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FOREWORD 

This study was conducted by personnel of the U. S. Army Engineer 

Waterways Experiment Station (WES) as part of Project 4A062118A880, 

Nuclear Construction and Engineering, Task 08, Work Unit 003, "Study of 

Ground Shock Induced Liquefaction as a Mechanism for Failure of Military 

Installations." This study was sponsored by the Office, Chief of Engi

neers, U. S. Army. 

The tests were planned by Mr. P. F. Hadala and conducted by 

Mr. L. L. Steen, Impulse Loads Section, Soil Dynamics Branch, Soils and 

Pavements Laboratory, WES, during the period October 1970-December 1971. 

The work was under the immediate supervision of Dr. J. G. Jackson, Jr., 

Chief, Impulse Loads Section, and under the general direction of 

Messrs. J. P. Sale and R. W. Cunny, Chiefs of the Soils and Pavements 

Laboratory and the Soil Dynamics Branch, respectively. This report was 

prepared by Mr. E. B. Perry, Impulse Loads Section. 

COL Ernest D. Peixotto, CE, was Director of WES during the conduct 

of the study and preparation of this report. Mr. F. R. Brown was Tech

nical Director. 
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SUMMARY 

Liquefaction, as evidenced by a loss of shear strength leading to 
bearing capacity failure, was found to occur in laboratory one
dimensional plane wave loading tests on wet (nearly saturated) and dry 
sand specimens only when the blast-loaded top surface of the sand was 
not covered with a membrane. The effect of free-water depth over the 
range investigated in this study (0 to 1 in. (2.54 cm) above the top 
surface of the sand) was negligible. Scatter in the measured values of 
peak overpressure resulted in a tentative plot of liquefaction as· a 
function of peak overpressure and relative density. 

Liquefaction did not occur in wet sand-filled test pits, with rel
ative densities r'rom 6 to 64 percent, located at the 50-psi (3.45-bar) 
predicted peak overpressure contour of a 100-ton (90,718-kg) high
explosive field test. The effect of the presence or absence of a mem
brane on the top surface of the sand was found to be negligible or 
within the data scatter. The plot of liquefaction potential as a func
tion of peak overpressure and relative density developed from the labo
ratory study was extrapolated to the field study and successfully 
predicted that liquefaction should not have occurred in any of the field 
test pits at the 50-psi (3.45-bar) overpressure level. 

In the superseismic regime, where the principal source of stress 
is airblast, it appears that a successful deterrent to airblast-induced 
liquefacti'on may be the placement of a membrane (such as asphaltic pave
ment) on the surface of the soil. Additional laboratory and field tests 
are recommended to improve. the relationship of liquefaction potential to 
peak overpressure and relative density observed in this study. 

ix 



MOVEMENT OF VARIABLE-DENSITY INCLUSIONS 

IN WET SAND UNDER BLAST LOADING 

PART I: INTRODUCTION 

Background 

1. It has long been recognized that sustained low-frequency, low

amplitude, random ground motion associated with earthquakes can cause 

liquefaction of saturated sands, which, in turn, can cause major damage 
1-6 to buildings, embankments, and dams founded on these sands. 

2. Although there is no recorded evidence that liquefaction has 

occurred in any nuclear field test, it has been postulated that lique

faction of sands could occur under the less random, more intense, and 

shorter duration airblast loading that is responsible for the rather 

systematic, locally induced ground motion resulting from a nuclear deto

nation. 7-12 It is possible that liquefaction has not been observed in 

nuclear field tests because atypical soil conditions exist at the 

Nevada Test Site and Eniwetok Proving Ground. A nuclear detonation pro

duces both local and remote airblast-induced and direct-induced ground 

motions. All of these sources of motion are potential causes of lique

faction due to a nuclear detonation in the field. The direct-induced 

motion as well as the motion resulting from refracted and reflected 

waves whose origins lie in the airblast surface loading at remote points 

.can result in the random type of motion produced by an earthquake. 

Hence, it is logical to consider the liquefaction potential due to this 

type of motion. Whether the shorter duration,_ mor_e_ systematic-r local 

airblast-induced effects can also cause liquefaction was not clear and 

hence became the subject of this investigation. 

3, Since liquefaction can cause catastrophic movements, it is a 

potential kill mechanism for a protective structure. The current pro

cedure in the design of protective structures is to assume that the po

tential for liquefaction exists and either avoid or improve those sites 

that fail to meet earthquake liquefaction criteria.9-l2 This approach, 
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using earthquake liquefaction criteria, if at all applicable, applies 

only to the random-type motions caused by direct-induced or remote 

airblast-induced effects. 

4. A study was planned at the U. S. Army Engineer Waterways 

Experiment. Station (WES) to determine if liquefaction could be induced 

in wet sands by airblast loading of the soil surface. It consisted of 

two phases: a laboratory test phase in which the airblast loading was 

applied to the soil surface directly above the point of interest (i.e. 

local airblast-induced effects only); and a high-explosive (HE) field 

test phase (local and remote airblast-induced and direct-induced ef

fects). This report covers both of these phases. The variables con

sidered in this study include the relative density Dd of the sand, the 

position of the free-water surface relative to the sand surface, and the 

presence or absence of a membrane on the sand surface. The position of 

the free-water surface relative to the sand surface was believed to be 

important because the airblast loading might be transferred into the 

soil entirely as effective stress or entirely as pore pressure, depend

ing on the relative positions of the soil and water surfaces. The mem

brane was intended to simulate a fine-grained, relatively impervious 

material such as a clay which, if present in the field, would•prevent 

most of the penetration of the airblast into the voids of an underlying 

sand. 

5. In planning this study, it was recognized that, of the two 

phenomena associated with liquefaction, the loss of shear strength would 

be easier to determine experimentally than the increase in dynamic pore 
pressure. One of the ways that loss of shear strength is manifested is 

in bearing capacity failure. Hence, it was decided to place inclusions 

of identical volume but widely different masses in wet sand in labora
tory and field blast-loading tests and to observe their motions relative 

to the free field. Any inclusion that was less dense than the submerged 

unit weight of the sand would be expected to float when liquefaction 
occurred, whereas any inclusion more dense than the submerged unit 

weight of the sand would be expected to sink. Therefore, if there were 

large residual movements of inclusions relative to the free field and if 
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the inclusions exhibited the aforementioned trends as a function of 

mass, it could be inferred that liquefaction had occurred to some 

degree. 

Purpose 

6. The purpose of this study was to determine, for the cases of 

laboratory one-dimensional plane wave loading of a wet sand specimen and 

the combined airblast and ground-shock loading that occurs in wet sand

filled test pits in an HE field test, the effect of inclusion mass 

variation on their residual movements, and to infer from these determi

nations the effect of relative density, position of free-water surface, 

and surface membrane on the potential for liquefaction of wet sand under 

blast loading. 

Scope 

7, In the laboratory program, thirteen nominal 100-psi (6.90-bar) 
peak overpressure one-dimensional plane wave loading tests were con

ducted on wet sand specimens in the WES Small Blast Load Generator 

(SBLG). Each specimen contained twenty 1-in. (2.54-cm) cubes whose dry 

unit weights varied from 26 to 482 lb/cu ft (0'.42 to 7.72 g/cu cm). The 
residual vertical movements of these cubes were measured. The relative 

density of the sand, after application of 10-psi (0.69-bar) static pre
load, varied from 16 to 98 percent. The free-water surface was varied 

from 1 in. (2.54 cm) above to 1.5 in. (3.81 cm) below the soil surface. 
In addition, comparative measurements were made with and without an· 

impermeable rubber membrane on the top surface of the SBLG specimen. 
8. In the field program, 12 wet sand-filled test pits were in

stalled at the 50-psi (3.45-bar) predicted peak overpressure contour for 

Event II of MIDDLE GUST series at a test site 4 miles (6.44 km) north of 
Crowley, Colo. Event II was a 100-ton (90,718-kg) sphere configured 

from TNT blOCKS with the center of the charge at a height of two charge 

radii above the grolll1d. The relative density of the test pits varied 
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from 6 to 57 percent. Comparative measurements were made with and with

out 2 in. (5.08 cm) of clay cover overlying a plastic membrane on the 

top surface of the test pits. In each pit, the same series of various 

density inclusions were buried as were used in the laboratory test pro

gram, and the posttest residual vertical movement of each inclusion was 

measured. 
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PART II: REVIEW OF PREVIOUS RESEARCH 

Genesis of the Word "Liquefaction" in 
Soil Mechanics Literature 

9. The first use of the word "liquefaction" in soil mechanics 

literature was apparently in the "Report on the Slide of a Portion of 

the Upstream Face of the Fort Peck Dam" in 1939. 6 One member of the 

Board of Consulting Engineers who wrote the report admitted afterwards 

that he did not know what the word meant when it was first used in the 

report. 13 Prior to 1939, the word 11 earthflow11 was used to describe the 

phenomenon of liquefaction. Understanding of the basic nature of earth

flow, or liquefaction, of cohesionless soils dates from 1936 when 

A. Casagrande's article, "Characteristics of Cohesionless Soils Affect

ing the Stability of Slopes and Earth Fills," appeared in the Journal of 

the Boston Society of Civil Engineers. 4 Also, prior to 1939, it was 

understood that earthquakes could set off movement of this sort as evi

denced by the book, Landslides and Related Phenomena, by C. F. S. 

Sharpe. 5 In Sharpe' s book, published in 1938, the word "liquefaction" 

does not appear. Use of the word "liquefaction" reached a wider audi

ence through the paper by T. A. Middlebrooks entitled, "Fort Peck 

Slide," published in the ASCE Proceedings in 194o.14 

Liquefaction Under Earthquake Loading 

10. Although the likelihood of liquefaction of cohesionless soils 

during earthquakes was emphasized by A. Casagrande in 1936,4 actual 

field data concerning liquef'action and- the- characteristics or the soils 

involved were extremely meager until the Niigata, Japan, earthquake in 

1964. The Niigata earthquake presented dramatic evidence of the effects 

of liquefaction. Apartment buildings were rotated through angles as 

great as 80 deg, and after the earthquake had subsided the tenants were 

evacuated by walking down the faces of the buildings. Sewage treatment 

tanks, manholes, and similar buoyant structures that were buried prior 
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to the earthquake floated to and projected above the ground surface as a 

result of the earthquake. 

11. The Japanese Society of Soil Mechanics and Foundation Engi

neering recognized the significance of the failures, and extensive in

vestigations of the soil conditions leading to the failures were 

conducted.l5-25 Since several hundred borings had been made in various 

parts of Niigata before the earthquake, with standard penetration tests 

being performed, similar borings were made after the earthquake at a 

number of locations close to the locations of earlier borings. The sta-

tistical analysis of data from this subsoil investigation r~sulted in 

the formation of the following set of conditions for saturated sand be

low the groundwater table, which, if satisfied, may result in serious 

damage to buildings from liquefaction should an earthquake occur:l5,26 

a. Almost pure sand with less than 10 percent of silt and 
clay occurs from the ground surface to a depth of 15-
20 m. 

b. The sand is uniform (coefficient of uniformity less than 5) 
and of medium grain size (mean grain size of 0.2-1.0 mm). 

c. 

d. 

The sand layer 

Loose sand (N 
with more than 

is under the groundwater table. 

value is smaller than a critical N 
a certain thickness (not specified). 

value) 

e. The period distribution curve of microtremors extends 
over a wide range including long periods. 

The critical N value in item d above is Y. Koizumi's relationship 

between N and depth, as shown in fig. 1, and represents the N value 

that did not change during the Niigata earthquake. 22 

12. The criteria presented in the previous paragraph were written 

in 1965 following the investigation of the Niigata earthquake. 15 Both 

Japanese and American engineers have pointed out that the criteria are 

applicable only to the Niigata ea~thquake and should not be extrapolated 

to earthquakes of different magnitude, location, or duration of shak

ing. 25 '27 Also, it has been pointed out that spectra from microtremors 

do not reveal the potentially damaging interaction between a deep de

posit of soil (more than 100 ft (30~48 m)) and tall buildings (more than 

five stories). 28 Nevertheless, since the soil conditions at Niigata are 
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vides an excellent case history by which to judge the applicability of 
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theories 1---or predicting liquefaction under earthquake loading.~-" 

13. A comprehensive study of liquefaction and ground response to 

earthquake loading has been conducted by various investigators at the 

University of California, culminating in the publication of a general 

and so-called simplified procedure for evaluating soil liquefaction 

potential. 29-33 Initial criticism of this procedure has centered around 

errors associated with determining relative density, sensitivity of the 

standard penetration test to variations in technique, and the 
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reliability of the Gibbs and Holtz correlation between standard penetra

tion resistance and relative density.34-37 

Liquefaction Under Blast Loading 

14. Only one previous study of liquefaction under blast loading 

could be found. Although the study was of limited scope and no definite 

conclusions were drawn from the study, it is summarized below for refer

ence purposes. In a study conducted at United Research Services in 

1968, dynamic tests were conducted in a stacked-ring device using an 

angular beach sand supporting a simulated structure with a rubber mem

brane on the top surface of the sand to prevent air intrusion into the 

sand, as shown in fig. 2. 7 The simulated structure was a steel cup 
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Fig. 2. Schematic diagram of United Research Services' soil 
liquefaction study test 

filled with lead with a ring footing 0.25 in. (0.64 cm) wide, which ex

erted a static bearing pressure of 10.2 psi (0.70 bar) on the sand. 

The static pressure bulb for the ring footing was assumed to extend 
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down to twice the width of the footing, or 0. 5 in. (1.27 cm) (elastic 

solution for vertical stress beneath center of footing at 0.5-in. 

(1.27-cm) depth is 3.2 psi (0.22 bar)). The free-water surface was 

varied from ten to seven times the diameter of the assumed static pres

sure bulb below the surface of the specimen, and a dynamic load of 

8.3 psi (0.57 bar) was applied. Visual observations after the test 

indicated that when the free-water surface was raised to a depth of 

seven times the diameter of the static pressure bulb, foundation failure 

occurred, indicating a loss of shear strength of the material beneath 

the ring footing, and the structure tilted. No data are given on the 

unit weight or relative density of the sand. No precautions (such as 

using a thin layer of pea gravel at the elevation of the free-water 

surface) were taken to eliminate capillary rise in the sand above the 

free-water surface. Therefore, the sand above the free-water surface 

was partially saturated up to the top of the specimen. 
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PART III: LABORATORY STUDY 

Plan of' Tests 

15. A test program consisting of' 13 one-dimensional plane wave 

loading tests was planned to determine if' li~uef'action could be induced 

in wet sand in the laboratory by blast loading. A test plan f'or the 

laboratory study is given in table 1. The variables included the rela

tive density of' the sand, the position of' the f'ree-water surface rela

tive to the sand surface, and the presence or absence of a membrane on 

the surface of the sand. 

Soil Properties 

16. The sand used in the laboratory tests, Reid-Bedford model 

sand, is a uniform fine sand classified as SP in the Unified Soil Clas

sification system. As shown in f'ig. 3, only a negligible amount of this 

material is finer than the No. 200 sieve. The grain diameter at 10 per

cent passing is 0.17 mm, and the uniformity coefficient (60 percent 
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grain diameter divided by the 10 percent grain diameter) is l.6. The 

specific gravity is 2.66, and the maximum and minimum laboratory dry 

unit :weights are 104.2 lb/cu ft (l.67 g/cu cm).and 87.2 lb/cu ft 
(1.40 g/cu crn), respectively. A photomicrograph of the sand is shown in 

fig. 4. 

H 0.1 mm 
Fig. 4. Photomicrograph of Reid-Bed.ford model sand 

11 



Test Procedure 

17. A schematic diagram of the SBLG test equipment is shown in 

fig. 5. For dynamic testing, two Norwood pressure transducers were 

used in the dynamic bonnet and a piezoelectric water shock gage was 

installed in the water bag. For this study, the SBLG consisted of a 

rigid concrete foundation, a steel specimen container 4 ft (1.22 m) in 

diameter and 2 ft (0.61 m) high, and a static or dynamic bonnet. 

1/16-IN. NEOPRENE MEMBRANE 

SOIL SPEC! MEN 

r;:::.=:=:=:=- TO PRESSURE 
REGULATOR 
AND NITROGEN 
TANKS 

-BOURDON-GAGES -

BLEED 
VALVE 

NEOPRENE MEMBRANE 

TUBE VALVE B 

WAT 

INLET 
VALVE 

4 • • i.. "1 -· ~ •• :-.·.•,'. • 4V"Q.' V:·4. ~ ~'." .g. <!,• • • • • . • • ~-17· () q. 
···~·· •• :·"' ''Q'" •• a:· .... 

Fig. 5. Schematic diagram of SBLG static test equipment 
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18. Each specimen contained twenty 1-in. (2.54-cm) cubes, four 
each of wood, wax, brick, aluminum, and steel, with average unit weights 
as given in the following tabulation. 

Cube Unit Weilcht 
Material lblcu ft ~g_cu cm2 

Wood 24.7 (0.40) 

Wax 53.7 (o.86) 
Brick ll3 . 8 ( l. 82) 
Aluminum 170.5 (2.73) 
Steel 454.l (7.27) 

These cubes were placed 18 in. (45.7 cm) above the base of the specimen, 
or at a depth of 6 in. (15.24 cm) from the top of the specimen. 

19. The high relative density specimens (tests 1-4 and 12 and 13) 
were constructed by sprinkling dry sand from a height of 27 in. ( 68. 6 cm) 
using a box sprinkler. The sprinkler was rotated at a rate of 16 revo
lutions per minute. One specimen (test 5) was constructed by sprinkling 
sand into 2 in. (5.08 cm) of water (terminal fall velocity is reached 
after about l in. (2.54 cm) for sand particles in water). This proce
dure was discontinued after this initial trial because the sand surface 
was very rough (indicating local variation in relative density), with 
high and low areas. The remaining medium relative density specimens 
(tests 6-11) were constructed by sprinkling dry sand from a height of 
6 in. (15.24 cm) using a circular sprinkler. Since the sand was placed 
by sprinkling, there were negligible built-in lateral stresses (such 
would not be the case if compaction by vibration had been employed to 
construct the specimens) . Tlie following saturation procedure was used 
for tests 1-4 and 6-9. When the specimen height of 24 in. (61.0 cm) 
was reached, a rubber membrane was placed on the sand surface, and the 
static bonnet was installed. A vacuum of 10 to 15 in. (25.4 to 38.1 cm) 
of mercury was applied at an outlet 18 in. (45.7 cm) above the base. 
Water was then introduced into the specimen through another outlet 6 in. 
(15.24 cm) above the base while maintaining a water head 36 in. (91.4 cm) 
above the base. When water appeared in a tube at the 18-in (45.7-cm) 
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level, the vacuum was removed and water was added until the water level 

reached 24 in. (61.0 cm) above the base, i.e. the top of the sand speci

men. The static bonnet was then replaced by the dynamic bonnet, and a 

10-psi (0.69-bar) preload was applied to the sand specimen in an effort 

to drive some of the entrapped air bubbles into solution. 
20. The preload was left on the specimen, and the dynamic loading 

was applied. After the dynamic shot, the sand was carefully excavated 

down to the elevation of the 1-in. (2.54-cm) cubes, and posttest mea

surements were made on each cube. In addition to measurements made on 

the cubes, three channels of data were recorded for each test. The 

bonnet pressure was measured by two Norwood pressure gages, and pressure 

in the water bag beneath the sand was measured by a piezoelectric water 

shock gage. 

Test Results 

2l. The test results for the laboratory study are summarized in 

tables 2-4. Peak overpressure recorded by the Norwood gages ranged 

from 92 to 225 psi (6.34 to 15.51 bars), with an average of 154 psi 

(10.62 bars). Maximum water bag pressure ranged from 95 to 342 psi 

(6.55 to 23.58 bars), with an average of 238 psi (16.41 bars). The 

maximum water bag pressure is the maximum pressure after reflection and 

averaged 1.6 times the incident pressure recorded by the Norwood gages. 

22. Compression wave velocities, computed from the arrival times 

at the water bag, are shown in the following tabulation. 

Arrival Computed 
Time at Compression Degree of 

Water Bag Wave Velocity Saturation 
<rest -msec ftlsec ~mlsec L ~ 

1 2.5 800 (244) 99.69 
2 2.5 800 (244) 99.90 

3 1.8 1111 (339) 99.85 
4 3.0 667 (203) 99.56 

5 1.5 1333 (406) 99.91 
6 3.0 667 (203) 99.61 

(Continued) 
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Arrival Computed 
Time at Compression Degree of 

Water J?ag Wave Velocity Saturation 
Test msec ftbec ~mLse.c} °12 

7 

8 4.3 465 (142) 99.20 

9 3.8 526 (160) 99.35 
10 3.8 526 (160) Dry 

11 4.5 444 (135) Dry 
12 3.1 645 (197) Dry 

13 3.0 667 (203) Dry 
Also shown are the initial degrees of saturation computed using a modi
fication of Wood's equation for bulk modulus of a soil-water-air mix
ture.38,39 As shown in the tabulation above, none of the specimens 
were completely saturated at the time of the test. Had the specimens 
been completely saturated, the compression wave velocity would have been 
in the range 4930 to 5200 ft/sec (1500 to 1585 m/sec), depending upon 
the initial void ratio of the specimen. This study illustrates that a 
very small amount of air trapped as bubbles in a wet sand specimen re
duces the compression wave velocity significantly. 

23. The average cube movements computed from pretest and posttest 
measurements on the cubes are shown in table 2. Although not shown in 
the table, posttest measurements taken on the sand surface indicated 
that when the top surface membrane was present (tests 1, 2, 5, 6, 10, 
and 13), the sand surface moved down about 0.3 in. (0.76 cm). However, 
when the top surface membrane was not present (tests 3, 4, 7, 8, 9, 11, 
and 12), the sand surface moved up about o.4 in. (1.02 cm). 

Analysis of Test Results 

24. As mentioned in paragraph 5, the occurrence of liquefaction 
under dynamic loading can be inferred from the movements of variable
densi ty inclusions relative to the free field. When liquefaction 
occurs, any inclusion less dense than the submerged unit weight of the 
sand would be expected to float, while any inclusion more dense than the 
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submerged unit weight of the sand would be expected to sink. Accord

ingly, the movements of the inclusions (given in table 2) were plotted 

versus the density of the inclusions (given in paragraph 18). A least

squares simple regression analysis straight-line fit was made through 

the data points. Liquefaction should be evidenced by a large negative 

slope in the equation of the straight line. For this study, if lique

faction occurred, the cube movements would be expected to be several 

inches in magnitude. 

25. For the laboratory tests on wet (nearly saturated) sand 

specimens (tests 1-9), the three controlled parameters were the position 

of the free-water surface relative to the sand surface, the presence or 

absence of a membrane on the sand surface, and the relative density of 

the sand. The effect of free-water depth on wet sand specimens is 

shown in plate 1. The effect of free-water depth, over the range in

vestigated in this study (0 to l in. (2.54 cm) above the top surface of 

the sand), is negligible. This is evidenced by the fact that the dif

ference in the values of the slopes shown in plate 1 is small. The 

effect of presence or absence of a membrane on the sand surface for wet 

sand specimens is shown in plate 2. Plates 2a and 2b show that the 

presence or absence of a membrane on the sand surface has negligible 

effect when the initial relative density of the wet sand is in the range 

38-98 percent. However, plate 2c shows that the presence or absence of 

a membrane has a definite effect when the initial relative density of 

the wet sand is in the range 16-20 percent. Wet sand with an initial 

relative density in the range 16-20 percent liquefied when the membrane 

was not present. The effect of relative density on wet sand specimens 

_is __shown in -plate. 3 -for test-s conduct-ed with -and -without the membrane 

present. The effect of presence or absence of the membrane and relative 

density for wet sand specimens is shown in plate 4, again showing that 

low relative density wet sand specimens liquefied when the membrane was 

not present. The slope plotted as the ordinate in plate 4 is from the 

equation of the straight line fitted to the data points as described in 

r paragraph 24. 

26. For comparative purposes, a limited number of tests 
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(tests 10-13) were conducted on dry sand to determine the effect of the 

presence or absence of the membrane and the relative density of the 

sand. Plate 5 shows that when the membrane was not present, liquefac

tion occurred in dry sand with an initial relative density of 34 percent. 

The effects of relative density for dry sand specimens conducted with 

and without the membrane present are shown in plate 6. The effect of 

presence or absence of the membrane and relative density for dry sand 

specimens is shown in plate 7. Plate 8 presents comparisons of results 

of tests conducted on wet and dry sand specimens with and without 

membrane. 

27. Any relationship regarding liquefaction as a function of 

presence or absence of the membrane and relative density should take 

into account the peak overpressure applied to the sand specimen. Al

though peak overpressure was not intentionally varied in the laboratory 

study, the scatter in the measured values of peak overpressure provided 

the opportunity to determine the i~luence of peak overpressure over a 
"''. limited range. Fig. 6 is a summary plot of liquefaction as a function 

of peak overpressure and relative density for both wet and dry speci

mens without the membrane present. The curve shown in fig. 6 is the 

boundary between sand specimens, both wet and dry, that liquefied and 

did not liquefy under a given peak overpressure. Since this is the 

type of p~ot that is of practical interest, it is recommended that ad

ditional laboratory tests be conducted at higher values of peak over

pressure to better define liquefaction as a function of peak overpres

sure and.relative density. Also, it is recommended that additional 

laboratory tests.be conducted with the free-water surface located at 

depths of O, 6, and 12 in. (0, 15.24, and 30.48.cm) below the tcip sur

face of the sand with a 1-in.- (2.54-cm-) thick layer of pea gravel above 

the free-water surface to reduce capillary rise. This would allow the 

evaluation of the effect of the position of the free-water surface over 

a wider range than was considered in this study. 

Summary of Laboratory Stud.y 

28. This study illustrated, once again, the difficulty of 
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constructing a laboratory specimen of sand with a degree of saturation 

equal to 100 percent. The use of back pressure saturation (10-15 in. 

(25.4-38.l cm) of mercury) and static preload (10 psi (0.69 bar)) was 

unsuccessful in obtaining a completely saturated specimen. The effect 

of free-water depth, over the range investigated in this study (0 to 

lin. (2. 54 cm) above the top surface of the sand), is negligible. The 

presence of a membrane on the sand surface for both wet (nearly satu

rated) and dry sand specimens was found to prevent liquefaction from 

occurring. Scatter in the measured values of peak overpressure resulted 

in a tentative plot of liquefaction as a function of peak overpressure 

and relative density, as shown in fig. 6. Additional laboratory tests 

are recommended to better define liquefaction as a function of peak 

overpressure and relative density. Also, additional tests are recom

mended with the free-water surface varied over a wider range than was 

used in this study. 

Application to Nuclear Construction Engineering 

29. The results of the laboratory study indicated that liquefac

tion, as evidenced by a loss of shear strength leading to bearing ca

pacity failure, occurred in both wet (nearly saturated) and dry sand 

specimens only when the top surface of the sand was not covered with a 

membrane. Therefore, in the superseismic regime, where the principal 

source of stress is due to the airblast, a successful deterrent to 

liquefaction caused by airblast.might be imposed by placing a membrane 

(such as asphaltic pavement) on the surface of the soil or by the exis

tence of a very low permeability surface soil layer . 

. 30. Although the results shown in fig. 6 of liquefaction as a 

function of peak overpressure and relative density are regarded as ten

tative until additional data points are obtained to more clearly define 

the curve, fig. 6 can be used to indicate at what values of peak over

pressure and relative density liquefaction due to airblast loading 

might occur in sand that is not covered with a membrane. 
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PART IV: FIELD STUDY 

Plan of Tests 

31. A test program involving 12 wet sand-filled test pits was 

planned to determine if liquefaction could be induced in the field by an 

HE test. The test pits were installed at the predicted 50-psi (3.45-bar) 

peak overpressure contour for Event II of MIDDLE GUST series (detonated 

14 December 1971) at a test site 4 miles (6.44 km) north of Crowley, 
40 Colorado. A test plan for the field study is given in table 5, The 

variables considered included the relative density of the sand and the 

presence or absence of a membrane on the surface of the sand. 

Soil Properties 

32. The sand used in the field study, a locally available sand 

hereafter referred to as MIDDLE GUST Event II sand, is a uniform me

dium sand classified as SP in the Unified Soil Classification system. 

The gradation curve for the sand is shown in fig. 7 along with the gra

dation curve for Reid-Bedford model sand that was used in the laboratory 
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study described in Part III of this report. The grain diameter at 

10 percent passing is 0.19 unn, and the uniformity coefficient (60 per

cent grain diameter divided by the 10 percent grain diam.et er) is 2. 6. 

The specific gravity is 2. 67, and the maximu..111 and minimum laboratory 

dry unit weights are lo8.4 and 93.9 lb/cu ft (1. 74 and 1.50 g/cu cm), 

respectively. A photomicrograph of. the sand is shown in fig. 8. 

H ·0.1 mm 
JTig. 8. Photomicrograph of MIDDLE GUST Event II sand 
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Test Procedure 

33. A sketch of a typical sand-filled test pit used in the field 
study is shown in fig. 9. Each pit contained five 1-in. (2.54-cm) cubes 
of wood, wax, brick, aluminum, and steel with average unit weights 
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Fig. 9. Sand-filled test pits used in field study 
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as given in the following tabulation. 

Cube Unit Weight 
Material lb[cu ft (g[cu cmJ 

Wood 25.7 (0.41) 

Wax 55.2 (0.88) 

Brick 120.2 (1. 93) 

Aluminum 171.8 (2.75) 

Steel 488.5 (7.83) 

These cubes were placed 12 in. (30.48 cm) above the base of the test 

pit, as shown in fig. 9. 

34. The medium relative density test pits (pits 7-12) were con

structed by placing MIDDLE GUST Event II sand in 6-in. (15.24-cm) incre

ments and vibrating each lift for 2 min with a Vibro-Plus Model EZ-20 

single-phase vibrator mounted in the. center of a 0. 5-in. - (1.27-cm-) 

thick plywood board of the same area as the test pit. The low relative 

density test pits (pits 1-6) were constructed by placing the sand in 

6-in. (15.24-cm) increments, covering the sand with a 0.5-in.

(1.27-cm-) thick plywood board, and tamping on the board lightly with a 

shovel handle. During construction of the test pits, in situ unit weight 

determinations were made at the elevation of the cubes using a box den

sity sampler. 41 After the sand had been placed in the test pits, three 

layers of burlap were placed on top of the sand surface, and a mixture 

of water and antifreeze (5 gal (18.93 i) of water to 2 qt (1.89 i) of 

antifreeze) was poured through the burlap. This was continued until the 

water level in a site tube reached slightly above the top sand surface. 

A polyethylene liner covered with 2 in. (5.08 cm) of local fill was 

placed on the top sur:r-ace of the sand on the pits that were to be cov

ered (pits 1-3 and 10-12). Between the time the pits were constructed 

(24 September 1971) and the time the HE charge was detonated (14 Decem

ber 1971), all the pits were covered with plywood, and a ditch was cut 

around the test area to protect against flooding. 

Test Results 

35° The test results for the field study are summarized in 
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table 6. The degree of saturation of the test pits at the time of the 

HE test is not known. However, water and antifreeze were added to the 

pits 4 days before the HE charge was detonated to bring the water level 

up to the top surface of the sand. 

36. It was recognized from the outset that the positions of the 

cubes in the test pits could change between the time the initial mea

surements were made during construction of the pits and the time the HE 

charge was detonated. Possible causes of changes in cube position in

clude placement of the top 6-in. (15.24-cm) lift of sand above the ele

vation of the cube, the saturation of the test pits, and·vibrations from 

machinery operated in the vicinity of the test pits. In order to deter

mine if changes in position of the cubes had occurred, pit l was exca

vated on 11 December 1971 prior to the HE test. The results of measure

ments taken on the cubes are given in the following tabulation. 

Wood 

+o.438 
(+1.11) 

Cube Movement, in. (cm)* 
Wax Brick Aluminum 

-0.250 
(-0.64) 

-0.813 
(-2.07) 

-0.188 
(-0.48) 

Steel 

-0.250 
(-o.64) 

* A"+" indicates upward movement; a 
downward movement. 

" t1 indicates 

37. As indicated in table 6, several of the test pits were dam

aged by the HE test. Large pieces of soil ejecta up to 12 in. 

(30.48 cm) in diameter were found on the test pits after the charge was 

detonated. Fortunately, one type of each test pit (low and medium rela

tive density with and without membrane) came through the HE test intact. 

It is doubtful that this would have been the case if the test pits had 

been located closer to ground zero (GZ) at a distance corresponding to 

a higher predicted peak overpressure. 

Analysis of Test Results 

38. The occurrence of liquefaction under HE loading in the field 

was to be inferred in the same manner as was done in the laboratory test 

described in Part III, i.e., from movements of variable-density 
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inclusions relative to the free field. When liquefaction occurred, any 

inclusion less dense than the submerged unit weight of the sand would 

be expected to float, while any inclusion more dense than the submerged 

unit weight of the sand would be expected to sink. 

39. As mentioned in paragraph 36, pit 1, one of the low relative 

density pits with a relative density of 6 percent, was excavated prior 

to the detonation of the HE charge to determine if changes in position 

of the cubes had occurred since the time the initial measurements were 

made on the cubes during construction of the test pits. The cube move
ments observed in pit 1 were.relatively great, with the wood cube moving 

up 0.438 in. (1.11 cm) and the brick cube moving down 0.813 in. 

(2.07 cm). The question arises as to whether these movements were typi

cal of those experienced by the remaining test pits, particularly those 

test pits (pits 7-12) that had relative densities considerably higher 

than pit 1. Therefore, as indicated in table 6, the field test data 

were analyzed two ways: uncorrected cube movements and cube movements 

corrected using pit 1 data as a base line. 

40. For the field tests on wet sand specimens, the two controlled 

parameters were the presence or absence of a membrane on the sand sur

face and the relative density of the sand. The uncorrected cube move

ments (given in table 6) were plotted versus the density of the inclu

sions. A least-squares simple regression analysis straight-line fit 

was made through the data points. Liquefaction should be evidenced by 
a large negative slope in the equation of the straight line. If lique

faction occurred in the test pits·, the cube movements would be expected 

to be several inches in magnitude. The effect of presence or absence of 

a membrane a~ tha sand surface is- shown in· plate- 9; Since the differ

ences in the values of the slopes in plate 9 are small, the effect of 

presence or absence of a membrane on the sand surface is negligible. 

The effect of relative density is shown in plate 10. The differences 

in the values of the slopes in plate 10 are small, and no consistent 

trends were noted in the values of the slopes, thus indicating that the 

effect of relative density on inclusion movement is negligible or within 

the data scatter. Had liquefaction occurred, the equation of the 
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straight line fitted to the data points for the uncorrected cube move

ments should have a large negative slope. The analysis of the uncor

rected cube movements showed that the equation fitted to the data points 

for five of the seven test pits analyzed had small positive slopes. 

Thus, no liquefaction is apparent from the analysis of the uncorrected 

cube movements. None of the uncorrected cube movements, as given in 

table 6, were more than 0.5 in. (1.27 cm) in magnitude. 

41. The corrected cube movements given in table 6 were plotted 

versus the density of the inclusions, as shown in plates 11 and 12. 

Obviously, a straight-line fit to the data points in plates 11 and 12 

would not be a reasonable approximation of the curve defined by the data 

points. However, the relative positions of the data points on the com

parison plots should indicate whether liquefaction occurred, since any 

inclusion less dense than the submerged unit weight of the sand would 

be expected to float and any inclusion more dense than the submerged 

unit weight of the sand would be expected to sink. The effect of pres

ence or absence of a membrane on the sand surface is shown in plate 11. 

The differences in the movements of the inclusions at approximately 

equal values of density are small, and no consistent trends were noted 

in the data, thus indicating that the effe.ct of presence or absence of 

a membrane on the sand surface is negligible: The effect of relative 

density on inclusion movement is shown in plate 12. There appears to be 

a general trend toward an inc~ease in magnitude of movements of the 

cubes with decrease in initial relative density of the sand. No lique

faction is apparent from the analysis of the corrected cube movements. 

None of the corrected cube movements, as given in table 6, were more 

than 1.0 in. (2.54 cm) in magnitude. 

Summary of Field Study 

42. Liquefaction, as evidenced by a loss of shear strength 

leading to bearing capacity failure, did not occur in wet sand-filled 

test pits, with relative densities from 6 ·to 64 percent, installed at 

the predicted 50-psi (3•45-bar) peak overpressure contour of a 
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100-ton (90,718-kg) HE field test. The effect of presence or absence 

of a membrane on the top sand surface was found to be negligible or 

within the data scatter. A general trend of increase in magnitude of 

the movements of the cubes with decrease in relative density of the sand 

was noted. 

Comparison with Laboratory Study 

43. Basic differences existed between the laboratory and field 

studies. Reid-Bedford model sand, used in the laboratory study, is a 

finer sand than MIDDLE GUST Event II sand used in the field study, as 

shown in fig. 7. For cohesionless materials with mean grain diameters 

between 10 and 0.1 mm, the strength decreases with decreasing grain 

size. 42 The laboratory sand specimens were prepared by sprinkling the 

sand, which resulted in negligible built-in lateral stresses. The me

dium dense field test pits were prepared by vibrating the sand, which 

would result in built-in lateral stresses. The bearing capacity is 

greater for vibrated sand than for sprinkled sand at the same relative 

density. 43 In the laboratory study, the load applied to the sand speci

men was one-dimensional plane wave loading; in the field study, however, 

the loading was more complex. Outrunning ground motions, which most 

probabl~ occurred in the field study, could have increased the relative 

density of the test pits prior to the arrival of the peak overpressure. 

The combined effect of the differences that existed between the labora

tory and the field studies indicates that liquefaction would occur in 

the laboratory study at a lower value of peak overpressure than in a 

test pit in the field at the same value of relative density. Therefore, 

the curve in fig. 6, which represents the boundary between laboratory 

sand specimens that liquefied and those that did not liquefy under a 

given peak overpressure, would be expected to lie somewhat below a simi

lar type curve were one available from.the field study, as shown in 

fig. 10. Once the qualitative relationship between the laboratory and 

field studies has been established, it is possible to compare the re

sults obtained in the two studies, as shown in fig. 11. Since the curve 
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shown in fig. 11 for the laboratory study is believed to be a lower 

bound to a similar curve representing the field behavior, the results 

shown in fig. 11 indicate that no liquefaction should have occurred in 

any of the field test pits at the 50-psi (3.45-bar) overpressure level. 

It is recommended that additional test pits be installed in future HE 

test events at the predicted location of higher peak overpressure in 

order to define liquefaction as a function of peak overpressure and 

relative density. 
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PART V: CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

44. This study illustrated, once again, the difficulty of con

structing laboratory specimens of sand with a degree of saturation equal 

to 100 percent. The effect of free-water depth, over the range investi

gated in this study (0 to 1 in. (2.54 cm) above the top surface of the 

sand), was negligible. Liquefaction, as evidenced by a loss of shear 

strength leading to bearing capacity failure, was found to occur in 

laboratory tests on wet (nearly saturated) and dry sand specimens only 

when the top surface of the sand was not covered with a membrane. 

Scatter in the measured values of peak overpressure resulted in a tenta

tive plot of liquefaction as a function of peak overpressure and rela

tive density, as shown in fig. 6. 
45. Liquefaction did not occur in wet sand-filled test pits, with 

relative densities from 6 to 64 percent, installed at the predicted lo

cation of ~he 50-psi (3.45-bar) peak overpressure contour of a 100-ton 

(90,718-kg) HE field test. The effect of presence or absence of a mem

brane on the top surface of the sand was found to be negligible or 

within the data scatter. The plot of liquefaction as a function of peak 

overpressure and relative density developed from the laboratory study 

was extrapolated to the field study and successfully predicted that 

liquefaction should not have occurreq in any of the field test pits at 

the 50-psi (3.45-bar) overpressure.level. 

46. In the superseismic regime, where the principal source of, 

stress is due- to the air blast, it appears that a succes.s.f_u.L d_eterrent_ to_ 

blast-loading-induced liquefaction may be imposed by placing a membrane 

(such as asphaltic pavement) on the surface of the soil. Although the 

plot of liquefaction as a function of peak overpressure and relative 

density developed in this study is regarded as tentative until addi

tional data points are obtained to more clearly define the curve repre

senting the boundary between liquefaction and no liquefaction) this 

plot, extrapolated to the field conditions, could be used to indicate at 
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what values of peak overpressure and relative density liquefaction might 

occur in sand that is not covered with a membrane. 

Recommendations 

47. It is recommended that additional laboratory tests be con

ducted at higher values of peak overpressure to better define liquefac

tion as a function of peak overpressure and relative density. Also, it 

is recommended that additional laboratory tests be conducted with the 

free-water surface located at depths of o, 6, and 12 in. (O, 15.24, 

and 30.48 cm) below the top surface of the sand to evaluate the effect 

of this parameter over a wider range than was considered in the re

ported study. 

48. It is also recommended that test pits be installed in future 

HE test events at locations where it is predicted that peak overpres

sures will exceed 50 psi (3.45 bars) to define liquefaction as a function 

of peak overpressure and relative density. In order to ensure that at 

least one test pit of each type tested is not destroyed by soil ejecta, 

greater redundancy should be employed in determining the number of test 

pits to be installed at locations where it is predicted that peak over

pressures will exceed 50 psi (3.45 bars). 

49. In future laboratory and field tests of this nature, some 

method should be used to measure the length of time that the soil is in 

a liquefied state because the amount of damage that would occur in the 

field is dependent upon how long the soil is in a liquefied state. 
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Table l 

Test Plan for Laboratorl Stud~ 

Peak Top Free- Soil 
Over- Static Relative Surface Water Surface 

pressure Pre load Density Membrane Depth Depth 
Test psi (bars) ESi (bars) ~ Present in. (cm)* in. (cm)* 

l 100 (6.90) 10 (0.69) 90 Yes . 1 (2.54) 0 

2 100 (6.90) 10 (0.69) 90 Yes 0 l (2.54) 

3 100 (6.90) 10 (0.69) 90 No l (2.54) 0 

4 100 (6.90) 10 (0.69) 90 No 0 l (2.54) 

5 100 (6.90) 10 (0.69) 50 Yes 1 (2.54) 0 

6 100 (6.90) 10 (0.69) 50 Yes 0 1.5 (3.81) 

7 100 (6.90) 10 (0.69) 50 No 0.5 (1.27) 1.5 (3.81) 

8 100 (6.90) 10 (0.69) 50 No 0.5 (1.27) l (2.54) 

9 100 (6.90) 10 (0.69) 50 No 0.5 (1.27) 1.5 (3.81) 

10 100 (6.90) 10 (0.69) 50 Yes Dry 0 

11 100 (6.90) 0 50 No Dry 0 

12 100 (6.90) 0 90 No Dry 0 

13 100 (6.90) 0 90 Yes Dry 0 

* Depth is measured from the top of the Small Blast Load Generator's 
2-ft-high (0.61-m) ring. 



Table 2 

Test Results for Laborato!}'.: Study 

Volu.':!e 
Arrival Relative of Free- Soil 

Peak MaximUr.:t Time at Static Density Top Water \'!ater ::Our face 
Over- Hater Bag 1·;ater Pre load After Surface Added Depth Depth 

pressure Pressure Bag psi Pre load Her.ibrane cu ft in. in. Averar;,e Cube Movement, in. ( cr.i)l<-
Test psi (bars) psi (bars) r.isec . (bars) rl Present (cum) ( cr.i) -~ v:ood \Jax Brick Alu.':!inUr.:t Steel •' ---

1 19!1 299 2.5 10 98 Yes 7.26 l 0 -0.094 -0.125 -0.078 -0.125 -0.094 
(13.4) (20.6) (0.69) (0.060) (2.54) (-0.24) (-0.32) (-0.20) (-0.32) (-0 .24) 

2 216 342 2.5. 10 90 Yes 7.84 0 1 +0.047 +0.031 +0.031 +0.031 -0.016 
(14.9) (23.6) (0.69) (0.065) (2.54) (+0.12) (+0.08) (+o.08) (+0.08) (-0.04) 

3 186 328 1.8 10 77 No 8.16 1 0 +0.031 +0.016 -0.063 -0.047 -0.021 
(12.8) (22.6) (0.69) (0.068) (2.54) (+o.C8) (+0.04) (-0 .16) (-0 .12) (-0.05) 

4 150 241 3.0 10 83 No 7 .52 0 1 +0.234 +0.125 +0.188 +O .1138 +0.250 
(10.3) (16.6) (0.69) (0.063) (2.54) (+0.58) ( +O .32) (+0.48) (+0.48) (+o.64) 

5 106 211 1.5 10 38 Yes 9.43 1 0 -0.312 -0.234 -0.234 -0.250 -0.484 
(7.3) (14.5) (0.69) ( 0.078) ( 2 .54) (-0.79) (-0.59) (-0.59) (-0.59) (-1.23) 

6 174 342 3.0 10 16 Yes 9.13 0 1.5 -0.702 -0.730 -0.828 -0.828 -0 .968 
(12.0) (23.6) (0.69) (0.076) (3.81) (-1.78) (-1.85) (-2.10) (-2.10) (-2.46) 

7** 180 10 17 No. 9.56 0.5 1.5 +0.500 -0.312 -1.109 -2.059 -12 .400 
(12 .4} (0.69) (0.080) (1.27) (3.81) (+1.27) (-0.79) (-2.82) (-5.23) (-31.'.)0) 

8 92 159 4.3 10 20 Ho 8.41 0.5 1 -0.328 -0.437 -o.·138 -0.875 -7 .270 
(6.3) (11.0) (0.69) (0.070) (1.27) (2.54) (-0.83) (-1.11) (-1.88) (-2 .22) (-18 .i.17) 

9 120 209 3.8 10 39 Ho 8.66 0.5 1.5 -0.172 -0.271 -0.23lf -0.218 -0.437 
(8.3) (14.4) (0.69) (0.072; (1.27) (3.81) (-0.44) (-0.69) (-0 .. 59) (-0.55) (-1.ll) 

10 225 219 3.8 10 32 Yes Dry Dry 0 -0.375 -0.500 -0.484 -0.313 -0.484 
(15.5) (15.1) (0.69) (-0.95) (-::..27) (-1.23) (-0.80) (-1.23) 

11 122 165 4.5 0 34 No Dry Dry 0 -0.078 -0.125 -0.203 -0.593 -3.470 
(8.4) (ll.4) (-0.20) (+0.32) (-0.52) (-1.51) (-8.81) 

12t 116 254 3.1 0 69 IJo Dry Dry 0 +0.608 +0.542 +0.641 +0.625 -0.521 
(8.o) (17.5) (+1.54) ( + 1.38) (+1.63) '.+1.59) (-1.32) 

13 124 95 3.0 0 73 Yes Dry Dry 0 -0.016 -0.031 0 -0.016 0 
(8.5) (6.6) (-0.04) (-0.08) (-0.04) 

* Detailed results of cube mover.ients for laboratory study are given in table 3; a "+" indicates upward r..over.ient, and a "-" indicates 
downward r.iover.ient . 

-X-* Piping developed over a s::"all region along the sidewall of the specL':!Cn d1:ring sa~uration operations. 
t Decay valves on the Small Blast Load Generator \·1ere not opened during the test. 



Table 3 

Detailed Results (in British Units) of Cube Movements for Laboratori Stud~ 

Cube Movement 2 in.* Cube Movement 2 in. 
Wood Wax Brick Aluminum Steel Wood Wax Brick Aluminum Steel --- --- ---

Test 1 Test 8 

-0.125 -0.125 -0.063 +0.188 -0.063 0 -0.688 -0.813 -10.500 
-0.063 -0.125 -0.125 -0.125 -0.063 -0.563 -0.563 -0.938 -9.750 
-0.063 -0.125 -0.063 -0.063 -0.125 -0.188 -0.250 -0.875 -0.875 -4.188 
-0.125 -0.125 -0.063 -0.125 -0.125 -0.563 -0.625 -0.813 -0.875 -4.625 

Avg -0.094 -0.125 -0.078 -0.125 -0.094 Avg -0.328 -0.437 -0.738 -0.875 -7.270 

Test 2 Test 9 

+0.062 0 +0.063 0 0 -0.125 -0.250 -0.188 -0.250 
0 0 +0.063 -0.063 -0.063 -0.125 -0.250 -0.250 -0.188 -0.375 
0 0 0 +0.063 0 -0.250 -0.250 -0.250 -0.250 -0.625 

+0.125 +0.125 0 +0.125 0 -0.188 -0.313 -0.188 -0.250 -0.500 

Avg +0.047 +0.031 +0.031 +0.031 -0.016 Avg -0.172 -0.271 -0.234 -0.218 -o.437 

Test 3 Test 10 

+0.125 +0.188 -0.063 -o.o63 +0.063 -0.375 -0.500 -Ci ,375 
0 +0.063 -0.125 -0.063 -O.o63 -0.500 -0.563 -0.125 -0.433 

-0.062 -0.063 -0.063 -0.063 -0.063 -0.500 -0.563 -0.500 -0.250 -0.625 
+0.063 -0.125 0 0 -0.375 -0.438 -0.375 -0.563 -0.500 

Avg +0.031 -0.016 -0.063 -0.047 -0.021 Avg -0.375 -0.500 -0.484 -0.313 -0.484 

Test 4 Test 11 

+0.313 +0.250 +0.188 +0.188 +O .313 -0.500 +0.063 -0.500 -3.313 
+0.250 +0.063 +0.250 +0.063 +0.313 -0.250 -0.125 -0.813 -4.563 
+0.250 0 +0.188 +0.250 +0.188 -0.063 -0.125 -0.438 -0.500 -3.063 
+0.125 +0.188 +0.125 +0.250 +0.188 +0.500 -0.125 -0.313 -0.563 -2.938 

Avg +o.23tf +0.125 +0.188 +0.188 +0.250 Avg -0.078 -0.125 -0.203 -0.593 -3.470 

Test 5 Test 12 

-0.375 -0.188 .+0.250 -0.188 -0.563 +0.500 +0.625 +0.500 
-0.375 -0.125 -0.313 -0.375 -0.500 +0.563 +0.625 +0.625 +0.500 -0.875. 
-0.313 -0.313 -0.438 -0.188 -0.375 +0.750 +0.563 +0.688 +0.875 -0.313 
-0.188 -0.313 -0.438 -0.250 -0.500 +0.625 +0.438 +0.625 +0.625 -0.375 

Avg -0.312 -0.234 -0.234 -0.250 -0.484 Avg +0.608 +0.542 +o.641 +0.625 -0.521 

Test 6 Test 13 

-0.750 -0.813 -0.875 -1.000 -0.063 -0.063 -0.063 0 
-0.688 -0.625 -0.875 -0.750 -1.063 0 -0.063 0 +0.063 
-0 .688. -0.750 -0.813 -0.813 -0.938 0 -0.063 +0.063 0 -0.063 
-0.688 -0.813 -0.813 -0.875 -0.875 0 0 +0.063 0 0 

Avg -0.702 -0.730 -0.828 -0.828 -c.968 Avg -0.016 -0.031 0 -0.016 0 

Test 7 

-1.188 -2.188 -12.750 
+0.375 -0.250 -1.125 -1.313 -12.313 
+1.438 -0.375 -0.938 -2.375 -12.688 
-0.313 -0.313 -1.188 -2.375 -ll.813 

Avg +0.500 -0.312 -1.109 -2.059 -12.400 

* Cube movements are given to the nearest thousandth for averaging and plotting. Actual mea-
surements of cube movement were taken to the nearest 1/16 in. (0.159 cm); a "+" indicates up'-
ward movement, and a "-" indicates downward movement. 



Table 4 

Detailed Results ~in Metric Units~ of Cube Movements for Laboratorl Studl 

Cube Movement, cm* Cube Movement 2 cm 
Hood Wax Brick Aluminum Steel Wood Wax Brick Aluminum Steel ---

Test 1 Test 8 

-0.318 -0.318 -0.160 -o.478 -0.160 0 -1.748 -2.065 -26.670 
-0.160 -0.318 -0.318 -0.318 -0.160 -1.430 -1.430 -2.383 -24.765 
-0.160 -0.318 -0.160 -0.160 -0.318 -0.478 -0.635 -2.223 -2.223 -10.636 
-0.318 -0.318 -0.160 -0.318 -0.318 -1.430 -1.588· -2.065 ..,2.223 -ll.748 

Avg -0.239 -0.318 -0.198 -0.318 -0.239 Avg -0.833 -1.110 -1.875 -2.223 -18 .466 

Test 2 Test 9 

+0.157 0 +0.160 0 0 -0.318 -0.635 -0.478 -0.635 
0 0 +0.160 -0.160 -0.160 -0.318 -0.635 -0.635 -0.478 -0.953 
0 0 0 +0.160 0 -0.635 -0.635 -0.635 -0.635 -1.588 

+0.318 +0.318 0 +0.318 0 -0.478 -0.795 -o.478 -0.635 -1.270 

Avg +0.119 +0.079 +0.079 +0.079 -0.041 Avg -0 .l137 -0.688 -0.594 -0.554 -1.110 

Test 3 Test 10 

+0.318 +0.478 -0.160 -0.160 +0.160 -0.953 -1.270 -0.953 
0 +0.160 -0.318 -0.160 -0.160 -1.270 -1.430 -0.318 -1.113 

-0.157 -0.160 -0.160 -0.160 -0.160 -1.270 -1.430 -1.270 -0.635 -1.588 
+0.160 -0.318 0 0 -0.953 -1.113 -0.953 -1.430 -1.127 

Avg +0.079 -0.041 -0.160 -0.119 -0.053 Avg -0.953 -1.270 -1.229 -0.795 -1.229 

Test 4 Test ll 

+0.795 +0.635 +0.478 +0.478 +0.795 -1.270 +0.160 -1.270 -8.415 
+0.635 -+0.160 +0.635 +0.160 +0.795 -0.635 -0.318 -2.065 -11.590 
+0.635 0 +0.478 +0.635 +0.478 -0.160 -0.318 -1.113 -1.270 -7.780 
+0.318 +o.478 +0.318 +0.635 +0.478 +l.270 -0.318 -0.795 -1.430 -7.463 

Avg +0.594 +O .318 +0.478 +0.473 +0.635 Avg -0.198 -0.318 -0.516 -1.506 -8.811+ 

Test 5 Test 12 

-0.953 -0.478 +0.635 -0.478 -1.430 +l.270 +l.588 +l.270 
-0.953 -0.318 -0.795 -0.953 -1.270 +l.430 +1.588 +1.588 +l.270 -2.223 
-0.795 -0.795 -1.113 -0.478 -0.953 +1.905 +1.430 +1.748 +2.223 -0.795 
-0.478 -0.795 -1.113 -0.635 -1.270 +1.588 +l.113 +1.588 +l.588 -0.953 

Avg -0.792 -0.594 -0.594 -0.635 -1.229 Avg +1.544 +l.377 +1.628 +1.588 -1.323 

Test 6 Test lJ 

.:i;905 --2 .-065 , -2.223 -2.5i10 -0.160 -0.160 -0.160 0 
-1.7li8 -1.588 -2.223 -1.905 -2.700 0 -0.160 0 +0.160 
-1.748 -1.905 -2.065 -2.o65 -2.383 0 -0.160 +0.160 0 -0.160 
-1.748 -2.065 -2.065 -2.223 -2.223 0 0 +0.160 0 0 

Avg -1.783 -1.854 -2.103 -2.103 -2.459 Avg -0.041 -0.079 0 -0.041 0 

Test 7 

-3.018 -5.558 -32.385 
+0,953 -0.635 -2.858 -3 .335 -31.275 
+3.653 -0.953 -2.383 -6.033 -32.228 
-0.795 -0.795 -3.018 -6 .033 -30.005 

Avg +l.270 -0.792 -2.817 -5.230 -31.496 

* Cube movements are given to the nearest thousandth for averaging and plotting. Actual mea-
surements of cube movement were taken to the nearest 1/16 in. (0.159 cm); a"+" indicates up-
ward movement, and a "-" indicates downward movement. 



Table 5 

Test Plan for Field Study 

Peak Static Top 
Over- Pre load Relative Surface Degree of 

pressure psi Density Membrane Saturation 
Pit psi (bars) (bars) ~ Present ~ 

1 50 (3.45) 0 20 Yes 100 

2 50 (3.45) 0 20 Yes 100 

3 50 (3.45) 0 20 Yes 100 

4 50 (3.45) 0 20 No 100 

5 50 (3.45) 0 20 No 100 

6 50 (3.45) 0 20 No 100 

7 50 (3.45) .0 50 No 100 

8 50 (3.45) 0 50 No 100 

9 50 (3.45) 0 50 No 100 

10 50 (3.45) 0 50 Yes 100 

11 50 (3.45) 0 50 Yes 100 

12 50 (3.45) 0 50 Yes 100 



Table 6 

Test Results for Field Study 

Volume 
of 

Estimated Top \·:ater 
Peak Over- Relative Surface Added Cube Movement in. (cm)* 
pressure Density Membrane cu ft Uncorrected Corrected Usinrr Pit 1 Data 

Pit psi (bars) rl, Present (cum) Hood Wax Brick Aluminum Steel \'iood \fax Brick Alu.min um Steel 

1 50 6 Yes 3.48 Excavated before shot Excavated before shot 
(3.45) (0.10) 

2 50 14 Yes- 3.61 Da.'llaged by shot Damaged by shot 

(3.45) (0.10) 

3 50 6 Yes 3.88 -0 .375 -0.438 -0.375 -0.313 -0.313 -0.813 -0.188 +0.438 -0.125 -0.063 

(3.45) (0.11) (-0.95) (-1.ll) (-0.95) (-0.80) (-0.80) (-2.07) (-0.48) (+1.11) (-0.32) (-0 .16) 

4** 50 25 No 3.14 -0.375 -0.438 -0.375 -0.438 -0.500 -0.813 -0.188 +0.438 -0.250 -0.250 
(3.45) (0.09) (-0.95) (-1.ll) (-0 .95) (-1.ll) (-1.27) (-2.07) (-0.48) (+1.ll) (-0.64) (-0.64) 

5 50 6 No 3.10 Damae;ed by shot Darn.aged by shot 

(3.45) (0.09) 

6 50 14 No 3.64 -0.250 ..:0.250 -0.313 -0.338 -0.250 -0.688 0 +0.500 -0.150 0 
(3.45) (0.10) (-0 .6t1) (-0 .64) (-0.80) (-0 .86) (-0.64) (-1.75) (+1.27) (-0.38) 

7 50 - 57 No 3.21 Damaged by shot Da.=ged by shot 

(3.45) (0.09) 

8 50 30 llo 3.41 -0.250 -0.250 -0.250 -0.188 -0.125 -0.688 0 +0.563 0 +0.125 

(3.45) (0.10) (-0 .64) (-0:61+) (-0.64) (-0.48) (-0.32) (-1. 75) (+1.43) (+0.32) 

9** 50 64 No 3.41 -0.125 -0.188 -0.250 -0.313 -0.313 -0.563 +0.063 +0.563 -0.125 -0.063 

(3.45) (0.10) (-0.32) (-0.48) (-0.64) (-0.80) (-0.80) (-1.43) (+0.16) ( +l.43) (-0.32) (-0.16) 

10 50 46 Yes 3.21 Damaged by shot Damaged by shot 

(3.45) (0.09) 

ll 50 46 Yes 3.31 -0.375 -0.313 -0.188 -0.188 -0.125 -0.813 -0.063 +0.625 0 +0.125 

(3.45) (0.09) (-0.95) (-0.80) (-0 .48) (-0.48) (-0.32) (-2.07) (-0.16) ( +1.59) (+0.32) 

12'<X- 50 50 Yes 3.ll -0.250 -0.250 -0.188 -0.125 -0.188 -0.688 0 +0.625 +0.063 +0.063 

(3.45) (0.09) (-0.64) (-0.64) (-0.48) (-0.32) (-0.48) (-l.75) ( +l.59) ( +O .16) (+0.16) 

* Cube movements are given to the nearest thousandth for averaging and plotting. Actual measurements of cube movement were taken to 
the nearest 1/16 in.;(0.159 cm); a".+" indicates upward r.iovement, and a"-" indicates dmmward r.iover.ient. 

** These pits appeared to be the best saturated after the shot. The sand in the other pits was wet, but no standing water was found 
down to the cube elevation when they were excavated after the shot. 
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