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ABSTRACT

The advent of nuclear weapons has resulted in the need for
shallow-buried protective structures capable of surviving ground
.shock and associated loadings induced by high-intensity nuclear air-
blasts The design of such structures requires a knowledge of the
behavior of their foundations under rapidly applied transient loads.

The purpose of this inv:stiga.tion was to determine if nondimen-
-sional relations developed previously by the 'a.pplica.tion of simili-
tude theory and dimensional analysis for dynamically loaded surface
footings on clay also hold for dynamically loaded footings at shallow
depth of burial and to determine the effect of shallow burial on the
footing response.

The results of the investigation showed th;t the nondime_nsiona.l
relations developed for surface foo@ings on clay also hold for foot-
ings at shallow depth of burial. The effect of shallow burial on the
response of dynamically loaded footings in cla2y is small and can be

considered negligible for design purposes.
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This investigation was conducted by the U. S. Army Engineer
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the supervision of Mr. P. F. Hadala and the general direction of
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CONVEKSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

British units of measurement used in' this report can ve converted to

metric units as follows.

Multiply By To Obtain

irches 2.54 centimeters

feet 0.3048 meters

pounds 0.45359237 kilograms

kips 453.59237 kilograms

kips per square foot 4,822.4 kilograms per square
meter

pounds per cuoic foot 16.018 kilograms per cubic
meter

inches per minute 25.4 millimeters per
minute

inches per second 25.4 millimeters per
second -

inches per second per second 25.4 millimeters per second

per second




CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The advent of nuclear weapons has resulted in the n_eed for
shallow-buried protective structures capable of surviving ground
shock and associated loadings induced by high-intensity nuclear air-
blasts. The de‘sign of suck structures requires a knowledge of the
behavior of their foundations under rapidly applied transient loads.

In ;rder to assist in the development of foundation design cri-
teria for protective structures, a study of the dynamic bearing ca-
pacity of soils was initiated at the U. §. Army Engineer Waterways
Experiment Station (WES). The purpose of this study was to develop
the relations between blast-type time histories for footings and the
resulting footing displacement. Small-scale footing tests were con-
ducted using a loading machine that delivered controlled dynamic load
pulses to footings in soil specimens contained in large movable carts
(References 1-6).

In the WES studies, cmall-scale surface footing tests were con-
ducted on sand to investigate the mode of failure and soil motions
during the displecement of a dynamically loaded surface footing
(Reference 2). The results of these tests indicated that the behavior

patterns under dynamic loaeds were quite different from conventional
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static bearing capacity failure patterns. Because the dynamic footing
test data did not appear to fit classical failure thecries, a new
apprcach to the problem of predicting the displacem~nt of dynamically
loaded footings was undertaken. A prototype system that would be
suitable for eventual full-scale field testing was chosen. The sys-
tem consisted of a central surface footing on clay supporting a
blast-loaded structure. Models of the postulated prototype were de-
veloped using the principles of similitude and tested using the dy-
namic loading machine and compacted clay specimens in mobile soil
specimen carts.

The analysis of the results of the dynamic tests using nondimen-
sional parameters ylelded three useful relations: maximum footing
load reaction as a function of maximum displacement, maximum dis-
placement as a function of the dynamic load applied to the roof of
the structure, and time to maximum displacement as a function of the
dynamic load applied to the roof of the structure (Reference 3). The
validity of these nondimensional relations was established in another
study that showed that they were independent of the model scaling re-
lations (Reference 4).

A simplified model of a field test structure was developed, and
verified by comparison of the results of tests of the small-scale

model with the results of tests of the actual prototype (Reference 6).
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1.2 PURPOSES OF THIS INVESTIGATION

The purposes of this investigation were to determine if the form
of the nondimensional relations developed previously for dynamically
loaded surface footings on clay also holds for dynamically loaded
footings at shallow depth of burial (depth of burial equal to one
footing width), and to determine the effect of shallow depths of bur-
ial on the three nondimensional relations developed for surface

footings.

1.3 SCOPE OF THIS INVESTIGATION

The test program was limited to a study of the response of square
footings to dynamic axial loads of finite duration at a depth of bur-
ial equal to one footing width. One static and five dynamic footing
tests were conducted on l&.5-.’mclfxl-wid.e square footings in a highly
plastic, nearly saturated, compacted clay that had a static shear
strength of approximately 1.10 kips per square foot. A similar series
of tests was also conducted on 8-inch-wide footings in clay that had

a static shear strength of 1.45 kips per square foot.

. A table of factors for converting British units of measurement to

metric units is presented on page 8.
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CHAPTER 2

REVIEW OF PREVIOUS RESEARCH

2.1 STATIC FOOTING RESPONSE IN CLAY

There is considerable published literature concerning the bearing
capacity and settlement of foundations in clay. A review of small-
scale footing studies covering the literature until 1960 is presented
in Reference 7. Some of the more recent research is summarized in
References 8 and 9.

This review is limited to research concerning the effect of
depth of burial on the response of footings in clay. A solution is
given in Reference 10 to obtain the bearing capacity of foundations
in clay; this solution was based on laboratory footing tests, theo-
retical solutions to the bearing capacity problem for surface and
deep footings, and observations of full-scale foundation failures.
This solution (see Figure 2.1) for square rootings at a depth of bur-
ial equal to one footing width, as used in this investigation, shows
an increase in bearing capacity of approximately 25 percent over the
bearing capacity of surface footings. This relation, however, is
based on a rather limited number of laboratory tests conducted in re-
molded London clay (Reference 1l). In there tests the effect of
depth of burial was studied on 0.5-inch-diameter footings, with two

tests each conducted at depths of burial equal to 0.5 and 4 footing
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diameters. The tests utilized constant rates of penetration of 0.2
to 1.2 inches per minute with a typical test lasting between 5 and 10
minutes. The shear strength of the soil was determined by unconfineéd
compression tests and was found to range from 0.15 to 0.45 kip per

square foot.

2.2 DYNAMIC FOOTING RESPONSE IN CLAY

Research concerning the dynamic response of footings in clay is
summarized in Referenc:s 12 and 13. To the author's knowledge, there
has been no research concerning the effects of depth of burial on the

response of footings in clay under dynamic loading.
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Figure 2.1 Skempton's solution for bearing capacity.
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CHAPTER 3
FOOTING TESTS

3.1 DEVELOPMENT OF NONDIMENSIONAL RELATIONS

The application of similitude theory and dimensional analysis to
footing tests is reported in Reference 3. The variables that were
developed and are believed to significantly affect the displacement
response of the test system in this investigation, as shown in

Figure 3.1, are listed in the following tabulation:

Variable Definition Units
2 Displacement of footing L
b Footing width L
D Depth of burial L
P Applied dynamic column load F
to Total pulse time T
t Other characteristic time T
T Shear strength of soil FL -2
p Mass density of soil FreL
m Mass of load column of Fropt

dynamic loading machine
The nine variables can be rewritten in terms of six dimension-

less parameters as follows:

2
z D t P m Pt
f’!(gaz) ) ’ ' bm ) (3-1)
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where
% = displacement parameter
2 = depth of burial parameter
t
T c time parameter
o
P . ratio of applied live-load force to soil-resistance force,
b2 or strength parameter
Te
% = ratio of structural mass to soil mass, or mass parameter
b~p
Pt_2 . ratio of applied live-load force to inertia force, or
bm inertia parameter

From the free-body diagram in Figure 3.1, the relation between
the load R(t) delivered to the footing and the dynamic driving

force P(t) 1is given as

P(t) - R(t) = m(a - g) (3.2)
where

P{t) = dynamic column load

R(t) = footing reaction
m = mass of load column
a = acceleration of system
g = gravitational acceleration

Since the masses of the footings tested were small, R(t) essen-

tially represented the soil-resistance force opposing footing

16



displacement. This can be expressed in dimensionless form as

R __ ratio of average stress on base of footing to soil
~ shearing resistance, or resistance parameter

b Te

The analysis of static and dynamic surface footing tests in Ref-
erence 3 yielded the dimensionless footing reaction-displacement re-
lation shown in Figure 3.2. The second nondimensional relation for
surface footings, involving the maximum dynamic column load and the
maximum displacement, is shown in Figure 3.3. The third dimension-
less relation, between maximum applied dynamic column load and time to
maximum displacement for the surface footings, is shown in Figure 3.k4.
The validity of these nondimensional relations was established by
additional tests (Reference L4), and their application in predicting
the response of a footing during a field test is reported in Refer-

ence 6.

3.2 PLAN OF TESTS

A test program (see Table 3.1) of 10 dynamic footing tests at
depths equal to one footing width was planned to determine if the
nondimensional relations developed for d;namica.lly loaded surface
footings on clay were applicable at shallow depth of burial and to
evaluate the effects of the shallow burial on footing response. The
maximum dynamic input and input rise times, hold times, and total

pulse times, shown in Table 3.2, were determined from the idealized

17
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dynamic column load-time curves in Appendix D. The description of
the soil and soll specimen construction is given in Appendix A. The
test system, the dynamic and static test procedures, and the soil

sampling and testing procedures employed are described in Appendix B.

3.3 TEST RESULTS

The results of soll testing during specimen construction and
unconfined compression and unconsolidated-undrained triaxial tests on
undisturbed block samples taken from the soil carts are given in
Appendix C. Detailed results of the footing tests, given in Appen-
dix D, show computed column load, column acceleration, load cell
reaction, and average footing displacement time histories for the
dynamic tests (Figures D.1l to D.10). Load cell reaction versus aver-
age footing displacement for dynamic and static tests is also given
(see Figures D.1l and D.12). The results of the footing tests are

sumarized in Table 3.2.

3.4 COMPARISON OF NONDIMENSIONAL RELATIONS
The resistance parameter versus the displacement parameter is
shown in Figure 3.5. The dotted band is the range of the data for

dynamic surface footing tests. The points represent the values of

R A
-é“ﬁ and 22X for the 10 dynamic footing tests at shallow depth of

b
b Tf
burial. Eight of the 10 data points fall. within the band, with the

18
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remaining two falling slightly above the band. The static resistance
versus displacement curves are also shown in Figure 3,5, The

hatched band represents the range of the data for static surface
footing tests. The results of the static tests at shallow depth of
burial fall within the band.

The relation between the strength parameter and displacement
parameter is shown in Figure 3.6, Five of the 10 data points for
the shallow depth of burial fall within the range of values for the
surface footings. Of the remaining five points, four are slightly
above tie range and one at a relatively small displacement is just
below the range.

The strength parameter versus inertia parameter is given in
Figure 3.7. Seven of the 10 data points fall within the range of

values, with the three remaining points falling close to the range.

3.5 EFFECT OF SHALLOW DEPTH OF BURIAL

The form of tne nondimensional relations developed for dynami-
cally loaded surface footings on clay also holds for dynamically
loaded footings at shallow depth of burial. The effect of shallow
depth of burial on the nondimensional relations is small and can be

considered negligible for design nurposes.

19

B At



————— 1S9, 01383 ——————— * > > 00+0T 9-6S
o1t 0 9 9T'T 00+8 6-6S
00t o] 9 en°T 06+9 165
08e o 9 L/ANY 00+6 €-66
oct o L 88°0 0G+£ 2-65
092 0 S (0] 9 STt €T°1 S H 00+2 T1-65
—a————— 353 073838 ————p— A > A 00+0T 9-85
oth o 8 259 00+g 6-8%
oTh o 8 2%'9 05+9 -85
6g€ 0 8 00°g 00+5 €-95
Gen 0 6 ot-¢ 0G+€ 2-g8S
68¢€ ) 8 00°g STt 00°2 0°g 00+2 1-85
oasum oesm oosu sdy Jod 13 vm\mmﬁx ‘ut

% T %3 e e 3,

swty, SWLL suty Jndut BTaM y3Buazjs
asTnd PTOH s otuweuiq ITUN 38M T83qs 4IPTM uoT38007] *ON
T®30% nduy gnduy WO X8 PojewTysy PajBwTysy aeld 389], 383

R

SLSAL ONIZOOJ ¥OJd SHAIAWWYVd INANAJAANI - NVId ISIL T°¢ JIEVL

20



TABLE 3.2 TEST RESULTS - CONTROLLED AND DIPENDENT PARAMETERS FOR FOOTING TESTS

Controlled Parameters

Test Trst Plate Estimated Estimated Maximum Input Input Total
No. cation Width Shear Wet Unit Dynamic Rise Hold Pulse
Strength Weight Input Time Time Time
Tf‘ 7m“ Pm.x t'r 1"h to
in. kips/aq ft pef kips msec msec msec
58-1 2400 8.0 1.60 118.4 8.23 L 0 385
58-2 3450 1.3 11€.8 2.9 5 o 405
568-3 5+00 1.50 117.9 7.96 5 0 385
58-4 6+50 1.25 117.6 6.23 4 0 330
58-5 8+00 1.4 117.6 5.88 N 0 325
586 10+00 v 1.60 117.0 g Static Test —————————p
59-1 2+00 4.5 1.05 116.9 2.32 5 [¢] 240
59-2 3+50 1.10 117.9 0.75 4 32 300
593 5400 1.95 116.5 1.67 5 0 275
594 6450 1.00 117.9 1.35 4 o 310
595 8+00 1.05 116.6 1.13 6 0 300
59-6 10+U0 v 1.10 16.3 e StAtiC t@8LE e

Dependent Parameters

Test Maximum Time to Maximum Time to Final Computed Time to Maximum Maximum
No. Load cell Plate z Plate Maximm V rositive Neygative

:uction ¢ (%w() l:ilphcement t?:xw) I:ilphpomt Velocity t?:l:“) ::eolention :scchrltion

max max finel

kips msec in. maec in. ips masec g [’

58-1 9.06 29 2.06 5 1.54 87.8 16 36.7 -11.1
58-2 3.75 n 0.08 30 0.03 12.9 7 11.0 =5.0
58-3 8.89 29 2.10 u7 1.83 8.3 17 36.¢ -10.0
58l 6.83 24 0.90 36 0.67 L8.o b1 7.5 ~8.1
58-5 6.53 22 0.7 36 0.51 Lo.s 13 26.2 7.3
59-1 2.36 46 2.09 79 1.90 51.9 30 12.0 -3.8
59-2 1.18 35 0.22 50 0.16 7.5 23 2.7 <1.b
593 1.98 51 1.02 68 0.89 28.4 30 7.8 -2.9
59-4 1.61 L6 0.79 61 0.67 22.8 25 6.8 =2.4
59-5 1,47 ko 0.k 51 0.31 1.6 25 Lk -2.0

e o= vane resistance near plate
T, = average UC shear strength for cart x =3 Tesistance for cart '

- - posttest wet unit weight near test
7u average; I fet wilt Weight for cart x average posttest wet unit weight for cart °

21
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P = DYNAMIC COLUMN LOAD

l

m e—— LUMPED MASS

T' 2 SHEAR STRENGTE OF SOIL
P = MASS DENSITY OF SOIL
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DASHED ARROW DE- )
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R

FREE-BJODY DIAGRAM

Figure 3.1 Idealized test system and free-body diagram.
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CHAPTER k4

PR BV

CONCLUSIONS AND RECOMMENDATIONS

4.1 CONCLUSIONS

The following conclusions are drawn from the results of this

investigation:

1. The form of the nondimensional relations developed previously
for dynamically loaded surface footings, as given in Figures 3.2, 3.3,
and 3.4, also holds for footings at shallow depth of burial in clay.

2. The effect of shallow depth of burial on the nondimensional
relations, as shown in Figures 3.5, 3.6, and 3.7, is small and can be '

considered negligible for design purposes.

4.2 RECOMMENDATIONS
As a result of this investigation it is recommended that the

techniques employed in this investigation be used to study the influ-
ence of greater depths of burial (up to D/b = 4, if necessary) on the

respouse of footings in clay under dynamic loading.
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APPENDIX A

SOIL SPECIMEN CONSTRUCTION

A.1 SOIL PROPERTIES

The soil used in this study was a highly plastic clay found as a
backswamp deposit alongside the Mississippi River near Vicksburg,
Mississippi. It is locally referred to as buckshot clay and is clas-
sified as CH in the Unifled Soil Classification System.

The clay was air-dried from its natural water content of 30 to
4O percent to about 10 percent, mechanically processed, and stored
for later use. The average Atterberg limits for the processed clay
were: liquid limit, 60; plastic limit, 23; and plasticity index, 37.
The specific gravity of the clay was 2.70. Using the Standard Proctor
test, the optimum water content was 23.5 percent and the maximum dry
unit weight was 96.2 pef. Approximate amounts of minerals in the

clay, as determined by X-ray diffraction, are as follows:

Clay Fraction Clay Fraction

0.2 to 2.0 microns less than 0.2 micron
Montmorillonite 30% Montmorillonite 60%
Illite 25% Illite 15%
Ka.olisnite 25% Kaolinite 15%
Quartz 20% K-Feldspar 10%
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A.2 SPECIMEN CONSTRUCTION

The procedures used to prepare soil specimens will only be gener-
ally described here since a detailed description of the procedures
used is presented in Reference 3.

To prepare a s0il specimen, the air-dried clay was mixed with
water in a pug mill and placed in the soil cart in layers of 3-inch
compacted thickness using a mechanical backfill tamper.

The 1ift at the depth where the footings were to be placed was
intentionally compacted 0.50 to 0.75 inch higher than the planned
depth of burial. A straightedge waz then used to trim away excess
soil before the footing was set into place at the proper elevation.
The surface was scarified prior to placing the next lift (see Fig-
ure A.l).

Openings were made in the specimen directly above the center of
each footing to receive the load cell dbearing tip, as shown in Fig-
ure A.2, and at each of three corners to receive the extension rods
of the linear-motion potentiometers used to measure footing dis-
placement (see Figure A.3).

The top surface of the cart was sealed with a polyethylene
membrane and the clay allowed to cure for approximately two days to

allow for equalization of moisture.
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APPENDIX B

TEST METHODS AND PROCEDURES

B.1 TEST SYSTEM
The test system used in this study consisted of a dynamic loading

machine capable of producing controlled dynamic and static loads of
up to 50,000 pounds; square aluminum plate footings; a compacted spec-
imen of highly plastic, nearly saturated clay in a movable track-
mounted soil cart; and electronic instrumentation support. A typical
test setup is shown in Figure B.l. Detailed descriptions of the

dynamic loading machine and its operation are presented in References

1l and 3.

B.2 MRECHANICAL VANE SHEAR TEST

Immediately before each footing test, mechanical vane shear
tests were conducted using the device shown in Figures B.2 and B.3 to
provide an estimate of the soil strength for the proposed footing
test.

Preliminary tests using the mechanical vane shear device in a
3- by 3- by l-foot-deep steel box filled with soil, compacted with the
same procedure used in the soil cart specimens, indicated the need
for control over the frictional component of vane resistance when
testing at different depths. The mechanical vane was modified by

constructing a projection on the vane shaft, as shown in Figure B.2,
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that produced constant friction between the vane shaft and the clay
when operating the vane at any depth below 2 inches. The preliminary
tests also showed that a vane resistance versus depth profile existed
within each 3-inch-thick compacted lift.

For each footing test, mechanical vane tests were conducted in
a 6- by 8-inch grid pattern within a 12- by 1l6-inch area around each
footing location and resadouts of torque versus angle of rotation were
obtained. The depths at which vane tests were conducted were chosen
so that each depth would represent readings of elther the top, middle,
or bottam of a 1lift both above and below the footing. The mechanical
vane shear device was calibrated before and after each series of

tests using a moment arm of known length and weights.

B.3 DYNAMIC AND STATIC TEST PROCEDURES

Detailed descriptions of the dynamic and static test procedures
are given in Reference 3. The data from a typical dynamic footing
test are shown in Figure B.4. An idealized curve has been fitted to
the computed column load curve and used for analysis purposes. The
various time parameters determined from the idealized curve are the
rise time (tr)’ hold time (th), decay time (td), and positive-phase

duration (to), as defined in the figure.

B.4 SOIL SAMPLING AND TESTING

After all dynamic and static footing tests on a soil cart were
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completed, ten samples were teken from the top 3 inches of the speci-
men for water content and wet unit weight determinations. Following
this, six 8-inch-diameter by 9-inch-high undisturbed block samples
were taken at the elevation of the footing tests.

Three strain-controlled, unconfined compression tests were con-
ducted on l.4-inch-diameter by 3.0-inch-high specimens from the top
4 inches of each of the six block samples. Strain-controlled, un-
consolidated-undrained, triaxial tests, with confining pressures of
1, 3, and 6 kips per square foot, were conducted on l.4-inch-diumeter
by 3-inch-high specimens taken from the top 4 inches of two block
samples from each soil cart. The triaxial test specimens were taken
from the two block samples for which the unconfined compression test
results were nearest the average for the cart. All strength tests

followed standard Corps of Engineers procedures (Reference 1h4),
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Figure B.2 Components of mechanical vane shear device.
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SOIL TEST RESULTS
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AXIAL STRAIN IN PERCENT
BLOCK INITIAL CONDITIONS UNCONF SHEAR TIME®® | FAILURE
come STRESS T0 STRAIN
LOCATION o WATER ORY voIb SAT. STRESS FAILURE
RER TEST CONTENT | UNIT WT | maTIO
STATION | OEFSET | DERTH LB PER KIPS PER | KIPS PER
FT IN. N (3 CUFT L) SQFT 8Q FT MIN L3
8 27 7 .17 c-1 26.0 9.0 0.761 9.4 3.40 1.70 16 10.0
c-2 2.2 [:X) o | ms 3.6 1.58 16 10.0
c3 2.0 0. 077 | %08 .2 1.64 28 15.0
58 245y £ 817 D1 27.0 "7 2085 | 836 1.92 0.96 7 [X)
0-2 26.3 20.9 0.041 2.0 2.84 1.42 13 6.0
D-2 27.2 9.9 0.820 | ee.9 2.46 1.23 s 55
58 5478 ? 17 €1 26.9 9.2 083 | 864 2.66 1.33 13 6.0
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8 $:00 7 817 G-t 20 94.6 078 | 944 3.06 1.8% 1 8.0
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63 P12 ns ome | s 318 1.50 22 1.0
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H2 27 2.3 0813 | 0.0 2.18 1.08 ’ 5.5
H-3 2.9 2.0 0003 | o8 2.90 1.48 16 10.0
| -
AVERAGE 271 92.8 06803 | 907 2.88 1.43 17 [X)

® STRAIN-CONTROLLED TEST ON 1.4-IN.-DIAM x 3.01-IN.-{IGH SPECIMEN
TAKEN FROM 0- TO 4-IN. DEPTH OF THE BLOCK SAMPI E,

** RATE OF STRAIN CHANGED FROM % PER MINUTE TO 2.5% PER MINUTE

AT FROM 4 TO 8% AXIAL STRAIN,

Figure C.1 Unconfined compression test results, cart 58.
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® STRAIN-CONTROLLED TEST ON 1.4-IN.-DIAM = 3.01-IN.-HIGH SPECIMEN
TAKEN FROM 0- TO 4-IN. DEPTH OF THE BLOCK SAMPLE.

** RATE OF STRAIN CHANGED FROM 1% PER MINUTE TO 2.5% PER MINUTE

AT FROM A TO 0% A

XIAL STRAIN.

Figure C.2 Unconfined compression test results, cart 59.
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APPENDIX D

DETAILED RESULTS OF FOOTING TESTS
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Figure D.1 Dynamic test 58-1.
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Figure D.6 Dynamic test 59-1.
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Figure D.7 Dynamic test 59-2.
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