), and Reiff and Linger (11). 

In a buried configuration, a structure with a cylindrical geometry 

redistributes the pressure to transmit it primarily by a compressive mode 

thereby increasing its load-carrying capacity, as discussed by Meyer and 

Flathau (9) and Dorris (2). For flat slab-type structures, redistribution 

of pressures results in redistributions of shearing forces and bending 

moments, not necessarily beneficial to structural response. 

This study was primarily intended as the first phase in an experimental 

modeling program concerning buried, simply supported, reinforced concrete 

slabs subjected to airblast overpressures. Since scaled response is de

pendent on proper scaling of pressure-time loading inputs, it was considered 

necessary to investigate first the redistribution of stress on the outer 

surface of the buried structure caused by both static and transient airblast 

loadings applied to the soil surface. 

The objective of this study was to develop a procedure to measure and 

represent graphically the pressure distribution on the surface of a buried, 

simply supported, flat plate, showing variation of pressure with time. 

For this study only tests in dense, dry sand were conducted with the 

depth of burial of the plate e~ual to one-half the span for both static and 

airblast overpressure loadings that caused the plate to respond elastically. 

However, in-place calibration tests were conducted at zero depths of burial. 

The results from one dynamic test at zero depth of burial, and one static 

run and three dynamic tests at one-half span depth of burial are presented. 

EXPERJMENT.AL PROCEDURE 

The on-structure soil-stress gage used in this investigation was 
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developed at the Waterways Experiment Station (WES). The gage, shown in 

Fig. 1, is of the column type constructed from 6061-T6 altnninum alloy with a 

rectangular coltnnn section of 0.375 in. by 0.045 in. and a column length of 

1 in. The diameter of the circular loading head is 0.5 in. A full strain-

gage bridge was used by placing two gages along the load axis and two gages 

in the transverse direction. 

At an incident pressure of 100 psi, the true strain, e y 
in the coltnnn 

is 116 µin./in. The apparent strain output from a bridge hooked up as 

described above is 

e := 2e (1 + 'J) 
a Y 

If Poisson's ratio, \J, is taken as 0.33, then e = 312 µin./in. a 

The entire test assembly, shown in Fig. 2, consisted of a 0.67-in.-thick 

steel plate instrumented with 13 soil-stress gages and simply supported on 

a load collector fabricated from fiber-glass-reinforced resin. The assembly 

was supported on a single load cell and inclosed in a rectangular steel 

box. The load cell, which has- a diameter of l.625 in., can produce an ap-

parent strain output of 2463 µin./in. for a 100-psi applied loading. To 

meet the simply supported boundary conditions, the four corners of the plate 

were held down by a bolt-pin assembly which prevented the corners from 

rising but at the same time allowed horizontal movement. 

The tests were conducted in the Blast Load Generator (BLG) facility at 

WES described by Flathau (5). The Small Blast Load Generator (SBLG), shown 

in Fig. 3, is a 4-ft-diam facility which consists of stacked rings capped 

with a static or dynamic bonnet. The rings can be stacked over a 9.5-ft soil 

column below floor level or on a rigid base at floor level. A more 
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comprehensive description of the facility is given by Albritton (1). 

The 9.5-ft soil column formed the base for the tests conducted in this 

stu~. The test assembly rested on a 1-ft layer of sand over the floor 

level. The necessary number of rings were stacked to build up the cover. 

To minimize sidewall friction effects, a greased liner3 was provided from 

the soil surface to the floor level. In addition, a membrane was provided 

over the soil surface to prevent air pressure from penetrating the voids. 

In aJ.l cases, the depth of buriaJ. was measured from the bottom of the mem

brane to the top of the plate. During the ~runic shots, a 1/2-in. loose 

cover of sand protected the membrane from the heat generated by the 

explosion. 

The soil density was controlled from l ft below the base of the box by 

showering the sand from a predetermined height. The soil sample was rebuilt 

for each test. 

The soil used in the tests is known as Cook's Bayou sand. It is a 

uniform, fine sand with only a negligible percentage finer than the No. 200 

sieve. Its maximum and minimum dry unit weights are 110. S- and 93. 3 pcf, 

respectively. The angle of friction increases from 34.5° to 42.0° as 

the dry unit weight increases from 98,5 to 109.0 pcf. Durbin (3) and Kenne~ 

et aJ.. (6) give information on the pr~perties and stress-strain characteris-

tics of this sand. 

The static and airblast overpressures were measured by a comrnerciaJ.ly 

available strain gage-type pressure transducer screwed into the bonnet of 

3:oescribed by P. F. Hadala in "Sidewall Friction Reduction in Static and 

Dynamic Small Blast Load Generator Tests," U. S. Army Engineer Waterways 

Experiment Station, Vicksburg, Miss. (in preparation.). 
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the SBLG. Fig. 3 shows a pressure transducer mounted between the two firing 

tubes. The plate deflections relative to the supports were measured by a 

linear variable differential transformer. Light beam galvanometer oscillo-

graphs with a frequency response of 1000 cps and paper speed of 160 ips were 

used in the dynamic tests to record the amplified output for the data 

channels used in this study. 

The static tests were conducted by applying air pressure in increments 

of approximately 10 psi during loading and decreasing by approximately 20 psi 

during unloading. Dynamic tests were conducted in the SBLG by detonating 

explosives in the firing tubes which are surrounded by baffles to create 

an airblast shock that produces a uniform pressure over the soil surface. 

Zero· time is recorded when the explosive is detonated and indicated on 

all records by a discontinuity in the time trace. 

SURFACE FIT 

The stress at the soil-structure surface is approximated mathematically 

by a polynomial of the form 

3 
q(x,y) 2= 

i,j=O 

i j 
a .. x y 

l.J 
(1) 

It is assumed that the surface is symmetrical and the n experimental data 

points can be collapsed to one octant of the square plate, making the coef-

ficients aij equal to aji . It is also assumed that the slope of the 

surface at the center of the plate is zero, so that 

8 
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Eq. 2 can be satisfied if 

:: 0 (3) 

These conditions reduce the number of coefficients in Eq. 1 from sixteen 

to six. The equation can be written as 

q(x,y) 

2 2 2 2 
+ a22 x y + a

23 
x y (x + y) 

(4) 

Eq. 4 can be expressed as 

q(x,y) 

where 

2 2 x y , x
5 

2 2 
x y (x + y), x6 (5) 

and the corresponding coefficients are replaced by a
1

, a2 , ... a6 . 

The coefficients can be detennined by solving the six nonnal equations 

obtained by the least squares method (see Natrella (10)). 
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n n n n 

L: 2 l: ~kx2k +. • .+ a6 L: ~kx6k L: ~k~ al XJ:k + a2 = 

k=l k=l k=l k=l 

n n n n 

al L: x2kXJ.k + a2 L: ~k + ••• + a6 L: xi_kx6k = L: x2k~ (6) 

k=l k=l k=l k=l 

n n n n 

al L x61 XJ.k + a2 L x6kx2k + • • • + a6 L ~k = L x6k~ 
k=l k=l k=l k=l 

The X's a.re determined exactly by the location of the 13 soil-stress gages, 

and the Q's a.re experimental values obtained from soil-stress measurements. 

~RESEN'l'ATION OF RESULTS 

The data from the 13 soil-stress gages, the load cell, and the over-

pressure gage were input into a computer program which solved for the six 

coefficients and computed values of soil stress (the terms soil-stress 

distribution and pressure distribution are used interchangeably) at locations 

on a 5 by 5 grid of one quadrant of the plate. The total load on the plate 

was computed by evaluating the integral 

l q(x,y) dA (7) 

The six coefficients are input to another program which outputs the 

oblique projection plots displayed in this paper. The plots a.re non-

dimensionalized by dividing the soil stress by the overpressure and the 

x and y direction by the quadrant length. The quadrant length is one-half 
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the distance between supports, the distance between the supports being 

22.5 in. and the overall length being 24 in. The integration of E~. 7 is 

carried out for ~ length of 24 in. 

RESULTS AND DISCUSSION 

Static Tests.--A zero depth of burial (no soil cover) static test was 

conducted for the purpose of correlating the values obtained from the 

bonnet gage that measured the overpressure in the test chamber, the soil-

stress gages that measured stress on the plate, and the load cell that meas-

ured the total load applied to the slab. The following values summarize 

the results at one pressure level: 

Bonnet Soil Stress 2 J2Si 
Pressure Standard Load Cell 

J2Si Mean Value- Deviat-'ron- kips 

44.89 49.34 4.77 25.48 

The total load on the plate calculated from the bonnet pressure is 25.89 

kips, which is less than 2 percent different from the load-cell reading. The 

higher values for the soil-stress gages are probably caused by errors intro-

duced by the nonlinear calibration associated with this gage for relatively 

low outputs of the magnitude recorded for this test. 

The results of the 12-in. depth of burial static test are shown at sur

face overpressure (p ) intervals of approximately 10 psi for the load cycle so 

and 20 psi for the unload cycle in Figs. 4 and 5, wherein the experimental 

data are compared to the values canputed from the surface fit at gage loca-

tions collapsed to one octant of the plate. The duplicate gages at two 

locations show maximtml variations in stress of approximately 10 percent 

except at the first pressure level of 8.3 psi. The deviations from the 

11 
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third order, fitted surface are considered reasonable. The gage at the 

center of the plate malfunctioned and the surface remains unchecked except 

for the imposed zero slope condition at the origin. 

Shown in Figs. 6 through 16 are nondimensional plots of pressure dis

tribution on one quadrant of the plate. The plots are almost identical for 

the load cycle, but during unloading the ratio of soil stress to overpressure 

increased to more than double the corresponding values of the load cycle. 

Comparisons of load and unload distribution can be made at surface pressures 

of 54.7, 35.4, and 17.9 psi. The reason for the stress magnification on 

unload is probably due to the stiff soil-stress gage pushing into the par

tially locked soil mass. McNulty's (8) study of arching in sand shows that 

very small structural deflections cause significant changes in load. The 

dependence of the total load on the plate on the deflection of the plate is 

illustrated in Figs. 17a and b. The total load on the plate during the 

load cycle is approximately 1.4 times the total reaction. During the un

load cycle the ratio increases to 1.78, The discrepancy between the total 

load on the plate and the reaction is probably due to the difference in 

the deformation characteristics of the soil-stress gage, the plate, load 

collector, and load cell. The need for improved on-structure soil-stress 

measurements is evident from these plots. Assuming that the load cell 

measuring the reaction accurately represents the total load on the plate 

a correction to the surface can be made by altering the coefficients by a 

constant multiplier so that the total load on the plate equals the total 

reaction. The variations of the six coefficients with surface overpressure 

are shown in Fig. 18. The kink in the curve occurring at pressures between 

45 and 55 is probably attributable to the increasing stiffness of the 
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STATIC TEST (LOAD) 

DOB= 12.0 IN 
Pso = 8.3 PSI 
QL = 11.25 IN 

QU4DRANT LENGTH, X DIRECTION 

Fig. 6. Soil-stress distribution across one quadrant of 
plate for static surface overpressure of 8.3 psi 

STATIC TEST (LOAD) 

DOB= 12.0 IN 
Pso "17.9 PSI 
QL = 11.25 IN 

QU4DRANT LENGTH, X DIRECTION 

Fig. 7. Soil-stress distribution across one quadrant of 
plate for static surface overpressure of 17.9 psi 



STA TIC TEST (LOAD) 

DOB= 12.0 IN 
Pao= 26.7 PSI 
QL = 11.25 IN 

QUADRANT LENGTH, X DIRECTION 

Fig. 8. Soil-stress distribution across one quadrant of 
plate for static surface overpressure of 26.7 psi 

STATIC TEST (LOAD) 

DOB= 12.0 IN 
P'° = 35.4 PSI 
QL = 11.25 IN 

QUADRANT LENGTH, X DIRECTION 

1<:1 

Fig. 9. Soil-stress distribution across one quadrant of 
plate for static surface overpressure of 35.4 psi 
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STA TIC TEST (LOAD) 

DOB= 12.0 IN 
P10 = 45.5 PSI 
QL = 11.25 IN 

QUADRANT LENGTH, X DIRECTION 

Fig. 10. Soil-stress distribution across one quadrant of 
plate for static surface overpressure of 45.5 psi 

STATIC TEST (LOAD) 

DOB= 12.0 IN 
Pso = 54.7 PSI 
QL = 11.25 IN 

QUADRANT LENGTH, X DIRECTION 

Fig. 11. Soil-stress distribution across one quadrant of 
plate for static surface overpressure of 54.7 psi 



STATIC TEST (LOAD) 

DOB= 12.0 IN 
Pso = 63.9 PSI 
QL = 11.25 IN 

QOADRANT LENGTH, X DIRECTION 

Fig. 12. Soil-stress distribution across one quadrant of 
plate for static surface overpressure of 63.9 psi 

STATIC TEST (LOAD) 

DOB= 12.0 IN 
Pso = 73.1 PSI 
QL = 11.25 IN 

QUADRANT LENGTH, X DIRECTION 

Fig. 13. Soil-stress distribution across one quadrant of 
plate for static surface overpressure of 73.1 psi 
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STATIC TEST (UNLOAD) 

DOB= 12.0 IN 
Pso = 54.7 PSI 
QL = 11.25 IN 

QUADRANT LENGTH, X DIRECTION 

' 

Fig. 14. Soil-stress distribution across one quadrant of 
plate for static surface overpressure of 54.7 psi 
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STATIC TEST (UNLOAD) 

DOB= 12.0 JN 

"' "' "' 

Pio = 35.4 PSI 
QL = 11.25 IN 
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Fig. 15. Soil-stress distribution across one quadrant of 
plate for static surface overpressure of 35.4 psi 
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STATIC TEST (UNLOAD) 

DOB= 12.0 IN 
Pso = 17.9 PSI 
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Fig. 16. Soil-stress distribution across one quadrant of 
plate for static surface overpressure of 17.9 psi 
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sand or to an inflection in the stress-strain characteristics at this pres-

sure level. 

Dynamic Tests.--The results of the dynamic test at zero depth of burial 

are shown in Fi~. 19. For the zero depth of burial there is in reality a 

1/2-in. soil cover over the membrane, as explained earlier in the description 

of the experimental procedure. The airblast overpressure (shown by dashed 

line on airblast overpressure-time trace) was 54 psi. The soil-stress gages 

on the plate registered values ranging from 61.9 psi at the center to 83.6 

psi near the corner. The overregistration is probably caused by the 1/2-

in. layer of sand over the plate. The total reaction measured by the load 

cell includes the inertial effect of the plate and the load collector. As 

the motion diminishes, the total load on the plate should equal the value 

recorded for the load cell but, as in the static case, the total load on the 

-plate -i-s nigher. A comparison or -P D
2 with the load-cell reading indiso 

cates more load transferred to the plate in the dynamic case than in the 

static case where the two were nearly equal during the loading cycle. 

The experimental results and the surface fit values for the first 

dynamic shot at a 12-in. depth of burial are shown in Fig. 20. The ratio 

of the load on the plate to the reaction varies from 1.14 at 8.1 msec to 

1. 67 at 30 msec. 

Shown in Figs. 21 through 24 are the stress distribution plots at four 

different times. A significantly different characteristic of these plots 

is the decreasing stress distribution at the corner. Mason et al. (7) meas-

ured stress distributions on a 6-in.-diam right circular cylinder at 

varying depths for dynamic input pressures. Below a critical depth, the 

stress distribution was greater than the free-field stress at the center of 
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DYNAMIC TEST 

DOB= 12.0 IN 
P,0 = 28.B PSI 
QL = 11.25 IN 

T = 3.1 MSEC 

___ .. 
,, 

,, ,, ,, 

QUADRANT LENGTH, X DIRECTION 

Fig. 21. Soil-stress distribution across one quad.rant of 
plate for dynamic test 1 at 3.1 msec 

DYNAMIC TEST 

DOB= 12.0 IN 
P10 = 28.8 PSI 
QL = 11.25 IN 

T = 8.1 MSEC 

___ .. 
,, ,, , ,, , ,, , 

QUADRANT LENGTH, X DIRECTION 

Fig. 22. Soil-stress distribution across one quad.rant of 
plate for dynamic test 1 at 8.1 msec 

27 

w 

"' a 
;:] 

"' ... 
"' w 
> 
0 
~ 
;:] 

"' t;; 
..J 

~ 
0 ;::: 
~ 

w 

"' ~ w 
g: 
"' w 

~ 
w 

"' t;; 
..J 

~ 
o· 
;::: .. 
"' 



.; 
.; 

DYNAMIC TEST 
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Fig. 23. Soil-stress distribution across one quadrant of 
plate for dynamic test 1 at 13.4 msec 

DYNAMIC TEST 

DOB= 12.0 IN 
P,0 = 29.5 PSI 
QL = 11.25 IN 
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Fig. 24. Soil-stress distribution across one quadrant of 
plate for dynamic test 1 at 30.0 msec 
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the structure and decreased to a value lower than free field at the edge. 

Above the critical depth, they found the stress distribution varying from 

slightly above free field at the center to larger values at the edge. 

The experimental data, surface fit values, and stress distribution for 

the second and third dynamic shots at a 12-in. depth of burial are shown in 

Figs. 25 through 36. The distributions, which are similar for both dynamic 

shots, increase in magnitude for times up to 12 msec after zero time. The 

deflection of the center of the plate reaches a maximum value at 15 msec 

after zero time. The rate at which the displacement of the plate changes 

seems to influence the rate at which the values of stress increase for the 

soil-stress gages located on the plate. 

CONCLUSIONS 

The following conclusions are based on one depth of burial in dry sand 

and a limited pressure range. 

1. The ratio of the static soil stress to overpressure is higher 

during the unload cycle than during the load cycle. The ratio remains 

relatively constant during the load cycle and increases during the unload 

cycle. 

2. The dynamic soil-stress distribution varies with overpressure and 

time. Above a certain overpressure level, the distribution and variation 

with time essentially remain the same. 

3. The overregistration of the total load on the plate, determined 

from the pressure surface fit utilizing values obtained from the on-structure 

soil-stress gages, compared to the reaction measured by the single load cell 

was considerably greater for both the static and dynamic tests at times 
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DYNAMIC TEST 

DOB= 12.0 IN 
Pso = 37.8 PSI 
QL = 11.25 IN 

T = 4.0 MSEC 

0 
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QUADRANT LENGTH, X DIRECTION 

Fig. 26. Soil-stress distribution across one quadrant of 
plate for dynamic test 2 at 4.0 msec 
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DYNAMIC TEST 

DOB= 12.0 IN 
Pso = 43.7 PSI 
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Fig. 27. Soil-stress distribution across one quadrant of 
plate for dynamic test 2 at 5.5 msec 
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DYNAMIC TEST 

DOB= 12.0 IN 
P,0 = 40.9 PSI 
QL = 11.25 IN 

T:7.1 MSEC 

111 

QUADRANT LENGTH, X DIRECTION 

Fig. 28. Soil-stress distribution across one quadrant of 
plate for dynamic test 2 at 7.1 msec 
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DYNAMIC TEST 

DOB= 12.D IN 
Pso =40.7 PSI 
OL = 11.25 IN 
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Fig. 29. Soil-stress distribution across one quadrant of 
plate for dynamic test 2 at l~.6 msec 
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Fig. 30. Soil-stress distribution across one quadrant of 
plate for dynamic test 2 at 30.0 msec 
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DYNAMIC TEST 

DOB= 12.0 IN 
Pao =SB.O PSI 
QL = 11.2S IN 

T = 3.6 MSEC 

QUADRANT LENGTH, X DIRECTION 

Fig. 32. Soil-stress distribution across one quadrant of 
plate for dynamic test 3 at 3.6 msec 



DYNAMIC TEST 

DOB= 12.0 IN 
P,. = 65.4 PSI 
QL = 11.25 IN 

T = 5.2 MSEC 
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Fig. 33. Soil-stress distribution across one quadrant of 
plate for dynamic test 3 at 5.2 msec 
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DYNAMIC TEST 

DOB: 12.0 IN 
P,0 : 59.6 PSI 
QL: 11.25 IN 
T: 6.2 MSEC 
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Fig. 34. Soil-stress distribution across one quadrant of 
plate for dynamic test 3 at 6.2 msec 
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DYNAMIC TEST 

DOB= 12.0 IN 
P10 = 63.0 PSI 
QL = 11.25 IN 

T = 12.2 MSEC 
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Fig. 35. Soil-stress distribution across one quadrant of 
plate for dynamic test 3 at 12.2 msec 
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DYNAMIC TEST 

DDS= 12.0 IN 
Pso = 64.8 PSI 
QL = 11.25 IN 
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Fig. 36. Soil-stress distribution across one ~uadrant of 
plate for dynamic test 3 at 30.0 msec 
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greater than that when maximum deflection occurred in the plate (times 

greater than 15 msec for these tests). 

4. The test assembly used in these tests together with the procedure 

for obtaining the total loads can be used for static in-place calibration 

of on-structure soil-stress gages. 

5. The surface fit suitably represents the soil-stress distribution 

on the plate. 
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