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FOREWORD

The soil properties presented herein were obtained for the pur\p‘ese of clarifying the stress-strain rela-
tions which should be used in computer codes for predicting grourkmofions due to high pressure loading.
This work is in conjunction with research on propagation of ground shock through soils being conducted by
the Soils Division, U. S. Army Engineer Waterways Experiment Station, for the Defense Atomic Support
Agency. ,

This report was requested and authorized by Mr. J. G. Jackson, Jr., Chief, Impulse Loads Section,
Soil Dynamics Branch, under the direction of Mr. W. J. Turnbull, Chief »f the Soils Division. The report
was prepared under Purchase Order No. WESBPJ-68-67, dated 16 August 1967, issued to M. T. Davisson,
Foundation Engineer, Champaign, Illinois,

Directors of the Waterways Experiment Station during the perforn ance of this work and preparation
and publication c¢f this report were COL John R. Oswalt, Jr., CE, and CJL Levi A. Brown, CE. Technical
Directors were Mr, J, B, Tiffany and Mr. F. R, Brown,

iii



CONTENTS

FOREWORD

CONVERSION FACTORS RRITISH TO METRIC URITS OF MEASUREMENT

SUMMARY

PART 1 INTRODYCTION .  ........ N

Object . e s U e e e
Scope ....... - e e e e e

PART II. SOILS INVESTIGATED . .. .............

Site Conditions . . e e e e e
Subsurface investigation . . . ... .... ...... .

FART III. TEST PROCEDURFS . ........

Description cf Apparatus . . .... e e e e e e e e s
Experimental Procedure ... ........... e e e

PART IV. TEST RESULTS AND INTERPRETATION OF RESULTS

LITERATURECITED ... ........ e e e e e e G e

TABLES 1-3
APPENDIX A TABULATED TEST DATA

APPENDIX B AXIAL STRESS VERSUS AXIAL STRAIN
APPENDIX C CONSTRAINED MODULUS VERSUS AXIAL STRESS

i
; APPENDIX T RADIAL STRESS VERSUS AXIAL STRESS
¢ APPENDIX E TABULATED DATA FOR THRE:-DIMENSIONAL STRESS-STRAIN
: RELATIONS
: APPENDIX F© OCTAHEDRAL NORMAL STRESS VZRSUS OCTAHEDRAL
DL LINEAR STRAIN

4

- APPENDIX G OCTAHEDRAL SHEARING STRESS VEFSUS OCTAHEDRAL

) NORMAL STRESS

AR LR PR S

[Srpy—y

»ooNNN N

~J W




COAVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

Britist units of measurement used in this report can be converted to metr.c units as foliows

—_ Multiply - By . ToObtam .
inches 254 centimeters
feet 0.3048 meters
miles 1.609344 kdometers
cubic inches 16 3871 cubic centimeters
pounds 453 5924 grams
kips 453.59237 kilograms
. pounds per square 1ach 0070307 kilograms per square centimeter
pounds per cubic foat 16 02 zulograms per cubic meter
feet per second 30.48 centumeters per second
* foct-pounds 0.138255 meter-kilcgrams
E ’
1 vii

g O TSR




(07 -vo% i - bRt v

T

SUMMARY

The soil tests reported nerein were conduct2d to provide inforrsation on the influence of degres of
saturation on high piessure stress-strain relations of undisturbed and remolded soils from the Defance Re-
search Establishment, Cuffield. These high-pressure one-dimensional test. were also to provide input data for
computer codes concernig the relation between stress and strain invananis at high pressures. Soms investi-
Jators were concerned that large strains might develop at high pressures in sil* and clay as hss been >bserved
for sand due to grain crushing. As expected, the rest results presented hereir. show that large strains do not
develop at high pressures in fine-grained soils such as silt and clay

The test program consisted of 12 one-dimensional tests on 4 specimens each of undisturbed and re-
molded silty clay, and 4 specimens of remdlded sandy slit. in all tests the radial strain was essentially
zero. Axial and radial stresses and axal strain were measured. The tes's were carried to an axial stress of
20,000 psi unless soil extrusion occurred at a lower stress. The following conclusions were reached:

a

The degree of saturation and the initial void ratio are the most significant variables
governiing the one-dimensional stress-strain relations of soil at high pressures.

For pressures exceeding 3000 psi the compacted: specimens and undisturbed specimens
of Suffield soil vield the same relation if ihe initial degree of saturation and initial
void .atio are identical before loading.

A lowe: L rund to the secant modulus of deformation M at a given level of axial
stress 0, is given by

s (i Sﬁ)ei .

\" " 100 e__ 3
1+e 300,000 ps

for both compacted and undisturbed samples of fine-grained soil subject to pressures
greater than 3000 psi.

The average unloading modulus of Suffield soils subjected to pressures greater than 30C0
ps is approximately 10 times the loading secant modulus of deformation M, .

It is probable that the stiffness of the Suffield soils when unsaturated will be greater under
dynamic loading than the static values given herein. Previous comparisons of static and
dynamic values of constrained moduli of Suffield soil- have shown that the dynamic values
are twice the static values. This observation 15 consistent with similar comparisons {or
NTS Frenchman Flat silt.
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EFFECT OF DEGREE, OF SATURATION ON COMPRESSIBILITY
OF SOILS FROM THE DEFENCE RESEARCH
ESTABLISHMENT, SUFFIELD

PART I: INTRODUCTION
0BILCT

1.  The object of this study was to determine the high-pressure, static, one-dimensional stress-stro>
characteristics ¢f compacted and undisturbed soils from the Defence Research Establishment, Suffield (DRES},
i Alberta, Canada. Degree of saturation was the major vanable investigated. These one-dimensional tests
were alsc to provide input data for computer codes concerning the\relation between stress and strain invari-
ants at high pressures. These high-pressure relations were especially important since some invest 1ators were

concerned that large strains might develop at high pressures in silt and clay as has been observea .or sand
due to grain crushing.

SCOPE

2.  Two 5-in.*-diam undisturbed Shelby tube samples and remolded samples of two different soils,
which were air-dried and passed through a No. 10 sieve, were furnished by the U, S. Army Engineer Water-
ways Experiment Station (WES) for this study. A total of 12 static-undrained one-dimensional compression
tests were performed.

3. Specifically, four tests ware performed on the undisturbed samples, and four tesis weie por-
formed on each of the two remolded soils, the remolded soils were compacted at predetermined water con-
tents and dry densities. The results of the tests are presented in the form of plots of axial stress versus
axial strain, secant modulus versus axial stress, and radial stress versus axial stress. The index properties for

each of the different »0il sampies tested, and the test apparatus, experimental procedure, and an interpre-
tation of the test results are also presented.

* A able of factors for converting British units of measurement to metnic units is presenteri on page vir
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PART II: SOILS INVESTIGATED
SITE CONDITIONS

Locaticn and Topography

4.  The location of the site is within the DRES blast rznge at a locaaon knowr as Watching Hill.
The site is approximately 30 miles north of Medicine Hat, Alberta, Canada.l Within the area of interest.
the site is essentially level 'vith a ground surface elevation of approximately 2164.0 ft msl.

Geaology

5. A brief description of the geology of the site is available in reference 2 along mth an estimate
of the seismic velocities for the various layers. The site is in the southern end of the Ross Depression
which, along with the areas to the south/and west, has apparently been covered by a large lake. The scils
to a depth of 200 ft are lacustrine deposits consisting of uniform beds of clay and silt with occasional
sand lenses. However, glacio-fluvial processes and desiccation have altered approximately the upper 30 ft.
In reference 2 a seigmic velocity of 2200 fps has been assigned to the upper 30 ft, but indications are
given that the upper 4 ft may have a velocity of 700 fps while the lower 26 ft has a veloaity of 2550 fps.
From 30 to 200 ft, a velocity of 5500 fps is indicated.

6.  Bedrock at the site consists of Upper Cretaceous beds of the Foremost formation. These beds
may be arenaceous shales and/or sandstones with many coal and carbonaceous beds. In many places the
“Pale Beds’ overlie the Foremost formation and consist of sandstcne, shales, and sandy shales. The seismic
velocity for these beds has been estimated as 7500 fps. At great depth, Mississippian limestone is found
with a seismic velocity of approximately 20,000 {ps.

SUBSURFACE INVESTIGATION

Fieid Data
7 Two undisturbed samples from boring 2-U and two remolded samples from boring 5-U, ranging
m depth frora C to 22.5 ft, were furnished lor this study. The undisturbed samples were taken with a
S-in.-diam Shelby tube and extruded immediately into 6-in.-diam fiberboard containers.3 Wax was then
used to fill the containers and seal the samples. The remolded samples were air-dried, mixed, and passed
through a No. 10 sieve.

8. Additional information on the soil yrofile at the Watching Hill site can be obtained from ref-

erences 4, 5, and 6.

Laboratory Testing
9. Al soil sampies received in the laboratory weie subjected to rcutine idcntification and classi-
fication. The test number, sample depths, descrizaon, Unified classification, Atrerberg limits, and specific
gravities are listed in table 1. The gradation curves for the undisturbed and remolded samples are pre-
sented in figs. 1 and 2, respectively. All index properties for the soil samples were furnishod by the WES.
10.  The initial weight-volume data for each of the 12 static test specimens are listed in table 2.




ssidwes peqanisipun 105 seains uoneprio “y Hiy

. - ... _ .49 1085 g sj0q 12 €2 vb | 692 [umoig) (35) Aoiy Aing UEe-4't  |pasey ‘2
T N-2 " on Luiiog 1 le 2y | 6972 [(umoig) (13) hos Al h L=z g iwer g
T o T T T e e 7 Aciosmv
RS N BUGSiom T Toey c? 81 | 8¢ 99 2 [pws ii/m (13 K3 K| TTITES 2 s )
T T e e e e T {0:02, u.coﬂ ;u' -
pidtyyng ..cuhcm__no.mu Yainasay 8oud;aQ ) 81 61 Fay €9 2 Ppuwosag/m (7)) ?_u Ains W G0-0 1 isey 'y
Vi 8 9 Siuer3 uiolg judssig . 129Toig Id | Id | M 19 dg UoIDDI} IS0} wideg 10 asf3 ON @#|cwog
(v L § o
Av1d 0 g $378802 031480
. SMILINTHN M 3218 NIvHO
?:.mOo 0o 10 o.- -] o0t §m
AMELA ) 4 Y Y u L G T * Y
4 HHL ~ A - ¢ ] el LT
o T t i of
- 4 | {14 nyy - - 4] + - - B - -
T 411 t 1 1t |
oo . - 1 ¥ o8
M - / \‘— 3 A‘A 11444 1 _o 444 1 S 11Tt 31~ - 44 y
ME,.II.. “ 4 os m
S . 4 - Lid | L . 1441444 ¥i R S
2 _ b H h i i 1 z
g i i i -
m ; L 4 ! bl t Fid i 3. o d m
fl J! “ oe
L 3 ] m
w - 8 S N ._* - 4 44 J_Ii |4 “. +44 4 L_, - 44 ¢ ._.r. .u
s 2 189] i ] 1 ; * 3
e . 43 . _ _M “t 4 - ,* 3 STER R B B ¥ & SR E
= 4 4 o
T ; i |
- -~ —4 - 3 & 1 1] - - 4 -+ 444 —— - ....v.ilflyx — - -
‘ | 4se) 4 ] }
T o
’ |
° 159 7 N o
BRI TN Sy L
° ™} o0 o8 0v OF (7 T = a7 v e T oa
YW IANS GWWONCIS S N

1 obeties Lomd A .

Ck e tams are wopmr

Dt e




sojdutes paplowar 10§ saamd uonepesy ¢ by

[T T T T T g Teny 0 wieg o —: B 1 M R .-I.H.-x T 4!1:. ]
. 2A21S () Op w M ! 4 , -
n3uy pHsSOd DUD Daxtu Tpeab-av I ON T ! . H !

- . R ¢ - U
' i i

b . . < e ]

ars rop dusgom DAy 1 d/M| 6l * 0? H L9 2 M (IN) s Apuog k_ 13 22- 6 nN-g

W ; | , ; : S U B

ﬁ.li!ivﬂ,,;.?f .:c\‘.c.,_:.w.i.w:,m ; Uil d%ayy atua)a ) ’ a g1 91 (1Y h ,Ow b (1D} >o_u »._.m 4 .: W -0 T wﬂm}&mw:mwm

VI 8 9 SI0aA3 Ui0jg U0 sbatuig 1d | 4 ,_i 16 dg | TUoi0arj1ss0i0 4 qideg Jo A9|3 | oN bBuisog
[ y) g !ﬂwﬁm.l uweqam D L i@% T TRy Tt Tarvne ™
e e \ : SO LIV LI CRRR A ] 114 -3 SN 1Y) FALE T
T T e W R BWE T 318600 314N
SHILINTHN NI 321S NIVHD
to.muco 0o - pe g ﬂ (X} YT i [ X} O ot Onxva_v
4 T N v T ad ¥ T T ag — T
¥ f { i _ i A | H ! !
.Ivl.’ e -4~ ! - “ + ”? Il_ o1
I 4 _r y w Y M 44
o) S SIS S S - o “ w 1 u M 03
X it 1 4 { ' 1 SRS
.M v & g | J | ) : ot X
o N 1 | 1 + m
n-‘ { * 4 - 1 N} I - -
<. 1 s Apuog’ ] i o™ 3
y d | 1 Ll M
» ~ y — _ —A * d + 44 $+4
& % r } 1 ! g P
M { _ /\. 4_ “ e ”‘ h L 1] ‘ﬁ 2
£ Ov - +H b § + “ -+ I.A.rlf. os ”
m F | ! b ~ ﬁ W
2 1 1 H P _ 4414 b4
4 | 1 i i e
AYY ” 1 _ p 1 LJ:L b 4 LA
4 ) f x i :
oz - $ + ]
4 % | \
.- ) r r - -4 -t - -4
) oip King 1/ [T / L ! * ! ! _ e
i ) ) } 1 i
| UL Lt i
° 208 oM 501 B T T R UV AR R S T Ty oot

HIWOW 3AIC QWVONVLS SN




FH TSR COEE RO AL AT < e

PART 1Il TEST PROCEDURES
DESCRIPTION OF APPARATUS

11 The 2pparatus used for the staus one-limensional tests, shown i fig. 3, consisted of a confin-
ing —ng assembly waich contained the soul speetuen  The confining nng was centered on the baseplate
with the aid of a lucite qude ning as shown in fig 3 The pastcn was also centered on the scil specimen
with the 2:d of a second lucite ~uide ning A spht 1ng was mounted on the piston and furrushed a rea>-
uon for the dial indicator which .neasured the axial deformation to the nearest 0.001 in. A 300-kip uni-
versal Riehle hydraitic tesing machune was used to apply the axal stress to the soil specimen through the
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Fig 3 Schematc of static joading machine snowing
axial strain mnstrumentation
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loading piston. A photograph of this static test machine is shown 1n fig 4a, a close-up of the confining ring
assembly is shown in fig 4b.

a Static test machine

b. C ose-up of confining ring assembiy

Fig. 4. Test apparatus
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12. A steel ninn 1.0 in. high with 4-ia. inside diameter and a woll thickness of 1.0 in. was used to
confine the test specimens. An attemp! was made 1o lirit the radial strains to the minimum value required
to facilitate accurate recording by use of the SR-4 gages. The output of the SR-4 gages was monitored with
an 5R-4 indicator Calibrations of the confining rings were performed previously as described in reference 4.

EXPERIMENTAL PROCEDURE

Preparation of Test Specimens

13. For the tests of undisturbed samples, it was mandatory to develop a trimming operation. The
trimming procedure involved placing the waxed soil sample in the hydraulic press along with the sample
trimming equipment. The important feature of the trimming equipment is the trimming ring. The tnm-
ming nng has a 41n. inside diameter, equal to that of the confining ring, but the ouiside face is beveled
to form a sharp cutting edge. The outer face of the nng has a shouider that fits the outside diameter of
the 1.0-in.-thick confining ring. When the confining ring and the trimming ring are pressed together, an
integral unit is obtained that can be forced into a soil sample in a manner similar to the use of a thin-walil
sampler in a field sampling operation. Excess soil and wax were trimmed away with a knife as the trim-
ming ring was forced into the sample. When the trimming nng had penetrated the soil a sufficient distance,
the ring was car>fully removed and the 507 s.ecimen was trimmed level with the height of the confiring
nng. Sample trimmings from each test specimen were set aside for specific gravity, Atterberg limits, and
grain-size determinations. Water conteat samples were alsc taken from the Shelby tube sections before and
during the trimming p ocess.

14. The tare wewght of the confining ring is known along with its dimensions. Therefore, the
weight of the ring and soil specimen furnishes sufficient data to calculate the initial density of the soil.
With the specific gravity and water content data, compiete weight-volume determunations can be made
for the test specimen.

15. The final step is to place the confining ring on the baseplate and to assemble the confining
ring assembly. A height determination for the assembly is made in a dial comparitor to an accuracy of
0.001 in. Becausa the height of the assembly itself is known, the dial comparator reading fumishes a
check on the initial height of the specimen.

16. The remolded speciren was compacted nto the trimming ring with a Vicksburg tamper after
soil batches were properly mixed to the desired water contents ard ailowed to equilibeate for 24 hr. The
soil specimens were compacted in two layers with nine evenly distributed blows per layer. The height
of fall of the 41b hammer was varied to cbtain the predeiermined dry densities.

17.  The compaction energy varied from 0.2 ft-ibin.3 to 1.1 ft-ib/in.3 of soil. All remolded speci-
mens were prepared with the compacuon tamper except the sandy silt specimen at a water content of
27 percent. In order to cbiain the desired densitv this specimen was prepared by hand-placing *he soil
into the confining ring. After compaction. the trumming was carried out in the same manner used for the
undisturbed specimens.

Test Procedure

18. The confining ring assembiy was placed m the static test machine as shown in fig. 3. The dial
indicators were set at zero under the load of the piston itself which corresponds to a stress of appioxumately
1 ps. Succeeding loads were zpplied in predetermined increments and held vrnl the dial indicator and
radial stress observations were made. A similar procedure was followed during unloading. however, at zero




apphed load the soil specimen was allowed to rebound for approximately 5 min. v-hereas the lcad incre
ments required approxime-ely 1 mun for completion All tests were loaded io the 20,000 psi stress level or
soil extrusion prior *2 the 20,000-psi stress.

19. Uporn removine the confimry ning assembly from the test machine, the height was determined
with the dial comparator. This reading was compared with the imtial dial comparator reading and served as
a check on the residual deflectior. The confining ning and specimen were removed from the assembly and
a careful inspe~tion was made for extrusion before a final water content deterrnation: was made




PART IV: TEST RESULTS AND INTERPRETATION OF RESULTS

20. 'The individual test results are tabulated in figs. A1-A12. The soil index properties are presented
as well as the individual test data such as axial stress, axial strain, secant modulus, and corrected radial
stress. An attempt te correct the measured radial stresses has been made by dividing the load determined
from a hydraulic calibration on the full height of the ring (1 in.) by the actual height of the specimen.

21. These results have also been plotted in the form of axial stress versus corrected axial strain, con-
strained modulus versus axial stress, and corrected radial stress versus axial stress. The data points have not
been shown on the plots because none of the points deviate from the curves. The axial stress versus axial
strain plots for the 12 static tests are given in figs. B1-B12. Similarly, the constrained secant modulus ver-
sus axial stress plots are given in figs. C1-C12 and the radial stress versus axial stress plots in figs. D1-D12.
The boxes in the upper left corner of the figures contain initial weight-volume data for the samples.

22. A summary of the static test data is presented in table 3. For each test the initial degree of sat-
uration is given. At the maximum axial stress the corresponding values of axial strain and the ratio of
radial stress to axial stress (denoted as Kg) are given. A pseudo-Poisson’s ratio (i) has been calculated as-
suming that elastic theory is applicable. The residual axial strain and the ratio of residual to maximum
axia) strain are also presented. A notation is made in table 3 wherever soil extrusion occurred. Otherwise,
the static test results ca": be interpreted in a straightforward manner.

STRESS-STRAIN RELATIONS

23. A summary of the axial stress-strain relations for the undisturbed samples of silty clay, com-
pacted samples of silty clay, and compacted samples of sandy silt are shown in figs. 5, 6, and 7, respec-
tively. The axial stress-strain curves for all static tests were concave toward the stress axis throughout
the complete loading cycle; therefore, the compressibility decreases as the stress level is increased. The
absence of the small initial concave downward curvature in the stress-strain diagram of the compacted
samples is believed to be caused by the negligible prelcad effect because of the low compaction energy
necessary to yield the desired dry densities of 80-88 pcf. The unloading portions of the stress-strain
curves, which are shown on the individual test plots in Appendix B, are very steep at high stress ranges,
but the slope decreases at a stress of approximately 500 pui. T '> 3 is a list of the maximum axial
strains and ratio of the residual strain to maximum strai:: fou all tests, The maximum strain at the peak
stress of 20,000 psi varied from 0.299 to 0.457 in./in. The ratio of residual to maximum strain varied
from 0.85 to 0.96 for all test specimens.

24. The stress-strain relations of the compacted or remolded samples of silty clay given in fig. 6
show the effect of the initial degree of saturation for a dry density similar to field conditions. As the
initial degree of saturation increases, the strain at which the stress-strain curve turns abruptly upward is
reduced because of the amount of pore air decrease. However, the stress-strain curves shift downward
toward the strain axis at low stress levels for samples with increasing degrees of saturation. Thus at
low stress levels the samples with a high degree of saturation are more compressible than those with a
low degree of saturation. However, the wetter specimens reach 100% saturation at lower strains and
become stiffer than the dryer specimens at lower strains, resulting in a crossover of the stress-strain curves
as illustrated by tests 7 and 8 in fig. 6. Also, variation of the dry density at a particular initial degree
of saturation indicates a more compressible soil structure at a lower dry density as shom by tests 6 and
7, fig. 6. The behavior of the compacted specimens of sandy silt is similar to that of the silty clay;
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however, extrusion of the specimens with a high 1ntial degree of saturation (tests 11 and 12) distorts the
true confined stress-strain curves (fig. 7). The calculations of strain at pressure saturation indicate a mods-
fication of tr. stress-strain curves for tests 11 and 12. The strain at saturation can be readily calculatad as

€= To— = -
l*l’e1 1 +e.

where e, 1s the imtial void ratio, S, is the imitial degree of saturation, and ¢ is the axial strain at satu-
ration of the specumen

25. The stress-strain curves for the remolded samples approxumate the shape of the curves for the
andisturbed samples as shown .n fig. 5, but the behavior is different Tests 3 and 4 were plotted as one
curve because the differerce between them was not dis.inguisnable In general the behavior of the undis-
turbed samples 1s simiiar to that of the compacted samples ot silty clav except that the undisturbed samples
are less compressible 1n the low stress ranges (less than 2500 ps1).

26. The shape of the stress-strain curves (concave upward) for the undisturbed sampies at the
shallow depths is indicative of uncemented sos. This behavior 1s contrary to the behavior at greater depths
as reported pre'..'iously.4 The data in reference 4 indicate an initial concave downward stress-strain diagram
and then a change in curvature as the stress level increases. With an increase in stress. the stress st.ain dia-
gram 1s concave upward as the initial suffness due to preload 1s destroyed.

27 A typical vanation of degree of saturation with depth for the Watching Hill site is presented in
fig & as determmned from undisturbed specimens reported in references 4 and 5 These data are given for
the pu-pose of enabling one to select the appropriate stress-strain curve from this report that s consistent
wiih th? degree of saturation at the particuler depth for which the high-pressure moduli are deared.

SECANT MODULI-STRESS RELATIONS

28 Many of the ground motion problems in protective construction can be approximated by assum-
ing that the displacements occur 1in the direction of the stress-wave propagation. Under these imposed
strain ccnditions, the constrained modulus is the significant property of the soil controlling the ground
mouons. A constraned secant modulus of deformanon M¢ s by definition the ratic of the axial stress
to the axial strain under conditions of zero radial strain.

29.  All the graphs of the secant modulus versus axial stress are shown in figs C1.C12. The shapes
of the modulus-stress curves follow directly from the changes cf the stressstramn curves Just examined,
and thus require little additional discussicn  The secant moduli vary linearly with axial stress for both the
loading and unloading curve The secant modub are dependent on the mival degree of saturation, nitial
void ratio and the sl stress level  The lower bound secant modulus of deformauon for stress leveis
above 3000 ps can be approximated by

M, = @
s ; Sn .
- e
\ _lw,, 1 &
1+e 3C0 000 pm
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for the sous tested in this study. The average unloading secant modulus from the residual strain intercept 1s
given by

M, = 10M,

AXIAL STRESS-RADIAL STRESS RELATIONS

30. At any given stress level, the rano ¢f radial stress o axial stress is dencted as K, . In this
series of one-dimensional static tests full drainage could not occur; therefore, the ratic of radial stress to
axial stress determined for these tests is essentially in terms of total stresses.

31 In general, the value of K, is closely related to the degree of saturaticn. As the daaree of
saturation increases, the value of K, increases and approaches a value of unity for saturated soils. Be-
cause the degree of saturation depends on the axiai strain, the value of K, can vary continuously
throughout the test. The values of K, presented in table 3 vary from 0.38 to 1.00, and a pseudo-
Poisson’s ratio varied from 0.28 to 0.50.

32. Insitu, K, may be conmdered as unity for svils below the water wable. For soils above the
water table having high degrees of saturation, by capillarity or ctherwise, the value of K, will be
nearly unity. Where the water table fluctuates, as 1t does at the DRES, the values ¢f K, (and secant
modulus) will depend cn the spplied siress end the degree of saturation existing »t the time a field test
is performed.

33. During the unioading cycle, the radial stresses are reduced at a siower rate than the waa’ sivess,
this causes a concave downward curve that lies above the loading curve. Therefore, values cf K, often
exceed unity during unloading.

FORMULATION OF THREE-DIMENSIONAL STRIESS-STRAIN RELATIONS

34. The test data given in Appendix A have been used . ~ompute: (a) octahedral shearing stress,
(b) octahedral normal stress. and (c) octahedral linear strain; tabulated data for each test are presented in
Appendix E. From these data, graphs have been prepared of octanedral normal stress versus octahedral
linear strain; the graphs are presented in Appendix F. The relations between octahedral shearing stress and
octahedral normal stress are given in Appendix G in the fora of graphs.

35. A detailed discussion of the data in Appendixes F and G is beyond the scope ¢! this report:
only general comments will be rmade. Such data are useful in the formulatior. of generalized stress-st-ain
relations for soils. For instance, the graphs shown in Appendix F show the average principal strain or
octahedral linear strain which results from the average principal stress or cctahadral normal stress. The
slope of these curves is equal to three times that of the bulk modulus of the specimen. Note that in all
instances the curves in Appendix F become very steep at some value of the strain. This value of strain
is essentially that required for the soil to become fully saturated. The numencal value of the strain at this
point is dependent upon the initial degree of saturation and the initial void ratio. At higher strains the
bulk modulus is equal 10 or greater than that of water.

35. The data presented graphically in Appendix G are useful in establishing vield cniteria to be used
in multidimensional computer programs. Note the curres for tests 9, 10, 11, and 12 which show a nearly
linear relation between octahedral shearing stress and octahedral nommal stress during loading. This is not
surprising since these samples wer> silty sand, and the sheanng resstance of sand increases linearly with

15




nouimal pressure Note that thz specimens of relatively dry silty clay, tests 3, 4, and 5, showed the same be
havior because the wnual degree of saturation wis low and the sp2cimens probably never became sat. sted
Thus the shear strenrgth increased with pressure *hroughout the enare test Note the results of test 2 6 7
and 8, however, where the octahedral sheaning stress approaches a constant as the octahedral aormal stress
increases. [n each case the specimen has become saturated and 1s behaving as if . O beyond the pressure
at which the curve turns horizontal In each of these cases the soil 15 a sty (lav with a relatively hagh im
tial degree of saturation

16




e om—— . 2k 44 W) ek TR ST 44T

PART V. CONCLI,SIONS

37 The follcwing conclusions were drawn from the in restigation

a

The degree of saturation and the 1misa void :atie are the most significant vanahles govern-
ing the one-Cimensional stress-strain relations of sou at high pressures

For pressures exceeding 3000 psi the compacred specimens and undisturbed specimens of
Suffield soul yieid the same celaucn o the 1nitial degree of saturation and 1nitial vod ratio
are 1dentical before Joading

A lower bound to the secant vaodulus of deformation M at a qven level of axal stress
15 15 qiven by

. a
ld = -
* (%)
V' Ti00/% %
1+e 300,000 psi

for both compacted and undisturbed samples of fine-grained soil subjected to pressures
greater than 3000 psi.

The average unloading modulus of Suffield soils subjected to pressures greater than 3000
ps 1s approximately 10 umes the loadin; secant modulus of deformation M .

It is probable that the suffness of the Suffield soils when unsaturated will be greater under
dynarmc loading than the stutic values given 1n this report  Previous comparisons of static
and dynamic values of constramned moduli of Suffield sous (reference 4) have shown that
the dynamic values are twice the static values. This observation 1s consistent with samilar
compansons for NTS Frenchman rlat st (reference 7)

17
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Table .

Description and Clasafication of Soil Samples

Test ‘Sample from  Depth Unified  w L PL
No.  DwantPaine — fr__ Desripon _ Clasifcstion % % % Os
1 Undisturbed sample 1, 0-0.5 Brown silty clay, with CL 199 37 19 243
boring 2-U sand, trace of
organic matter
2 Undisturbed sample 1, 05-1.1 Brown silty clay with CL 191 38 18 266
boring 2.U trace of sand
3 Undisturbed sample 2. 1.2.1.7 Brown silty clay CL 83 42 21 269
honing 2.U
4 Undisturbed sample 2, 1.7-2.3 Brown sity clay CL 96 44 23 269
bonng 2.U

Remolded sample, 05  Brown silty clay CL - 34 16 269
7 be ..Jg 5-u
8
97
{
10
Remolded sample. 5-22 Brown sandy silt ML - 20 19 267

12

R

RSy 3




Table 2
Imual Specimen Data

Dry Water DeT;re;of Voud ' Specific
Test Type of Density Come?/t Saturation Ratio Granty
No.  Sample g P W Sn: % & G
1 Undisturbed, 86.2 189 580 0.902 263
005 ft
2 Undisturbed, 83.3 191 512 0993 266
0.5-1.1 ft
3 Undisturbed, 775 83 191 1170 269
1.2.1.7 1t
4 Undisturbed, 76.2 9.0 201 1.200 269
1.7.2.3 ft
5 w 85.8 48 135 0.960 269
6 Remolded 79.2 9.7 253 1120 269
silty clay,
7 0-5 ft 85.2 9.8 271 G972 2.69
8 854 19.6 543 0.970 269
9 89.0 3.1 9.4 0876 267
10 Remoided 88.0 8.1 24.1 0.898 767
sandy silt,
11 5-22 fr 88.5 15.0 450 0.888 2.67

12 38.0 27.2 803 0.898 2.67
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APPENDIX A: TABULATED TEST DATA
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ANODNNSVITIRYE Y WA

Test No

ONE - DIMENSIONaL STATIC TEST DATA

L

L __J.ii_.qo

S5, =280 9,

leg—27 % P 127 %

Soil Type lladisturbed Soil Locotion _Depth 0 - 0.5 %

Sty
¥

Y, 193 & pcf

Clay
LA

7y, L8 Zopct

Beens 200 Doatant Plas &

5, 283

2302

Ciossificotion _ Browa S.ity Clay wf zaad ¢ tracs
—of orqenic mafter (Cct)

Axig! ! RERL-L T Secont Rodiol :Doqoo of Axsal Axiol ;[ Secont I Rodiai |{Degree of
Sh;ess Str'cm ‘Mod&ius } Sno_ess lSo&gam S'::u S'r‘om iwﬂ'“’f St;ns Soh.ghon
] ] s l v 4 [ - s ¢
ps n/in pS A ps: A pst ; n/n | ps T pst %
o o C- i @) : sgo | 1000 Vo382 2840 | ]
o, 000 o L - 1l _s°0 | o381 .az0 ;
oo | ©.154 1300 | : 200 o 3817 j 510
400 o 194 2060 ' i o o.344 o
+ 4 + . LS
600 _ D205 2930 | o(sme)| o344 o - !
8oo o211 3180 " : { E
1000 o 216 Y 4620 ' | Note: Water Fetrus.of ot ’i"z"‘"’ £
1S20 0229 550 . Redial {Stress as not recorded
2000 o 242 g2s50 ' ] for thiy test i i
2500 o 282 QQQOT . iﬁbouf ;‘t,—.l jf w.f‘ri -. .8
s000 ©257 1.700 1 (axtruddd duraf the tast.
3500 o 20 13450 } i Y ;
4000 O0Z3 15200 N .
So000 02wl 19800 Y ‘ i :
bocO 0269 22200 ‘ J i ‘
7000 027 25800 R ) f
gooco © 214 29200 ; ﬁ' i
9 ooco o278 12800 : !
19000 Q277 36200 +
{1000 ©211  31s00 i 5 ! N
12000 0281 42600 N i . N E
_Lsoookozu & ROO ; j i
14005 | © 286 T‘Qooo, N
,sooo:L 0288 2050 B ' ; ; !
uzgociL o292 1 54800 , ;
N~ | Seil f‘rf‘rvs:o'; 7 i i
4000 | O 3S! ? !l 400 !
3voa o 354 H ssoo i
2000 i O 353 5660 | K 1

Fig. Al




ONE -~ DIMENS'INAL STATIC TEST DATA

Test No — .2 ot Typedlndiatuched Soit Locotion _Reath o035 -1 f

S5 lt.,. Cl‘.,, Qn:_n.,, 2-44, Distant Plain &
w194 % s, 3L2 9% ¥, 9V dpct v, 8IIpcf 5, 2 kb o, _—0.913
Le—38 % P__I8 % Clossificotion —Brown 9,0ty Clay w/ tracg of

_aand. (<)
Axiol Axig! Secont | Rodiol YDogru of Axwol ! Axio! Secam ' Raodiol |Degree of
Sl:’oss S?r‘aun Mod&lus Sf:’us Sa'ngomn Sh:ss ‘ Sh;om MoC&!usf S';css Sm%'mm
(] [ ] [ r [ o s r
P n /o pst psi % ns: n/n ! pst : pst | %o
o © - o] M 4 _I
10 © 008 1250 o E ! ; A
50 [-¥-X7 2 B840 10 l : 4
190 o /2o e34 50 ﬁi E '
200 C.108 1060 bl ; i !
300 aze! 1368 130 ' *
400 O z40 1670 Z/10 i ,T
500 0.250 2000 264 , L .
600 | ozss! 2350 358 | ] ! .
soo o 259 +090 515 i 7: ' .
o000 | O0zez 3820 70 1' ' N :
1500 | 0c6? | S5Soc; 1290 : 0
2000 | 0.z76 | 7250 ;830 f i ,
z500 © 294 | gsoo! 240 fY L ! ,
N5,/ tﬂnlfruaion i i
2000 | o 374 ! s3so! 1780 ; ' i .
1500 | (448 | 3350 1542 ; i X
1000 | 0486 2060 /11O ! ’ 1‘ '
goo | 0487 | 640! G331 ’ !
- - i +
00 0487 | 1730 750 | { L
400 | o486 ®20| se0 i : L
so00 o486 620 468 db_ ; i '
200 | o485 | 40 374 ‘ . )
100 0484 206 . 278 : N
£1-) o484 1 o4 ' 218 : i
10 o482 2) 222 - '
| o o478 © 220

Fig. A2
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Test No

ONE -DIMENSIONAL STATIC TEST DATA

',_13._7.

S, 2.1 7

Sotl Type Uadiztuched Sou Locotion _Dapth 1.2-17 £t

S.“‘-‘l

Clay

Yy, 8B40 pct

7e IR pct

Ao 2o Dot Pl §

S, 2.0 _

o, M-t

Le—22 % P __21 9% Cidsufication __E_Lnxzx__idij_ﬂ_s.y____ﬂé.!:)_____.

Axigl } Axiof Secont | Rodial | Degres of Axial Axiol | Secont Rodra! {Down of
Stress | Stroin Modg'lus Stress Sawgcmon Stress Stroin | Modulus | Stress | Sot
o4 | € N o, ¢ Tq @ M, o,
pst ! an/mn psi psi % ps! n/mn pst (1] %
o o - o 170001 O 450| 31800 GboO
1O | Qo004 | 2560 o 18000| 042! 39%00| joi00
So L Q0 0Ib 3120 29 19000! o 452| 42000, 10800
100 L © 036 2780 88 20000 O 454 A44000] 11000
zZoo ' 0.090 z2Z0 128 17500 O 45% 38600| 0200
300 L 23y 2260 ! 2ol iSeco| 0454 133000, Y190
+ —_—
ywﬂ | O 167 2400 266 12500 O.432 27700 8o70
500 ’ 0./193 ﬁzsvo 587 10000 O 4§} ZZioo 7:S0
600 o 23 2820 388 gooo]| 0 449 17700 &Zso0
g8oco i 0243 ' 327 | 447 6000 0447 i34:0 szso
:ooo—E o248 ,r 3770 55 4000 0444 900 4270
1500 ' ooz ' 170 | 908 2000 O.44} 4540 | 2440
Zooo o 321 5120 0 1140 1000 0.436 229¢ 2210
2500 0.345 | 1Z2S©o 1450 So00 0.43& 160 1 6%0
3000 | c3s% TBS &0 | 1640 200 0.429 446 1312
35:3; 0.369 b 94 g0 1840 100 o.42% Zz33 1270
‘,000 j o 319 | 10820 2:40 So 0.428 XS 1HeO
:sooo 0.39383 | (2700 2530 o O 424 [»] 1e30} |
s000 O 403% 14900 3020
7000 | O0.412 17000, 3S]0
8000 0 4i19 | ;%00 ! 4i00
9000 ; O 424 | 20Z0O| 4610
10000 | 0430 | Z3200 -
11000 | O 435 25300 S630
12000 © 439 27400 b*i0
13000| O $42 | 2e400| 1150
i4000! ©.445 S1Svo Ttc0
1S000 0.447 I3600 s8soo
16000 0.449 ¥p700| 9Y0e0

Fig #3




ONE -DIMENSIONAL STATIC TEST DATA

Test No 4 Sort Type ldndistucked Soi Locotion _DReath 1-7- 2.3 1t
S.H‘}l Clay ﬂg[_[g’ 2-4, Distant Plainé

w39 % 5,204 % 7, B34 pct v, Th2opcf S5,. KON o _L-Z0O

ly—24 % P__ZA__‘L Ciossification B rown S;If;, Lls!,L (ce)

Axiot Axiol Secant | Rediol |[Degree of Axial Axiol Secont I Radiol {Degree of
Sh;o:s Str‘o.m Modg‘l.us St;o'ss Soh:gc:hon Sh"re:s Str‘om Modaluso St‘;ns Sohghon
Q 1] " 4
psi in/in psi ps! % psi in/in Loops ; psi %
- o o - o 17000 0 452 | 37600 680
10 0.002| 5000 =) _ {8000 o.+s:?: 39 7°oj 7000!
So o.008 | 4260 1o i9009| 0 455 T, 4l7ool T400
[X-X] 0.0:8 £5S0 20 Z2o00eo| 0 4S7 Y'L 437001' 7800 |
200 0.061 Z%% 103 17500 0.45% 1 38400 744oY
L Y-X-} o. 119 2620 141 18000 D 455 33000 4860
400 0.1869 28520 2l 1Z500| O 458 | 27Soo 6330;
§o0 0.187 2670 236 10000/ 0.453 | 22,00 STSOi
400 | Q209 | zsrO | 26k 6000| 0.441| r3400| 4350
8co 0.240 3340 AL 4000] 0.447 B?so! 33500,
1000 Q262 3820 sz0 2000 0.443 4500 24:oi
1500 | 0300 | s000; T2 1000 | 0.439| zz80| 1880,
2000 | 0.324 6:60 990 Soo | O.437 | 140 1360
zs00 0.342 k4 31 /1 60 200 I 0432 Y 460 | -
3000 0.386 g4320 1470 )00 o 4»3)#, 230 i - i
3500 | 0.368 | as0o| Ieb0 so [ 0429 1z0] 920|
4900 | O.378 | [0boO 1860 o o 424 - g3o
so000! 0.3% 12820 Z3so
6000 | 0.402 | 14950 2740
: rtooo | O.4i0 I?7000 3170
8000 | Cc.4/8 19700 3680 :
Rl
Qo000 C.423 21200 370
1oes0 | 0.429 3300 4340
“ilooo | 0.434 | 2S4d0| 4eSO i
12000 | 0.439 27400 5110 !
i30ec| 0.443 | 29300| s5420 i
(4000]| 0-#46 | 3300 §5750
15000 | 0449 33200| 6060
; 16000! 0.48 3Ss00| o450

2]

93
»
t-3
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phos

R L

ONE ~-DIMENSIONAL STATIC TEST DATA

Test No 2 Sov Type Remaldad Soil Locotion _Qapth © -5 ft.
Sty Cleay ¢
4B % S.125 % 7, 3l pt Yo REMA st s, X8l =R 1 1- 2
L34 % P _l& % Clossitscation —Bemum  3ilty Clay Lct)
Ax1iQi o Axio! Secont | Rodiol | Degres of Axicl Axiol ! Secon! Rodiot ‘im of
St?ss Si.'c.n Modylus S"o." S":St sczoin ‘M&lul SO;tu
[ ] ] S 4 [ ] [N [ 3 )4

psi /i’ ps pSI % psi n/n 1 p#i psi *

0 %4 o 17000 | 0.381 | 43500 | 8070

1o P-ol! 1000 | © %000 0.393 | 4¢6000| §500

so .031 | 1300 10 | 1900 a.397 | 48000] 3090
o0 10,062 | 1600 | Ti 20000]0.399 | 30000 9600

200 Pp 097 2100 106 17800 | 0.333 43800} 935¢

300 10.122 | 2500 31 15000{0.998 | 37700 g88so

4co o141 2800 212 12500} 0.357 31500 8250

500 |0-163 | 3300 225 10000)0.99¢6 | 25309 7500

<00 lot¢1 | 3600 281 €000 |0-392 | 15300} 5500

§00 |0.188 | A200 | 365 4000 |0.330 | 10200 4350

1000 | 0.205 | 4900 | 495 2000 |0.388 | Szoo | 3050

1500 | 0.233 | €599 750 1000 ]0.385 | 26¢? 2230

2000 | 0.256 | 7800 1004 800 {0.383 | 1300 | ! 7€0

2500 | 0.272 | 2200 1260 200 , 3282 500 | 1400
P;ooo 0.28C | 10500 | 1ATO o6 {0.382 300 | 1320

3500 |0.296 | 11800} 1760 50 |o0.380 loo | 1220

4000 |0.307 | 13000 1950 o 0.371 le) [co?
| 5000 | 0.323 | 15500 24720

(007 ,0.333 | 18000, 2710

7000 | 0.343 | 2040 3369 L L
§000 | c.351 | 22800 3820 ]
#2_900:0357 25200 4300 )
15000 | 0.348 | 27406, 4870 s
11000} 0.3¢3 29800, 5!30 t_'

12000 0.374 {32100 5430 ,

15000| 218 | 34400| {040 ]
1A 000| 0.382 | 3£700 6500

1500 0.386 | 38000| 7000

16000]0.389 | 41200 15090

Fig AS
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Tost No.—...-__.é_.._..

ONE - DIMENSIONAL

— 8S01l Typ

o Recmalded 8o

— Sty CQlay
"N—3AZ % 5,253 % 7, RE8 pcf 7, 1WRpc! §,- 2 o, LIRQ

Le—M % P___Lb % Clossification — Brawma Siity Clay (€e)

STATIC TEST DATA

IM'MM’
ﬂl! Samals, Distast Plain b

Axiol Axiol | Secon! | Rodial |Degres of] | Axioi Axio!l | Secont Aedie! ;

Sh;on S:r‘nm Wus Sfr’ns Sf:ou .'r.oln lus 80"“! %
' ‘o s v ’ [ .t [ 1

Y nsin. | pws " % pei n/m et poi %
) [+ - o 18000 0.432 | 41800 -

10 0.003 | 1000 o 19¢00[ 0.43%5 | 43700 -

%0 ~8t | oo 21 2000010.337 | 45800 -

oo 10.147 To00 56 175001 0.43€ | 40000| -

200 |0.219 900 | 22 15000 ]0.435 | 345c0] -

300 |0.25% | 1200} (&7 12900 0.434 | 28800 -

A02 |0.284 | !400 | 253 100008 433 | 23100 -

so00 |alol 1700 | 272 8000 [0.432 | 1 ¥500 -

600 | 0.313 1900 | 290 008 [0.431 | l4000]

800 |0.33(| 2400 433 4000 [0.450 | 9300 -

1000 0.352 | 2800 | 430 2000 [0.430| Aé00] ..

1500 |0.314 | 4600 760 1000 10.428 | Q300 -

2000 |€.390 | sjootf 9175 500 [0.426 1200 -

2500 |0.40) 6200 | 12640 200 (0.42% 500 -

3000 | 0.408 | 7300 | 1430 100 10.424| 200 : -

3500 |0-413 | 8soo| 1790 0 |o.423] oo | -

4000 [0.416 | 900} 2|30 ) o 48! o -

5000 | 0.A19 | j2000]| 2800

6000 | 0. 420 | 14300 3450 Straspr  qaach on

7000 |o.422 “600 4600 safing ring wu“;‘_}q* :-

3000 10.423 | {9000} 5520 anial Stress »f 184, 040 psl.

$000 | 0.423 | 21200] £330

10000 | 0.424 | 23600] 7300

11000 [ 0. 425 | 29900| B8RS0

12000 0,426 128100 9180

14006 0,425 | 32700 il 400

15000] 0.430 | 35000 12600

16000 | 0.430 | 37300 -

17000 | 0. 434 | 39500 - K

Fig. A6




ONE - DIMENSIONAL STATIC TEST DATA

Test No Z soil Type Hemelded  Soil Location Repth Q-% fli
S ity Clay i

w18 % s,-&L1-% 7,-33.8 pdt 7y -B2Roct 5, &9 o Ik

L, 24 % P__le % Clossitication _ Brown Sty SGlay Cep)

Axiol Ax:0! Secont | Rodic! |Degres of Axiol Axiot | Secant Rodiel v"
Sir'.:a Sn‘o;n “od&i'ul Si:u Saug'mon S’r;:s sa?.nn &dﬂllus S'::o %
1Y mn/m osi ps! % psl n/mn, ol sl *

o o - o 15000 | 0.385 | 33000 1 4000

10 0.005 | 2000 4 12500 | 0.384 | 32608} 12200

SO0 |o0.024 | 2100 =14 jp000 | 0.383 | 26100 11800

oo lo.087 | 1100 1ol 8000 | 0.381 | 21000 87150

200 jo0.152 1300 119 4000 | 0.380 | 10500 .3 31 ]
200 l|0.193 | Is00 | '82 2000 | 0.318 | S309| 3300

400 |0.220 | 1300 | 248 {1 te0e 0-376 2700 2810 B
500 {0244 | 2000 230 s00 | 0,313 | 1300 j930 ]
€00 |0.257 2300 372 ,.3"0 0.3 400 | 1420

!00 0.280 | 2900} 512 100 370 | 300 | 1480

jo0n |0.295 | 3400 537 50 0,342 100 | 1390

{s00 (0.322 | 4700 395 - o 0.3¢¢ ] 1190
2000 |0.378 | s900 | 1250
2800 |0.349 | 1200 | 1950

3000 | 0.360 3300 1820 Note: | Acal fond b3 ofe d ot
3500 | 0.365 | %600 | 2260 ] o000 phi bacaupe of qpacity
4000 |0 348 | 10900, 2180 of strajm qagep on cop¥iai
5000 |0.972 | :3400| 3839 ring-
6000 | 0.374 | 16909 4900
7000 | 0.3;1 | 18600 6080

gooc | 0318 ! 21100 71530
gooa | 0380 | 23760 8¢00
10000 | 0.380 | 26300 8950
1000 | 0.3 | 28900! 9700
12000 | 0.382 | 31500 jogo0
13000]0.383 | 34000 1500
1400¢] 0.383 | 36400} 2300
{ isoccl o324 | 32100 13200
[¢000] 0.38% | 41500 14200




ONE -DIMENSIONAL STATIC TEST DATA

Tost Ne. a Soil Type_Ramaldad .. Soil Locetion _Depth o-58.
Sty Clay —  Bag Sampis. Ditaat Plaie k.
oAl % S, . d4A % v, 122Qpet v, REfpct 9§, RV 4 Q%0
te—At % P___Lb % Clamificotion _ Browa Silfty Clay (ce)
Stress | Strein [Mosgtes | Steass |Sougmion | | Stevs | Strain | shoggrus | Sreons | Sohmemen
o A NO“UI 'o'n Sotgbn r'o:s r‘c. n Modh 1“ é:" cgan
(1Y) n/w, pel pei % pei n/m pe) pst %
: 0 o 0 0 6000 10.247 | 24300} fod0
'~ 10 looaz | s00| o Tooe 10.248 | 28200 | 7000
SO0 |0.186 | 306 | o | 8008 10.250 | 3z000| 7970
F 0o |o.zzo | soe| 12 9000 | 0.251 | 34000 8380
150 |0.228 | 100 | 48 10000 | 0,252 | 39700| 9§50
200 | 0.230 900 94 11600 | 0.253 | 43%00, |} 000
360 (o0.23) i300 194 8500 | 0.292 | X172} 5000
400 10.232 1700 | 276 €000 | 0.2%50 | 24000! 6000
%00 [0.232 | 2200 ] 358 4000 | 0.249 | 16000] 4040
r-—600 0.233 | 2600 480 3008 | 02481 12100] 3070
700 |o0.234 | 3000 | 588 2000 | 0.247 | 8icé | 2070
800 [0.234 | 3400} (35 1060 [ 0.246 | 4lo0 | 10190
; 800 |0.234 | 3900 | 744 Soo |0.24€ | 2000 | é0o0
: 1000 | 0.234 | 4300 ] 8so __ 200 | 0.246 | 8oo| 2s5€
11eo 10.238 | 4700} %30 ] tee 0.244 400 134
0.235 | -~ 3rs SO0 lo.246| 200, 97
{iISa |[0-233 [ 4900 | 1000 ] o 0.244 o 3¢
2719 {0.23€ | S400 | 1110 i
180@ | 0231 | €300 | 1340 Nete:| water| extrisfon ot
1600 10238 | €Too | 1460 o= *P0 po. [ 2 gmajef water
| 1809 [0.238 | 7870 1640 Loadlry was| stepped oF
2000 [0.239 8400 1830 11,008 pa;  bekause of
2230|0239 | 8400 | 2080 copagity oF [3train qaqes
2500 |0.240 | (0400 | 2370 an T9e can‘f-n-n’ ride .
2190)0.249 | 11500 2660 -
3060010240 | j2500} 23920
3500 |0.242 | 14590 3400 |
4000 |0.244 | 16400] 33900
5000 |0.246 | 20300f 5000 |

Fig. A8
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ONE -DIMENSIONAL STATIC TEST DATA

Test Mo ) Soii Type Remoided  Soii Locotion Deptn $5-22 f+
w 31 % S, —Le % Y, 22Q pcf 7, BL2pct S, R8T = o, _0.876
Ley—R2 % P___19 % Clossificetion . Browa Seady 't _(my}

Axig: ) Axvoi Secont { Rod-o1 I[Deqns of Axgl ] Axsgl { Secont I Radig! Toeqm of
S!:yo:s Sn‘o..n Mod&l‘us' S!:’@’ss LScwgt:'nn S';e.ss i Slr‘aem Modul‘usx! S";:u Sot
ps! f n /i DS ) psr 1%, ps! | m/in psi ;r pst L A
| © ., @ — o /70001; - A%0 ;k.f/.fao;wo
0 .008 _ ,s250 i c (/ROOO | 5353 ;Jm | 7z¢0
Jo o35 Ai"’: JZ7./ ' /90p2 | 35 ;Lfmlr 70!05
(oo a3 goop 484 Zogoe | 340 | 5gsec, $i5° i
Zoo _ ote 3230 | [O8 /%560 % 339 | Srteo | 7950
3o0 o83  3uzo . [ S0.5 /5000 58 — SSdoo | 7580
foo | o095 4220 | /73 /2500 | .538 - B7000 | Fozo |
| _Soo (05 4750 | CRZ ac00 338 LZ%M &Bs0 }
eoo | wt _sisp 270  gaco | 3¢ | 2300 | Séve ;
Y-V /29 Gzoo : 37¢ | _&l00 332  cBre0 | #5970 L
| rowp |1t/ /00 | 450 £ac0 | 33 se00 $280
/500  ./83 ‘Lazoojf o | 2eoo | ;_EQY cr00 _Sogo
_‘g@a{ 784 'ongao? 8¢ ' _Llevo 33>, 3:00 2380 i
2500 . [99 (2o D28 Jeo 320 | /560 | /9gp |
2000 | 202 | /A4S0 /235 200 | 3/7 | &so | t550 |
Sseo zz5 /.91;30%/{40 leo ? k) 7 S/& ’T APoo E
4000 | £38  /7/59 | (630 Jo | M | 59 | rzg0 .
Soco | 248 2o/e0 | 2ozo o 305; - L 980
,E 26/ | 23000 2430 ; i ;
| o) , 272 | RS700, 2850 s 4 !
| fooo | zas | zaseo| s270 i
Sa00 289 | /00 | 3590 {
o000 | 296 | I88on | 000
Hogo | 305 | Bonop | fbv©
| tzeoe | - 809 £ 250 i
| (Scp0 | X5 | 4/dgp | T760 §
| /topo | 320 | 43700 | Saso
/5000 | 323 [ fotee | S 94O
fbooo | 327 |Aegc0' 6360 {

fig A9




ONE -DIMENSICNAL STATIC TES® ODAYA

Test No L2 Scil Type _Fearalded Soit Locotion Repth §-22 £
S.d‘y St roag S- e Y

w81 =% s, 241 9% ¥, 253 pcf 7, MBRpcl S5, -2 6T o _Q. 898

Le—RQ % P__ 1% % Clossification _Droawa Saady Sut (m)

Axiol Axigl Secont ] Rodial T:Doqru of Axigl Aol Secont { Rodial |Degres cf
St;oss ‘Str'om Mod&lus Sh;ess ESot.uS'?mn S'Loss Str'.m Moc&lusﬁ S';ns Sm%'ohoo
[ [ [ r ! . 3 s [
pst tn/m pst psi j % pst m/in P psi %
o P - o i vo00e | 922 | L7000 &778
e | 007 | /450 | 4o.# LBece | D65  494co| Togo
Jo 1' o8/ | /70 | BS S5 ’r r"m 3¢7 iT.:S‘/-;aa 7?55°
/00 | _.pse (6985 | O | | 20000 370 1!.9'4000 Boso |
Zoo | 008 | /L0 | /32 /7500 370 | 47408 77xc
| 800 | 445 | 20s0 | 188 sSovo | 349 | 4,900| 7400 ' .
/8/ | saso | z/z /2500 | %% | 53900, 6830
Soo . /42 FsZ0 | 226 /0000 367 | 27ro0| 6rZe
| Goo | 457 970 | 3of | Baco | 3¢é | 2/gpo | ITS540,
| Boo | /7 . Hé70 | 344 boco|_ 34| se500 4780 |
_Qﬁ__{g_,.:&é"_x 430 | #0000 | B6% | #8450 | 3900
(s00 | 270 | 7/40 i || zooo | .as8!| 559 | £740
 Zooe | - 2%0 | 820 | R9e | /000 A5t | 2ZR8z0 | 19295
2so0o | .z44 | rozSo % /055 1 Soo 349%‘ it30 | /4/0
3000 | 257 | f700 | /240 ‘ Zeo | 45 T ~y.7l Y]
500 | 267  s/Ss00 | (435 | z00 ‘ 342 zez,; 7z6
| foo0 | 276 | sbfS0 | tige | Jo | 389 ,47  IRg | |
S0 | 230 M;TM 2 ',:vb e Tr_u, _
80/ /9900 2820
Jooo .2 ZZdoo | Z830
 Bapo | 320 | ZSovo ; Szso ,;
 Saa0 | 26 | 2700 | 3580 ,
383 | 3oopo | Aoop ’
 tpoo | 33D | Ixson 4340
2 344 (34900 | 4760
(/3000 | 348 |874c0 | S170
lopo - 352 | 39800 | I 550
ASe | L2200 | TES5C
 /pooo | - 300 o &3o00




Test No _. 27/

ONE ~DIMENSIONAL STATIC TEST DATA

w 830 % 5,.%45.0 9

Soil Type Remolded  Soil Location _Dapth 5-22 ft.

memtﬂm@

Yy, toLA& pctf

£q BB R pct

S, 287

La—RQ % P__I9 % Ciossification __ﬂzmn__i-nl*_i‘lt___(_’lél_______

Axial T Axiol

{ Secont | Rodia! [ Degres of Axwal Axiol | Secant Rodsol [Degree of
S':’C:S Sir‘o.m Mod&I‘us Str:’st Som;r;ﬁon S?:'o:s Str.o'm Modal:n Sfar:n deg:&m
P! n/m pst s q % ps! n/m psi ps %
o o | — | o i 17000 | 350 48500, 7o N
VZ-) .or0 IL&O =)  /Bovo | 368 [ Js000 | 890
TO | Ol | (02 | D3 /79000 | AXy (I¥Sco| RIro
to0 _, 074 | 1355 | &7¢& Zocoo | 58 | $5900| 930e
2ee ’_ /0, /799 L 2S00 358 48800 R7%0 | |
JPL; /20 | ZSoo | % | nToos | 358 4/900 | B850
oo | /36 2940 | 3/8 | (2S00 | 358 | 84900 7Sco
Soo_ | M+ 3470 | 330 o000 | IS5 | 28rec | £590
Goo | +53 | 3920 A 597 | _Baco 354 | 22000l SBo o
Roo | /67 4800 ier_ N Sooo 252 | /7000 | S090
| roop © 788 754:.0 X5z 4 | Looo | 24D | (/H00 | 42/0
P L) v 208 1 7200 &88 | | Zopo .Mbg S770 o
Zooo ! 223 ;8960 ‘9zs | LOPO 342 % 2920 | 2Tdo
2500 , 287  so8sp | 1100 | Zoo | 337 | /885 | (k75
Soco 250 YA@_L ;/34.5' l Zeo 333 : &00 | s2z3p
.J.sfcno«Tr 258 /asse f/.fJo; coe 330 | 303 ; 47
Hdooco | ze# (M#00 /900 So 324 | 1535, Bzr
Jooo - Z83 /7700 2072 | o 3915 (=) :L‘ﬁ[
¢oco | 293 za.foaiz.s‘7oi P !L
7000 % 303 23,00 Soéo ! +— :
| Boco | 0 ‘25-‘0”1 2470 Nete: W-hrg extrapion aft
| 9000 | 306 28400 | 3080 | 0z 2500 par, PN g-s. of
/o000 | 320 .2/;00 {fsdi water | entradeld duneg et
2/000 | Ré& Jsgoo i‘b‘o
2000 | -3N . %4300 ! | S470 1
L3000 A% . 38700 J’%a 'L
Mooo 39/ ' 4/000 I o190 |
iS00 | - B¢ I{m é750
(teooe .- 348 | 44000 | 7272

Fig. All




ONE ~DIMENSIONAL STATIC TEST DATA

Tett No lZ

wiR1Z 7 5,803 %
Le—RB2 % P 17 %

Sot! r,p._&audd_ Soil Locotwon _DRepth S-22 Ff,

Y, LiR@ pctf
Cigssification

7a mpcf S, 267 e, 2. 8378
Broswa Smi;L S it (el

Axiof Axiol Secont | Rodiat Degree cf Axgl Axioi .TSotm' ‘ Rodio! [Degrn of
S!;ou Sn‘om Modytu S':ross Sm;go'm S'ir", Str‘o-n Modulus | !;css »Sol.gztm
[ ] [ ] L4 r L] [ L 3 & [
P n/m ps P % pst  in/in | ps. pn ? %
P o i — o Spoo | 258 | 2#ac0, S3¢0 ;
zo o | sz/ e 10000 | 263 3Bopc 37480
Jo -a58 | oo d oo | 272 | 40700 , 4/00
| 00 | pr0 | 43/8 | D5 /Zooe | 274 ' 43800 | 4450
_4Fo 2, 1220 2.8 ‘_A!mz_—ﬁﬁ__;_ék&gﬁ_t gse
z2oo | 094 | 230 ! 292 (do00 | 282 . 49@ azaaf
£SO | .10/ 2480 | So.5 || rs00c 286 .;z.s'oa S50
Soco /07| 2800 | B/ 2 lepoo | 288 | 55500 1 5950 |
Aso /2 320 2z L7000 | 2D [S8500 | . &3S0
doo M7 | B8xo | JOB | 8000 | Z9 | Gr/00  Go3c .
450 22/ | 3730 | sO4 | s9000 | . 29T moa§ 2030}
Soo | .1zé¢ | dos0 | /5 | Zzavoo | 299 | 26200, M70 |
oo | .13/ |#5Be | rxél L2500 | 299 ::s.sco 7282 |
Joo /37 | Sro0 i /9L 5 (Se00 | 203 | .5'040 0. G700 :
800 . M8 | Se0o | 2/5 /2500 i . 298 izaao; eg70 i
So0 .47 | erz0 237 Oood | 296 f_ggm L Feso
/000 | . /52 G560 | I M Booo | .z95 !zzloo 4940§T
/250 | /62 | 7700 | 425 | eope | 29T | zasco 4250
/Soo | .47/ | 8780 | Soo fooe | .29/ | /3708 ; 3450 z
| /250 /78 o840 | Seo Zeco 288 | 4950 230 |
2000 | /85 [/oBoo | &77 | oo | 284 ; ASZo | /675
| ZSce | /96 l/xr5° 8BGO | o | 280 | 4790 [ /2L0 |
3000 | 206 | /#5060 | soe2 200 | 278 | /9 | gaz |
3soo Z/4 /6350 | srz70 200 Z7¢ 362 | oSO
4ovo | z23 |,/7900] se20 " 5o z74 M
Jooc0O 232 | Z/woo | /800 o 2t — | 3
L0 z;/ 294900, 2/90 Nete:! wiated ezt il.n at).
| Zooe | Z$7 | 2800 | 2580 e 1293 = ‘J‘ gt _pf ter
Boco | 253 | %eoo| 2970 @2 trudeld ducidqy test.
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APPENDIX B AXIAL STRESS VERSUS AXIAL STRAIN
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Axiol Stres, o, 1000 psi

180 r
Samplie — Undisturded \ Soit Exmd;.;
Depth —~ O to OS5 # .
S, — 580 %

wol T — 103.2 pcf
Y 4 — 86.2 pcf
", — 199 %

e; — 0 902
Ss —~ 263

120

100 \

80

0 !

i
{
4
40 3
22 Woter Extrusi
”m—\/ |
N N - )]
0 0.0 0.20 .50 .60 Y
Axial Strain, e, in./in.

Fig Bl. Stress-strain relation in one-dimensional compression, test 1
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Axial Strem,

4.0

Test No — 2
Sompls — Undisturbed
Depthk  — 05 to 11 ft
S,, - 512 %
38 Y, - 991 pct
Y o — 83 3 pcf
w, — 191 %
., — 0993
S, - 2 66
30
i
l
23 F*Sul E xtrusion
i N
20 \
Y
N\
\\
\
.5 \\
1.0
0.5
/ J
o_r"‘/ i
-] 0.10 0.20 0% 0.40 0.50

Axial Strain, L P in./in.

Fig. B2, Stress-strain relation 1n cne-dimensional ~ompression, test 2
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Axiol Stress, - 1000 pui

20.0

Test No. — 4 .
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Depth — 171023 ft

S, - 20.1 %
irs Y - 83 1 pct
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w, — 9.0 %
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Fig B4. Stressstramn relation in one-dimensional compression test 4
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wsl 7 — 90 0 pet
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e, — 0960
Sa — 269
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2.9

100
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/
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o i
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Fig BS Stressstrawn relatior 1n one-dumersicnal compression test 5

par fiarnil

ov 2 p g g Ay

] .10 020 0.30 .40 0.50




ERUP G T

[ SR o

[PEPUE NI e

e

 SR——

o 4

RS .

B S A S

SN SO S AN SN |

SRR ST B pe

JERPIITY WP

R s ot

porem oo e

-6

Sompte — Remoided Sty

Tost Ne

Ctay
—253 %
~—86 8 pci
~79 2 pct
—97 %

- 12

sn

Y g

w;
]

— 269

Ss

0.0

7.8

3¢

hid
~

1sd 000!

o
~

10Q

% ‘osauyg (oY

3.0

23

030

0 40

.30

020

O.10

€q, /10

Stran

Axiol

test £

B6 Stress-stramn relation in one dimensicnal compression

rig




U SO (U e e .:J.Ir.l!l, §§§§§ — 4

_
*

030

— U . -
—
}
——— - — B e w

° €
~
S N G S oS B N |
\ .
©
7 Jﬁ. ,* ﬁ e o ﬁl 9 1 A‘ ° c
2
. S s

oz20
Axial

—88 8pci
o.10

-6
—79 2 pct
—97%
— 112
— 269

Sampis — Remoided Sty
Clay
—2853 %

Test Ne

SH
Yy
Y ¢
"
.I
Ss
Praermmes:

o
~

0.0
7.3
130
2.3
100
3.0
23

wd 000! ‘% ‘seiig joiny

£

nion in one dimensicnal compression test

a

train rel

B6 Stresss

g.

o cnblaiile, S SRRt LLARRE Sl a0 )L




~ 4

——

ILY) ..... e e ﬁ., 1.10..0'.‘117! ———— poor e e
o . .‘4 [EPSRR S e =N p—
lLT .
£
A
- . S——— bo- —sem— [0 VUNURUUENIS VSRS S
[T Y }
®taop —
WYI © Yo m 3
~82 8~ 0o o
doNOOD O [ ST . B e S ﬁ- .x.IJT — 44
T T A A ,
. L
&..W ..... -+—-- - * Lfi
= E T . %
o - - - -
Ch AN Y e
1
o [o] [o] o [} [+ [} [« (<}
© M ~ o ® h . ~

md 000! ‘0 ‘eeaiig joiIxy

030

03

o2av

C 0

Axigl Stroin, “. in./in,

e

Stiess-<trair r~lat.on in one dimenonal co ipressicn, test 7

vt e




Lo i

Axial 8"0..'.. 1000 pei

160
Test Ne. — 8
Sampte — Remoided Silty
Cloy
S, - 543 %
140 Y; — 102 0 pcf
7“ —'“5.‘ DC'
w, — 36%
e —).970 —
S, —269
20
10 0
8
60
4 Opb—
zoL 3
i o -_
Woter Extrusion— ]
N >, | ]

o0 cz20 0.30 040 030

Axicl Strain, ¢ in./in.

Fig B8 Stressstrain relation i one-dimensicnal compressica, tesi 8
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Fig. B12. Stressstrain relation in cne-dimensional ccmpression, test 12




APPENDIX C. CONSTR,.NED MODULUS VERSUS AXIAL STRES -
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APPENDIY. D RADIAL STRESS VERSUS AXIAL STRESS
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APPENDIX E: TABULATED DATA FOR THREE-DIMENSIONAL
STRESS STRAIN RELATIONS




OHE ~GIENSIONAL STATIC TEST JATA
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ONE -DIMEENSIONAL STATIC TEST DATA

Test No L Soit Type ndisturked soi Locotion _Dcoth os -t
5_.1'_’_&_ Clca'g BQ%Z'U, Distant Plan &
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ONE -D/MENSIONAL STATIC TEST DATA
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ONE -DIMENSIONAL STATIC TEST DATA
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APPENDIX F- OCTAHEDRAL NORMAL STRESS VERSUS
OCTAHEDRAL LINEAR STRAIN
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APPENDIX G: OCTAHEDRAL SHEARING STRESS VERSUS
OCTAHEDRAL NORMAL STRESS
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lcading modulus of Suffield soils subjected to pressures greater than 3000 ps is approxamately 10 times
the loading secant ~odulus of deformation Mg It 1s probable that the stffness of the Suffield soils when
unsaturated will be greater under dynamic loading than the static values given herein. Previous COmparnsons
of static and dynamic values of constrained moduh of Suffieid soils have shown that the dynamic values
are twice the static values This observation 1s conmistent with similar comparisons for NTS Frenchman
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