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PREFACE

The study reported herein was performed by the U. S. Army Engineer
Waterways Experiment Station (WES) as part of the Office, Chief of Engi-
neers, U. 8. Army (OCE), Civil Works and Military Engineering and Con-
struction Research effort. This investigation was authorized by OCE
under the CWIS 31145 Work Unit entitled "Liquefaction Potential of Dams
and Foundations" and Project BA161102BS2E, Task O, "Liquefaction of
So0ils Under Static and Dynamic Loads."

The laboratory tests were conducted by Mr. R. D. Barnette with
instrumentation assistance from Mr. H. B, Dent under the technical
direction and responsibility of Drs. J. P. Mulilis and F. C. Townsend.
The verification of the elastic-plastic constitutive equation was done
by Dr. B. Rohani. The work was conducted under the general supervision
of Mr, C. L. McAnear, Chief, Soil Mechanics Division. Messrs. J. P.
Sale and R. G. Ahlvin were Chief and Assistant Chief, respectively, of
the Geotechnical Laboratory. This report was prepared by Drs. F. C.
Townsend and J. P. Mulilis.

COL J. L. Cannon, CE, was Commander and Director of the WES during
the conduct of the study and preparation of this report. Mr. F. R,

Brown was Technical Director.
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LIQUEFACTION POTENTIAL OF DAMS AND FOUNDATIONS

Report 6

LABORATORY STRENGTH OF SANDS UNDER
STATIC AND CYCLIC LOADINGS

Research Report S-T6-2

March 1979

1. Page 51, paragraph 48, line 10: Change K' and X' to

Rand K ;
respectively.

2. Page 53, Figure 32: In lower left drawing, change Jy (abscissa de-

seription) to Ji i in lower left drawing, change M/3Y3 = a to

M/3V3 = o

2 e ) 3 2

o, + 203 to J2 ot (01 - a%)

3. Page 59, paragraph 51: In line 3, change K, , K' , K' and Kj
to K, , » K and Kj , respectively; in line 5, change a to
a] (twice); and in line 6, change deviation to deviator (twice).

; and to the left above figure caption, change
» ]
J

o[

L}
S

~

4. Page 61, Table 11: Change_column headings Ee% . KE'T ;i E'tT
Ki and a§§ to K, , K+, Kt+ K{ and

, a18§ , respectively;
change (6th footnote) tt W = P/K - %;

= I |
to ¥t WePYK « E: o1y

S a A} .
and change (8th footnote) §§ « = £.3in ¢ to §§

- 2 sin ¢' (3 - sin ¢')V3
(3 - sin ¢")V3

|

5. Page 63, paragraph 51, top line of page: Change vl to !

6. Page 63, paragraph 52: 1In line 8, change 1/a to 1/ay 3 in line 9,
change 1/a to 1/a; ; and in line 10, change a to aj .




Errata Sheet No. 1 (Continued) for
Research Report S-T6-2, March 1979

Page 63, title for Table 12: Title should read "Numerical Values of
Material Constants for Reid-Bedford Model Sand*"

Page 64, Table 12 (Concluded): Change a under "Material Constants"
to a) ; and add the following under closing line of table:

Note: See Table 11 for definitions of W and D) .
® After G. Y. Baladi and B. Rohani. April 1979. '"Flastic~
Plastic Model for Saturated Sands," Journal, Geotechnical

Engineering Division, American Society of Civil Engineers,
Vol 105, No. GT4, Table 1, p 4Tk,
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. 8. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain
feet 0.3048 metres
inches 25.k millimetres
inches of mercury (60° ™) 3376.85 pascals
pounds (force) 4. LL8222  newtons
pounds (force) per square inch  6894,757 pascals
pounds (mass) 0.453592k  kilograms
pounds (mass) per cubic foot 16.018k46 kilograms per cubic metre

tons (force) per square foot

95.76052

kilopascals




LIQUEFACTION POTENTIAL OF DAMS AND FOUNDATIONS

LABORATORY STRENGTH OF SANDS UNDER STATIC AND CYCLIC LOADINGS

PART I: INTRODUCTION

Background

1. Evaluation of the potential for strength loss due to increase
in pore pressure of cohesionless soil deposits based upon ficld perfor-
mance is obviously a meritorious method. In the case of flow slides,
Casagrandel and Castr02 have relied upon establishing the critical void

ratio as a function of confining pressure to evaluate the contractive or

N
dilative response of a sand deposit. Recently, Seed3’ has suggested

using a semiempirical procedure for estimating the liquefaction poten-
tial for seismically induced ground failure of level ground deposits
due to cyclic stress applications. This procedure, guided by earlier
studies,h_g correlates field performance with in situ characteristics
determined by the Standard Penetration Test (SPT) and cyclic stress
ratio, which is an indirect measurement of ground shaking. Reliance
on the SPT is an extension of early evaluations of the potential for
seismically induced ground t‘ailure9 based upon relative density and
relationships between penetration resistance and relative density. How-
ever, recognizing that most factors (soil structure, coefficient of
earth pressure at rest Ko ,*¥ as well as density) which tend to improve
resistance to ground failure also tend to increase the standard pene-
tration resistance, it might well be expected that an in situ test
would be useful as an index of the potential for ground failure.

2. In evaluating the potential for seismically induced ground
failure, a design chart (Figure 1) has been prepared in which cyclic

stress ratios likely to cause failure are plotted versus SPT N-values

*  For convenience, symbols are listed and defined in the Notation
(Appendix C).

BRT
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Figure 1. Correlation between field liquefaction behavior of sands for
level ground conditions and penetration resistance (from Seed3)

corrected to an overburden pressure of 1 tsf¥* Nl' No such correlation
has been published for failure caused by monotonic load increases.
3. Introduction of liquefaction in loose sand deposits is not

solely restricted to cyclic stresses, as evidenced by numerous flow

* A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page k.




slides which have occurred in the absence of earthquakes.lo Castro,2
Durham and Townsendll have demonstrated in the laboratory that lique-
faction under monotonic loadings is highly dependent upon relative

density and confining pressure. For relative densities greater than

A WG T T 1,

the critical void ratio, dilation occurs; while for densities below the
critical void ratio, contraction and liquefaction (100 percent pore pres-
sure response), i.e. flow, can occur. Conversely, cyclic loading in the
laboratory has produced 100 percent pore pressure response in test spec-

R imens denser than the critical void ratio. Nevertheless, a design chart
similar to Figure 1, but for monotonic loading, may be possible.

4. Regardless of the loading condition, understanding liquefac-

tion problems in saturated sands can be assisted by examining the
stress-strain pore pressure response, i.e. constitutive properties.

In this context, Baladi and Rohan112 have proposed a preliminary
elastic-plastic constitutive relationship for saturated sands for use
in boundary value problems. Characterization of their model requires:
fecur material constants, Ki 4 KO " Kl 3 K2 , from isotropic com-
pression tests; the elastic shear modulus G ; and slope of the fail-

ure envelope M .

Objectives and Scope

5. With the above factors in mind, the objectives of the inves-
tigation described herein are:

a. To determine the undrained cyclic triaxial response of
Reid-Bedford Model, Ottawa, Platte River, and Standard
Concrete sands in order to evaluate relationships between
standard penetration resistance of these sands13>1% and
their potential for strength loss due to increased pore

pressure.

b. Since the four sands vary to some extent in gradation,
mineralogy, particle-shape, and size, to investigate the
effect of these variables on the potential of these sands
to lose strength because of increasing pore pressures.

To determine the undrained cyclic triaxial response of
Reid-Bedford Model sand at various densities and con-
fining pressures and to investigate the effects of these

(2]




atrength

variables on the potential of this sand to lose
because of increaslng pore presasures.

To determine the undrained monotonic R triaxial response
of' Reld-Bedford Model sand at various denaities and
of these

conf'ining presgures, to lnveatigate the effects
variables on the liquefaction potential of this
to evaluate the critical void ratio,

To characterize the confining pressures under monotonic
loading and the material parameters, according to Baladi
and Rohani's constitutive relationship,!? for Refd-Bedford
Model sand under varfous densities.

aand, and




PART II: EQUIPMENT, MATERIALS, AND TESTING PROCEDURES

Egquipment

6. In this investigation, sinusoidal cyclic or stepwise increas-
ing monotonic axial loads were applied by a MTS closed-loop testing sys-
tem. All tests were performed in the load control mode.

T. For the cyclic triaxial test a constant sinusoidal cyclic

deviator stress o was applied at a frequency of 1 Hz to fully

saturated specimengdunder undrained conditions until the specimen de-
formed to a peak-to-peak axial strain of approximately 10 percent. In
the monotonically loaded tests, axial load increments of 8 1b were ap-
plied at l1-min intervals until an axial compressive strain from 10 to
20 percent was achieved, depending upon whether the specimen dilated
or liquefied.

8. 1In both the cyclic triaxial and monotonic R tests, four var-
iables were continuously monitored during each test: axial load, axial
deformation, pore pressure, and chamber pressure. An additional vari-
able, radial deformation, was monitored by an LVDT lamp placed at the
specimen midheight during the monotonic loading tests to provide data
for characterizing the elastic-plastic constitutive model (Figure 2).
The variables were monitored with electronic sensors and recorded with
a high-speed continuous line recorder. The equipment was carefully
calibrated prior to testing. All tests were isotropically consolidated
and conducted undrained on remolded specimens approximately 2.8 in. in

diameter by 6 in. high.
Materials

9. The majority of all tests were performed on four sands: Reid-
Bedford Model, Ottawa, Platte River, and Standard Concrets. The grada-
tion curves of these sands are shown in Figure 3, the pertinent mechan-

ical properties are summarized in Table 1, and the mineralogical com-

positions are shown in Table 2. In addition to these sands, two check




.l




s
i ‘e= D
‘oO=002#4 ¢ 22-= so ¢ ww gy°o = Omo ¢ 3od 2°g6 = :HE> ¢ 3od 9°9TT = xﬁE» “mkoaﬁmw S®B 3J%®
UoT3BITYSIAUT STY3 UT posn aT1dyoo3s ayj3 jJo sarjaadoxad syl ‘uosnogswy pue £ysnousPatg £q pasn auo
SY3} WOJJ 3BYMSWOS PITIBA STTd}003s sSTY3 Jo sarjaadoad Teorsfyd syj pue ‘UOT3BITISSAUT STUL utr pasn
SBM ‘uosnogsy pue AysnousFarg Aq pasn puss 938I0U0) PIBPUBLS SWES 3Y3 JO 9T11d}d03s 3JUSBIdIITIP V

*¥*
g b ‘89°¢ = JSATH 33384 pue
€99°2 = 333aduU0) PIBPUBLZ €99°2 = TSPOW PIOJPIE-PT3Y L9°Z = BMBI3Q :UOT3BITISIAUT STY3 J03 S5 *
sutexd =
papunoxqns ‘(d4g) pues papead TT9M 0 €°6 002 99°¢ 8°c0T L*get ISATYH 833®Td
(*389)
suteId pspunoaqns ¢(d4g) pues papsad dep ki s*e 18°0 S92 L*€0T 9°0ctT #%933J0U0) pJIBpUBLG
sutsad (*3s3)
IBTnduBqNs ¢(JS) puUBS UBY WLIOJFTU() c g'T €2°0 S92 L°g88 T°L0T TSPOW PIOIP3g-PT3Y
(“3s3)
SUTBJIZ PIpUNO ¢ (4S) PpuesS 33TUM WIOJTU( O 9°T 020 G9°2 0°€6 T°60T BME330
uoT3dIIO0Sag 002 # zo UL mo Jod Jod TBTI231B)
- * - -
% 0S4 utw-p, XBw-p,
(, ¢ uosSnOIEy pue Ajsnous3alg I23JV)
HIET

S8T3J9d0JJ [BOTUBUDOSN 3JUSULIISJ JO AJBummg

T 919BL




e
1

-

Y mis * 1O PCH

TG, 2ee
+ +—+ bbb b4 o
SO ¢

\ 1R
REO-@EOFORD

VUG U G W—

.o MODEL SAND i e

fy 10T ECw
: - N ol
L S

t
|
‘
|
! N ey oy b ‘
‘

LR

et m————-

SOIL D ‘
JOTTAWA SAND |

e

R
I ‘b.-.AIQJPCF“
Yiaia® S0Pcy| |

1

& mn

e

MULTIPLY PCE By \s
. . deod. i 44
w e W

C_NE

S TN NN NN W Wh———_—
—
—
. -

| S W

. ’ trer e e v b +
, NOTE  TO CONVERT B F vu;’ Ll

S e T S ek S—— n

Figure 3. OSummary of gradation curves
(after Bieganousky and Marcusonl iv“‘)

tests were performed on Monterey No. 0 sand, which is a clean,
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Table 2
Mineralogical Composition
(After Bieganousky and Mm‘cusonlj'lh)
Quartz Feldspar Mica Rock Other®
Material % % % Fragments %

Ottawa 98.0 - -— - 2.0
Reid-Bedford Model 89.1 9.4 - - 18
Standard Concrete 80.3 0.0 - 113 2.6
Platte River 53.0 25.3 0.5 18.0 3.2

* Includes calcite, "heavies" (i.e. minerals with Gg > 2.85),

"opaques (i.e. minerals that do not transmit light), and
ferromagnesium,




Testing Procedures

10. Regardless of the type of test to be performed, all speci-
mens were compacted, saturated, and consolidated in the same mammer:

a. Opecimen preparation. All specimens were remolded to
the desired density by a moist-tamping method of com-
paction described in detail by Mulilis et al.l® After
the specimen had been compacted and sealed by placing
the top cap and securing the membrane with an O-ring,
10.2 in. of vacuum (5.0 psi) were applied to the speci-
men through the top cap. Subsequently, the forming
Jacket was removed, and the specimen was supported by
the vacuum while the height and diameter of the specimen
were measured. The height was measured with a dial gage
to the nearest 0.001 in., and the diameter was measured
to the nearest 0.001 in. at three equally spaced loca-
tions (approximately the quarter points) along the
specimen with a steel circumferential tape. In the case
of the monotonic R tests, an LVDT clamp was positioned
at midheight and fixed to the membrane with Devcon
S5-min epoxy.

Saturation. All specimens were saturated by a process
consisting of two phases: seepage saturation and back-
pressure saturation. After determining the dimensions
of the specimen, the triaxial chamber was assembled, and
the vacuum on the sample was gradually increased to

28.5 in. of mercury (14 psi) while a vacuum of 18.3 in.
of mercury (9 psi) was simultaneously applied to the
triaxial chamber. Thus, although a large vacuum (14 psi)
was applied to the specimen, the net effective confining
pressure was still only 5 psi. A line containing de-
aired, distilled water was then opened to the bottom of
the specimen; and water was allowed to seep into the soil
very slowly, displacing the air in the specimen. When
water had completely filled the specimen voids and about
100 cc had been allowed to seep through the soil, the
valve in the waterline was closed; the vacuum on the
specimen was gradually reduced to zero; and the top line
of the specimen was exposed to the atmosphere, while the
vacuum on the chamber was simultaneously reduced to zero
and a positive pressure of 5 psi was applied to the cham-
ber. Thus, the net effective confining pressure acting
on the specimen was still 5 psi. Back-pressure satura-
tion was then used to ensure complete saturation of the
specimen. Typically, complete saturation of the soil
was obtained with a back pressure ranging from 30 to

80 psi. The degree of saturation for this testing is
expressed in terms of Skempton's B-parameter. The

13




B-parameter is the ratio of the induced change in pore
pressure (Au) to a change in chamber pressure (Aoc) in
an undrained state, i.e.

B = —— (1)
e

The value was determined by closing the drainage line,

| increasing the chamber pressure by 10 psi, and observing
) the increase in pore water pressure. The B-values of all
specimens ranged from 0.94 to 1.00, with the majority
being 0.96 or greater.

Consolidation. After saturation had been achieved,
specimens were consolidated under the effective con-
fining pressures at which they would be tested. Con-
solidation was accomplished by increasing the chamber
pressure, while allowing such drainage that the final
difference between the chamber pressure and the back
pressure was the desired effective confining pressure.
In the monotonic R tests at effective confining pressures
of 40 and 80 psi, an isotropic compression load-rebound
test (ICL-R) was conducted by isotropically loading to a
consolidation pressure (o4) of 30 and 60 psi, respec-
tively, rebounding to o4 = 5 psi , and reconsolidating
to the testing o%f of 40 or 80 psi. It was anticipated
that the load-rebound portion of the isotropic compres-
sion test would not affect specimen behavior when re-
consolidated to higher testing pressure. Once the spec-
imens were fully consolidated under the effective
cont'ining pressure, the drainage valves were closed, and
the desired static or cyclic loads were applied.

|
.

1l
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PART II1: PRESENTATION AND ANALYSIS OF RESULTS

Cyclic Triaxial Tests

Check tests

11. In order to determine the adequacy of the cyclic triaxial
test equipment and testing procedures used in this investigation, three
cyclic triaxial tests were performed on Monterey No. 0 sand, and the re-
sults of these tests were compared with the results of the cyclic tri-
axial strength of a standard test sandl;'6 (Monterey No. 0). The sand,
density, effective confining pressure, and compaction procedures used
in these tests were identicgl to those used to determine the strength
of the standard test sand.lb

12. The results of these tests are summarized in Table 3, along
with the results cof all cyclic triaxial tests, and are compared graphi-
cally in Figures 4 and 5 with the results of the cyclic triaxial
strength of a standard test sand.h'5 These graphs show the relation-
ship between the cyclic stress ratio (R) and the number of cycles of
loading required to cause 100 percent pore pressure response and 10 per-

cent peak-to-peak axial strain. The cyclic stress (R) is defined as:

R = ool (2)

where
:pcd = ¢yclic deviator stress, psi
oé = initial effective confining pressure, psi
13. As shown in Figures 4 and 5, the results of the check tests
agree very well with the results of the cyclic triaxial strength of a
standard test sand, indicating the adequacy of the test equipment and
testing procedures used in this investigation.

Cyclic triaxial tests on four sands

14, The results of cyclic triaxial tests on specimens of Reid-
Bedford Model, Ottawa, Platte River, and Standard Concrete sands are

presented in Table 3 and are shown graphically in Figures 6-8. These




Table 3

Summary of Isotropically Consolidated Cyclic Triaxial Test Results
Y D o' -t
= . o 2 2o N, e Mo o™ Nt
Material pcf » B psi il
MO 98.14 58.1 0.95 14,5 0.386 10 10 1%
MO 98.78 61.9 0.96 14,5 0.395 8 10 14
3 MO 98,91 62.6 0.98 1k4.5 0.370 9 9 11
.
PR 114.15 61.3 0.94 40.0 0.307 Lo 39 --1
PR 114,22 61.7 0.94 Lo.0 0.356 22 22 --1
PR 114.63 63,7 0.94 40.0 0.4kl 10 10 -1
0 102.00 59.9 0.98 40.0 0.322 3 3 L
0 101.79 58.5 0.98 40.0 0.232 16 16 17
0 101.85 58.8 0.97 Lo.0 0.261 8 8 9
0 101.81 58.6 0.95 40.0 0.216 25 25 26
sC 109,02 62.9 0.94 40.0 0.358 13 i3 18
S 108.95 62.5 0.97 L0.0 0.41k 9 9 13
sc 108.99 62.7 0.98 k0.0 0.312 20 20 24
: RB 98.97 60. 4 0.97 40.0 0.401 6 6 9
: RR 98.48 57.8 0.98 40.0 0.367 8 8 10
u RR 99.03 60.7 0.98 40.0 0.336 9 9 12
! RB 99.05 60.8 0.96 %0.0 0.301 1k 1% 17
RB 99.19 61.6 0.94 %0.0 0.271 45 L5 L8
RB 08.87 59,9 0.94 Lo.o 0.261 L7 L7 L8
: RB 98.58 58.4 0.99 10.0 0.ko2 11 12 15
RB 98.74 59.3 0.96 10.0 0.351 k7 250 253
RB 98.76 59.3 1.00 10.0 0.375 L8 Lo 2
RB 98.98 60.6 0.98 10.0 0.2 11 12 15
RB 98.82 59.6 0.96 10.0 0.k41 9 11 15
RB 98.78 59.4 0.98 10,0 0.490 7 9 13
3 RB 08.91  60.1 0.94 20.0 0.466 6 6 8
i RB 99.18  64.2 0.94 80.0 0.235 22 2 2
RB 99.16 6h.1 0.98 80.0 0.316 5 L 6
RB 99,2 64 .4 0.93 80.0 0.21h4 22 20 2
RB 99,2k 64.6 0.28 80.0 0.197 L5 L3 46
i RB 95.46 L1.3 0.96 10.0 0.310 6 6 T
RB 95.05 38.9 0.96 10.0 0.282 2 12 13
RB 95.08 39.1 0.95 10.0 T 2k 2 2k
RB 95.13 30,k 0.95 40.0 0.221 11 10 11
RB 95.86 43.5 0.97 40.0 0.172 T4 Th 75
RB 95.65 k2.3 0.95 40.0 0.101 55 54 55
RB 95.16 39.5 0.97 k0.0 0.209 18 17 18
3 RB 95.40 40.9 0.96 L0.0 0.275 h 3 4
] RB 102.65  79.1 0.95 10.0 0.4U8 49 60 69
RB 102.61 78.9 0.94 10.0 0.486 i § ho 51
RBt 99.27 62.0 0.96 Lo.0 0.123 - - -
RBt+ 99,08 61.0 0.95 40.0 0,112 - - -—
1 * MO = Monterey No. 0; PR = Platte River; O = Ottawa; SC = Standard Concrete;
| RB = Reid-Bedford.
**  Nj;, = number of cycles to 100 percent pore pressure response; N4p 5 = number of
cycles to 5 percent axial strain - peak-to-peak; and N45 = numbeT of cycles to
10 percent axial strain - peak-to-peak. i
+ Sine wave, no liquefaction after h0O cycles.
++ Half-sine wave, no liquefaction after T00 cycles.
t Specimen necked prior to +5 percent strain.
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Figure ©. Cyclic stress ratio required to cause 100 percent
pore pressure response for four sands at 60 percent relative
density and 40-psi confining pressure
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Figure 7. Cyclic stress ratio required to cause 5 percent
double amplitude strain for four sands at 60 percent rela-
tive density and 4O-psi confining pressure
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Figure 8. Cyclic stress ratio required to cause 10 percent
double amplitude strain for four sands at 60 percent rela-
tive density and 40-psi confining pressure
figures are for specimens compacted to 60 percent relative density and

tested under an isotropic confining pressure of 40 psi.

15. An examination of the grain-size distribution curves in Fig-
ure 3 with potential to achieve 100 percent pore pressure response in

Figure 6 indicates that as the mean grain diameter D., decreases, the

resistance to failure also decreases with Ottawa sand (D = 0.20 mm)
TLW

being the weakest, and Platte River sand (Dao = 2.00 mm) the strongest.
Similar results have been reported by Wong, Seed, and Chan. T Comparing
uniformity coefficients, i.e., the higher the uniformity coefficient

the more well graded the sand is (see Table 1), suggests similarly that
as the uniformity coefficient decreases, so does the resistance to
developing 100 percent pore pressure response, e.g., for Ottawa sand

Cu = 1.6 , while for Platte River sand, Cu = 5.3 . Both these obser-
vations support the general conclusion that fine, uniform sands are the

most susceptible to developing 100 percent pore pressure responses in




cyclic triaxial tests. However, Wong, Seed, and Cha.n,17 using large

diameter tests, have reported that well-graded cohesionless soils

tended to be weaker than uniformily graded cohesionless soils.

Supplementary tests
on Reid-Bedford Model sand

16. In addition to the cyclic triaxial tests performed on Reid-

e L

Bedford Model sand, which were discussed in the previous section, sev-
eral additional tests were performed on this same sand to investigate
the effects of density and confining pressure. The results of these
tests are discussed in the following paragraphs.

17. Effects of density. The results of tests performed on speci-

mens remolded to relative densities of 40, 60, and 80 percent and con-
solidated to 10 psi are listed in Table 3 and presented in Figures 9-11,
which show the relationship between the cyclic stress ratio and the
number of loading cycles required to cause 100 percent pore pressure, 5
and 10 percent peak-to-peak (12.5 to +5 percent) axial strain. These
results are summarized in Figures 12 and 13, which show the relationship
between the relative density of the specimens and the cyclic stress
ratio required to cause 100 percent pore pressure response and 10 per-
cent peak-to-peak axial strain in 10 cycles of loading. Also shown in
these figures are summarized results of tests performed at a confining
pressure of 40 psi. The individual test results for this confining
pressure are shown in Figures 14, 15, and 16.

18. As shown in Figures 12 and 13, regardless of confining pres-
sure, the cyclic stress ratio required to cause 100 percent pore pres-
sure response and 10 percent peak-to-peak (+5 percent) axial strain
increases with increasing relative density, and the relationship is
linear up to a relative density of at least 60 percent for 100 percent
pore pressure response and up to approximately 45 percent for 10 percent H
peak-to-peak (15 percent) axial strain. Increasing the relative density
from 40 to 60 percent causes an increase in the cyclic stress ratio re-
quired to cause 100 percent pore pressure response of approximately
50 percent, independent of the confining pressure. Similar results

have been obtained by others (Seed and Lee,l8 DeAlba et al.lg)

oA
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sand remolded to three different densities
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Figure 16. Cyclic stress ratio versus number of cycles to
+5 percent axial strain for specimens of Reid-Bedford Model

sand remolded to W0 percent relative density

19. Effects of confining pressure. The results of tests per-

formed to investigate the effects of the initial effective confining
pressure on the cyclic stress ratio required to cause 100 percent pore

5 and 10 percent (if.ﬁ and 5 percent) peak-to~peak

pressure response,
axial strain are presented in Figures 17-19 and summarized in Figures 20
and 21. Figures 20 and 21 summarize the effects of confining pressure
and relative density by expressing the relationship between the initial
effective confining pressure and the cyclic stress ratio required to
cause 100 percent pore pressure response and 10 percent peak-to-peak
axial strain in 10 loading cycles.

20. Figures 20 and 21 show that without respect to the relative
density, the cyclic stress ratio required to cause 100 percent pore pres-
sure response and 10 percent peak-to~peak axial strain decreases with in=~
creasing initial effective confining pressure. These figures also show
that the relationship is linear for relative densities of 40 and 60 per-
cent up to approximately U0 psi. Increasing the confining pressure from
10 to 40 psi causes a decrease in the cyclic stress ratio at 10 cycles
of loading, ranging from 27 to 36 percent, depending on the relative den-~
sity and failure criteria (100 percent pore pressure response or 10 per-

‘ 20
cent peak-to-peak axial strain). Similar results have been reported.
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Relationship between
SPT N-values and seis-
mically induced ground failure

2l. [In Figure l, Soed3 has suggested the use of a semiempirical
procedure for estimating the seismically induced ground failure, due to
cyclic stress applications of level ground deposits. This design chart
requires correcting the SPT N-values to an effective overburden pres-
sure of 1 tsf to eliminate obvious increases in N-values with increas-
ing overburden pressure. The correction is accomplished by using the

relationship:

where CN is a correction factor either based upon the results of Gibbs
21 22 5

and Holtz or proposed by Peck et al.”® Horizontal shear stresses are

induced by earthquake shaking to cause failure. The magnitude of these

stresses is expressed by the shear ratio = /o' , in which =t is
ave’ o ave

the cyclic shear stress and oé is the effective overburden pressure.

For cyclic triaxial tests, this is equivalent to * Odc/ﬁoic . Exten-

sion of the field data base used to develop Figure 1 by cyclic tri-

axial laboratory tests requires correcting the laboratory tests by a

28




——

correction factor (Cr) to account for differences in KO conditions
and other factors.

22. Based upon the Bureau of Reclamation data, Seed3 proposed

that
. 0'
| (8]
| C, =1-1.25 logl — (&)
N a!
“ 1
f ; where

CN = the correction factor

o' = the effective overburden pressure where penetration resis-
tance is N , tsf

o! =1 tsf

—

nn
22. Alternately, Peck et al.”“ have corrected N-values to an

effective overburden pressure of 1 tsf using

20
C. = 0. TT log(--) {s)
¥ F

where P represents the effective overburden pressure in tons per square
foot for P > 0.25 tsf.

23. Similarily, Cr-values for correcting stress ratios 1/03
(equal to odc/203c) from laboratory cyclic triaxial test to field
values are a function of density and number of cycles.

2h. Castro5 recommended a Pr-value of 0.7 to adjust cyclic tri-
axial test conditions to field conditions. DeAlba et al.lq showed that
for reducing the results of triaxial tests on specimens pluviated
(rained) through the air onto a shaking table, the Cr-factor results
varied between 0.66 and 0.61 in the 2- to 30-cycle range, which is the
range of interest in most earthquake analyses. A reduction of 10-

15 percent would further reduce this correction factor to 0.59<0.55 to

account for multidirectional shaking.‘3 Hence, Seed” recommended that
Cr = 0.5T7 should be used to correct laboratory cyclic triaxial tests

to field behavior.

- -
25. For discussion, however, Seed” also emphasizes that correc-

tion factors for a variety of conditions would be required to correct

29
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large-scale shaking table data to field in situ conditions. These
various conditions: long-term loading, increased pressure, and two-
dimensional shaking, will be disturbed to some degree by sampling.
Hence, a Cr-value of 1.3 would be required to align shaking table data
from pluviated specimens with in situ conditions. If one then attempted
to correct cyclic triaxial data to field data via a shaking table test,
a Cr of 0.63 x1.3 = 0.82 would be required.

26. Thus, from these considerations, a dilemma exists about what
CN relationship is appropriate and what value of Cr is required for using
the relationships in Figure 1, since all the data are plotted against
corrected N-values and the magnitudes 6 and 8.25 curves have been extrap-
olated using corrected shaking table data. An additional quandary, not
discussed here, concerns the accuracy of the stress ratio reported for
the earthquakes plotted in Figure 1.

2T7. Results of a laboratory program determining the penetration
resistance of these four sands under overburden pressures of 10, L0,

13,14,24,25 but for conven-

and 80 psi have been presented elsewhere;
ience they are reproduced as Figure 22, To account for densification
due to applied overburden pressures, the relative densities presented
are "adjusted" values. Utilizing this data and Equation 1 by inter-
polating between overburden pressures of 10 and 40 psi for N-values,
C, -values can be obtained for these four sands (Appendix B). Accord-

N
ingly, Figure 23 (reproduced from Reference 25) plots CN-values versus

effective overburden pressure for relative densities of L0, 60, and
80 percent. Relationships used by Seed {Equation 2, Reference 3) and

Peck et al. (Equation 3, Reference 22) are also presented. These re-

sults conclusively demonstrate that CN is not a function of overburden
pressure only, but also of soil type, relative density, and, possibly,
other unknown variables.

28. Figure 24 compares the cyclic stress ratio required to cause
100 percent pore pressure response in 15 cycles for cyclic triaxial
specimens prepared by moist tamping with lower bound magnitude 7.5
field earthquake responses. (Seed et al.26 have suggested that mag-

nitudes 6, 7.5, and 8.2% earthquakes are represented by 5-6, 15, and

30
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Figure 24. Correction factors for cyclic triaxial
tests on moist, tamped specimens for 100 percent
pore pressure response in 15 cycles

25 uniform cycles, respectively. This comparison shows that for N-values
between 5 and 20 blows/ft the Cr—value ranges from 0.63 to 0.50. Fig-
ure 25 is based upon shaking table test result519 corrected by a factor
of 1.3 to obtain estimated field response for magnitudes 6 and 8.25
earthquakes. The figure presents Cr—values corresponding to these
earthquake magnitudes for moist tamped cyclic triaxial specimens. These
comparisons show C -values ranging from 0.41 to 0.43 for magnitude 6
earthquakes and 0.52-0.66 for magnitude 8.25 earthquakes.

29. It must be emphasized that these Cr comparisons are based upon
isotropically consolidated cyclic triaxial specimens prepared by moist
tamping. Obviously, other methods of specimen preparation would produce

different Cr-values. For example, verification of the Cr-values in
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Figure 25. Correction factors for cyclic triaxial
tests on moist-tamped specimens for magnitudes 6
and 8.25 earthquakes

/]

=

Figures 23 and 24 via correlations would produce the following resu

t s

C

Correction factor - shaking table on pluviated
specimens to field % L3 (

(O3]
o

Correction factor - cyclic triaxial tests plu-
viated to shaking table pluviated x 0.63 (19)

Correction factor - cyclic triaxial moist tamped
to cyclic triaxial pluviated x 0.60 (20)

Therefore, cyclic triaxial moist tamped
to field x 0.49

Hence, Cr could be estimated to be 0.49 based upon correlations published
for Monterey No. O sand, compared with a range of 0.63-0.50 presented in
Figure 23. This difference is probably due to the difficulties in com-
paring four sands with different densities and confining pressures than

those used to establish the correlations for Monterey No. 0 sand.

34
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30, Table 4 lists both actual and corrected (Cr = 0.57) values

of stress ratio required to cause liquefaction in 5-6, 15, or 25 cycles,

as well as actual and corrected N-values which correspond to the cyclic
triaxial conditions. A comparison of the corrected SPT N-values shows
that a reasonable agreement exists between Equations 2 and 3 and the
actual data (listed as column 15), with Equation 3 being slightly better.
(C_-values presented by Seedh appear to be an average of CN-values

N
presented in Figure 23.) Figure 26 compares corrected cyclic triaxial

PR O SCYCLES=M=6
A 15 CYCLES =M = 7.50
O 25CYCLES =M = 8.25

'
]

(FROM REF 26)

T \PaPE

CYCLIC STRESS RATIO CAUSING LIQUEFACTION 7/0

o 1 1 I L .
0o 5 10 15 20 25

N,, BLOWS/FT

Figure 26. Comparison of laboratory SPT
and cyclic triaxial tests with field re-
sponse (CN from Figure 23, R 0.57)

stress ratios and N-values for the four sands tested in this investi-
gation with the lower bounds suggested by Seed in Figure 1. As seen up
to N-values of 20 blows/ft, the agreement is excellent for magnitudes 6,

7.5, and 8.5 or 8.25 percent earthquakes. However, this agreement is

35
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probably fortuitous, considering that the cyclic triaxial specimens were
prepared by moist tamping and a Cr-value of 0.57 probably would have
produced quite different results had a different specimen preparation

procedure been used,

| Monotonic R Tests

31. Complementary monotonic R tests on only Reid-Bedford Model
sands were conducted at identical confining pressures as the cyclic
% triaxisl and SPI' tests, i.e., 10, 40, and 80 psi. The results of

these 12 tests are listed in Table 5 and presented in Figure 27. Con-

sidering the response of specimen RB25-80-12, the listed void ratio
after consolidation e, is too low and is probably closer to 0.780
than 0.765, as shown, based upon specimen RB20-80-10's response.

32. The deviator stress and pore pressure response versus axial
strain curves, as well as the q = (01 - 0;)/9 versus p = (01 > oa)/ﬁ
effective stress paths for these R-tcsts, are contained in Figures B-1
through B-10 in Appendix B.

Criteria of desig-
nating specimen response

33. Column % of Table 5 lists the specimen response during shear.
In this instance, L refers to liquefaction, D refers to dilation, and
LL refers to an intermediate response between L and D, previously termed

o ]
limited liquefaction.” Differentiation between L and LL response is

based primarily on the shape of the stress paths. In the case of lique-
faction, the stress path always travels down the a line toward the
origin; while in the case of a limited liquefaction, the stress path
begins to travel down the a line but then reverses itself and travels
up the a line, as exhibited by dilative specimens.

3, The effective angle of internal friction ¢' can be ob-
tained from the slope of the «a 1line in the p-q plots (b. portion of

figures in Appendix B) and the relationship sin ¢ = tan o . For all

these R tests, regardless of specimen response, ¢' at failure ranged
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between 28.4 and 32.5 with an average value of 29,6 deg. The e

. line,

or critical void ratio curve, is the relationship between the effective

confining pressure at failure (o,.), column 9, Table 5, and the void

2 3f
ratio after consolidat inn'\ and is only for cases in which liquefaction
occurred, not for cases of dilatant behavior. The arrows indicate, for
cases in which liquefaction occurred, the manner in which the effective
minor principal stress will decrease continously to a value designated
by the eq line. The liquefaction susceptibility of in situ conditions
can be assessed by the distance from the e, curve to the relative den-
sity and in situ stress conditions. The distance from the en curve
to a point representing an in situ stress condition and relative den-

ity is a measure of the liquefaction susceptibility of a given sand.

Effect of LVDT clamps

35. Several duplicative tests were performed to evaluate the ef-
fect of the LVDT clamps on specimen response, using specimen RB20-40-2
versus RB20-L0-5 and RB30-L0=h versus RB30-L0-6. Figure 27 shows that
specimens RB20-h0-2, RR20-40-3, and RB20-40-5 plot practically as a
single point, while RB30-40-h and RB30-40-6 also agree. Hence, from
these tests it was concluded that the LVDT clamps plus the load-rebound
consolidation cycle produce negligible effects. However, during test
RB20-h0-5, in which two LVDT clamps were used, it was observed that the
two clamps tended to support the specimen and to restrict large defor-
mations with the onset of liquefaction. As a result, subsequent tests
vere performed using only one LVDT clamp located at midheight on the
specimen.

Relationship between
SPT N-values and mono-
tonic R triaxial tests

36.  Figure 28 presents the relationship between SPT N-values and
overburden (confining) pressure separating liquefaction and dilative be-

N

havior for two sands. To extend the data base, monotonic R data on

a)
Ottawa banding sand from Castro” are also included with the Reid-Bedford
Model sand. Both sands are quite similar in grain-size distribution,

and it is believed that SPT data on Reid-Bedford Model sand and Ottawa

h QO

5 Y
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sand contained in Reference 13 are appropriate.

3T+ The N-values corresponding to the monotonic R tests can be ob-
2y or from the correlation equations in

Reference 13: N = -5.5 + 0.2(a ) + 0.0046(D ) for Reid-Bedford Model
Y

sand and N = <6.5 + L‘..‘_%(\\v\ + \‘.\‘Dh‘-\l‘r\' ror Reid-=Bedford Model sand

tained frrom data in Figure

and Ottawa sand. These values are listed in Tables 6 and [« Inasmuch as
some deviation exists using these equations to estimate N-values for
specific test conditions and negative N-values can be caleulated when
dealing with low l‘l‘- and \\\‘—v:\luos. caution is advised using the
relationship in Figure 28.

38, Several assumptions were required to adapt L‘u::tro‘::" data for
Figure 28, Specifically it was assumed that Ottawa Banding sand was com-
parable to Ottawa gand, and that SPT relat ionships derived for Ottawa
sand were compatible. In addition, since procedures by Castro to deter-
mine !‘r-v:\lm\:: are not comparable to those of FM 1110-2-100¢, his values
were adjusted using I\r comparisons from Reference 11. Despite these

agsumptions, the results presented in Figure 28 are in good agrveement and

can be used as a first approximation for estimat ing liquefaction response.

* Caomparison Between Cyclic and Monotonic Triaxial Tests

9. An examination of the confining pressures, o, , and cor-

<

o

responding SPT N-values in Table 1 for cyelic triaxial tests on Reid-
Bedford Model sand reveals that all these test conditions are in the
dilative zone of Figure 28. That is to say, cyclic triaxial tests pro-
duce 100 percent pore pressure responses in dilative sands. This state-
ment prompts the question: Can liquefaction occur in dilative sands in
the field? Considering that the relative densities required to produce
liquefaction in monotonic tests (generally less than 29 percent) are
much lower than relative density values encountered in natural deposits,
it would appear to be possible for liquefaction to occur in rield de-
posits denser than the critical density. Murthermore, s case may be

N

: . - b
made that since most of the Nl-\':\l\u':z presented by Seed in Figure 1

&
for field liquefaction range between 10 and 30 blows, and if the rela-

tionship in Figure 28 is approximate for these field cases, then
&




Table ©

Summary of Friction Angle Values and Estimated SPT N-values

for Monotonic R Tests on Reid-Bedford Model Sand

Estimated

Specimen SPT
:‘ No. a deg* 3! . degh ¢' , degt N-valuestt
2 26.0 29.2 29.2
L 3 26.1 20.3 29.3
' 4 20.0 30.0 30,4
% 26.6 30.0 30,0
0 26.8 30.3 30. 3
3 T = R —
3 25.9 29.1 29.0
Q 25.4 28.4 28.7
10 o & 8.7 28.9
1 3 | 28.3 325 32.4
! 12 28.4 281 o8, 7

* Based upon a = tan(q/F) at failure.

** Tan a = sin ¢' .

+  Based upon ;1/\7‘ = txm‘\(h“ + ¢'/2) at maximum \Tl":;i value.
++ Based upon Equation N = =5.5 + 0..‘(;\-") + \‘.m\’u\(l‘r)-‘ . where

8] is © in pei and D from Table 5.
v 30 r
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Table T
2
Estimated SPT N-Values for Castro's” Banding Sand

= Corrected
3 > Drc Drc SPT
Test No. kg/cm % % N¥ Failure
13-3 0.3 29 1.5 =L.14 )
13-4 9.3 k1 28 -1.99 D
1=b 1 37 22 ~¥.05 i,
1-h 1 43 29 0.56 D
-7 I L6 i | 10.91 LL
4-8 L L7 32 21,2 D
10-5 10 L9 34 3.k LL
10-6 10 53 Lo 33.k1 D

* N = -6.5+ 0.23(3;) + o.oohs(br)2 , where E; is in psi from
Reference 13.

Ly




liquefaction will occur in deposits denser than critical. Conversely
i

(and probably more correctly), Casagrande2 points out that

in ﬁature, liquefaction will normally start in a
lens of particularly loose sand; and from such a nu-
cleus it may spread by a chain reaction also into
somewhat denser sand layers....Flow will continue
until the driving forces are reduced to the small
shearing resistance of the sand in its flow state,
then dilation will cause the liquefied mass to
'freeze' again into a solid structure, accompanied
by a great reduction in pore pressures, and the mass
then stops flowing.

From this viewpoint it is most likely that sand lenses looser than crit-
ical existed in the field deposits presented in Figure 1 and were the
nucleus for the liquefaction observed. Such lenses could easily have
gone undetected in the field investigations or could have been averaged
out in summarizing the data.

Lo. It has been hypothesizedl’27

that in cyclic laboratory tests,
the cyclic softening that occurs in dilative sands is the result of den-
sity redistributions. Portions of a dense specimen expand to a loose
state, flow briefly, and revert by dilation to a solid structure which
can momentarily carry the load before the following cycle. This re-
sponse has been termed "liquefaction-dilation" by Casagrande.gT
b1. Figure 29 presents the load, deformation, and pore pressure
responses for specimen RB60-80-1 (Reid-Bedford Model sand at 60 percent
Dr and 02 = 80 psi) which was tested at a stress ratio of 0.235. A
careful examination of the pore pressure trace reveals that for cycles
1-17, a uniform sinusoidal response occurs, with the pore pressures
steadily increasing. However, for cycles 17-21 the pattern becomes
rectangular, with pronounced "spikes" occurring at instances of zero
shear stress; i.e., instant of stress reversal when passing from com-~
pression to extension or visa versa. Between these "spikes" in cycles
17-21 a plateau is observed which corresponds with application of the
full compressive or extension axial stress, under which the specimen
dilates. This pattern corresponds to a "liquefaction-dilation" response,

with liquefaction occurring at the instant of stress reversal when the

hs

it v
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43. Figure 30 presents the corresponding effective stress path
followed during cyclic triaxial test RBo0~80-1, for which the data are
listed in Table 8. This figure shows that failure of the specimen is
caused by the stress path marching progressively leftward toward the
origin until the extension failure envelope is reached on cycle 17
(point A). Then, the compression failure envelope is reached on cycle
21 (point B). After cycle 21 the effective stress is zero when the
shear stress is zero, i.e., the origin and the stress path cycles from
point A to origin to B and back.

L4, The path followed from cycle 1-2 clearly shows the process by
which positive pore pressures are generated in a dilative sand by cyclic
testing. In compressional loading on this cycle, a dilative response is
observed with L-psi negative pore pressure induced at the end of the
first half of the cycle. Because of the difference in specimen stiff-
ness in compression and extension, however, the extension stress is ap-
plied, and a positive pore pressure of 8 psi results, producing a net
positive pore pressure increase of 4 psi for this cycle. This pattern
persists until cycle 19, in which no induced negative pore pressures are
generated on the compressive stroke, and positive pressures are gener-
ated in both compression and extension.

45. From these considerations it appears that effective stress
parameters are valid for design considerations. The amount of redis-
tribution occurring within cyclic triaxial specimens depends upon the
relative density, the cyclic deviator stress, and consolidation stress
applied in the test. For the specific case in Figure 30, redistribu-
tion becomes significant in cycle 17 and increases with each successive
cycle until initial liquefaction is reached on cycle 22.

46. Figure 31 presents the effective compressive stress envelope
at 100 percent pore pressure response (initial liquefaction) for all the
cyclic triaxial tests conducted on Reid-Bedford Model sand. These re-
sults were obtained by using the plateau as the pore pressure response

(o%r) for computing the effective confining stress and (o + o,)/ﬁ -
g 3

r ¢
This ogf for the plateau is not valid for deriving an es as presented
in Figure 27, as this o corresponds to the point at which the

3f







Table 8

| Effective Stress Path Points for Cyclie Triaxial
! Test RBOO-80-1 (Stress Ratio = 0.235)
= Pore - - - -
v DR y, - /2
Cycle Pregsure (0] n%)/ ((] \1{)
No. Condition* Au , psi ps psi ¢ sl
0 0 0 80 0
/4 ¢ 10 88.8 18.8
1 /2 QO 0 80 0
3/h I -2 63.2 -18.8
1 0 1h 06 0
b=/l & 20 8.8 18.8
1-1/2 (8] 10 TO 0
1-3/4 I 3 58.2 =18.,8
2 0 18 62 0
12 O 36 Il QO
12=1 /N G 43 55 ¢ 18.8
12-1/2 0 3 L6 0
12-3/k 0 Pt 372 -18.8
13 0 Lo L0 0
17 0 62 18 0
L7=1/4 o 60 38.8 18.8
17-1/2 0 50 21 0
1 7=-3/k 0 30 31.2 ~18.8
8 0 08 12 0
18-1/h 5 63 35.8 18.8
18-1/2 0 00 14 0
18-3/4 10 30 3.2 ~16.8
19 0 T2 8 0
19-1/4 c 65 336 +18.8
19-1/2 0 T2 { 0
10-3/4 I 30 31.2 -18.8
20 0 K ] s 0 |
20-1/h ¢ 00 32.8 18.8
20-1/2 0 T6 h 0
20-3/h 0 30 1.2 -18.8
21 0 8 2 0
S3.1/4 (& 66 32.8 18.8
21-1/2 0 80 0 Q
21-3/h I 30 3.2 -18.8
22 0 80 0 0

*® O = origin, C = compression, B = extension.

# (g +0.)/2=(0,+20, -2u)/2=0qa./2+ (0, =u) .
1 3 d 3 d 3
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specimen dilates to carry the load, and the e. line presents condi-

tions of liquefaction for the point at which the flow structure is
developed. Table 9 tabulates the data for Figure 31. The effective
friction angle ¢' for all these tests is 35.0 deg, as compared with
the 29.6 deg observed for the monotonic tests. This difference is due
to the higher densities of the cyclic tests.

47. Tt is apparent that for initial liquefaction to occur in
cyclic triaxial tests on dense sands, two criteria must be satisfied:

a. A stress reversal through the hydrostatic condition
must occur.

b. A sufficient number of cycles must be applied.

Although interpretation of the number of cycles applied during an

earthquake has been successfully applied using the concept of an equiv-
alent number of cycles,28 the stress path during an earthquake is quite
different from that followed in the cyclic triaxial test; and a stress

reversal through the hydrostatic condition may never occur.

Material Characterization for Elastic-Plastic Constitutive Model

L8. As part of the monotonic R triaxial tests, an isotropic com-
pression (consolidation) load-rebound (ICL-R), reconsolidation loop was
performed on specimens RB20-40-5, RB30-40-6, RB20-80-10, RB15-80-11, and
RB25-80~12, as listed in Table 5. Radial measurements by LVDT clamps
were made throughout these tests. The objective of using this isotro-
pic compression loop was to obtain material constants to evaluate an
elastic-plastic, work-hardening model for fluid-saturated granular
mnheriulu.l? Characterization of this elastic-plastic constitutive
rolutigﬁship requires the evaluation of: four material constants, Ki s
KO s K' and K' , from the ICL-R portion of the tests; the elastic
shear modulus G ; the slope of the failure envelope M | as shown in
Figure 32.

ICL-R tests

49. The pressure volumetric strain relationships for the five

ICL-R tests are presented in Figures 33-37. OShown in these figures are




Table ¢

Summary of Effective Stress Condition at

100 Percent

Pore Pressure

Response for Cyclic Triaxial Tests

on Reid-Bedford Model Sand

%4c - — o) + ot
b i 2 “3e “3r >
Material 15 e psi psi psi i psi
RB60-40 60.4 0.677 16.0h Lo 504 6 27.0k
; 57.8  0.686  1L4.68 13 8 27.68
60.7 0.676 13.LA 1 9 pel TR0
60.8 0.676 12.0k 11 1h 23.04
61.6 0.673 10.84 7 45 17.84
59.9 0.679 10. bk 6 L7 16. 4k
RB60-10 58.4 0.684 k.02 10 2 11 6.02
% 59.3 0.681 SaGal 15 ah7 501
' 59.3 0.681 3.75 1 L8 w15
60.6 0.67T L.12 3 11 T.12
59.6 0.680 L. 41 { 3 0 7.4
59.4 0.680 4.90 3 v 7.90
RB60-20 60.1 0.678 9.32 20 i O 13.32
RB60-80 6h.2 0.665 8.80 80 1k 22 32.80
6.1 0.665 25.28 16 5 41.28
3 64 L 0.664 1 12 20 29.12
6h.6 0.66k4 15.76 10 45 25.76
RBLO-10 bi.3 0.739 3.10 10 0.5 6 3.60
38.9 0.746 2.82 10 6.5 12 3.32
39.1 0.746 2.46 10 0 2l 2.46
RBLO-LO 39.4 0.7h45 8.8 Lo 11 - E
43.5 0.732 6.88 5 Th 11.88 1
2.3 0135 T 6k T 55 1k .6k
39.5 0.7Thh 8.36 7 18 15.36 |
ho.9 0.7h0 11.00 10 i 21.00 \
|
RB80-10 79.1 0.617 L. 48 10 1 Lo 5.48 f
78.9 0.61¢ L. 86 10 1 37 5.86 t
s de
* = ' |
b Sl B !
|
| |
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volumetric strains calculated from: (a) measurements of axial and radial

deformations, where Av/v = € + 25? ; (b) burette measurements of water

leaving and entering the specimen, Av burette/Vol of specimen ; and (c)
the assumption that the specimens are isotropic, in which case, El = 53
and Av/v = 351 . A comparison between the volumetric strains deter-
mined measurement of the specimen dimensions (Method a) and those deter-
mined by burette measurements (Method b) shows the obvious effects of
membrane penetration. Table 10 summarizes membrane penetration and
lists values of § , which is the membrane penetration in cc per unit
area of specimen covered by the membrane, per unit of pressure, kg/cmz.29
The range of S-values for loading 0.003-0.005 agree quite well with
Frydman et ul.29 value of 0.004, based upon a relationship between qu
and S . However, upon unloading, the S-values listed are quite low.'
Conceivably, membrane penetration values would be independent of loading
path and dependent primarily on pressure; hence, the magnitude of mem-
brane penetration measured by this technique may be questioned. The
S-values listed are relatively insensitive to Dr for the ranges of
values tested.

50. An assumption of isotropy for estimating volume change
(Method a versus Method c¢) typically underestimates the amount of volume
change for these five specimens. However, the error in assuming isot-
ropy is about equal to that induced into burette measurements by mem-
brane penetration. Hence, this method of calculating volume changes is
reasonably accurate for these test conditionms.

Material constants

51. Table 11 lists the material constants experimentally deter-
mined for evaluating the elastic-plastic constitutive relntionship.30
The values, Ké » E' s K' and Ki , were determined from the data
presented in Figures 33-37. The ¢'-values are the same as those

i .
listed in Table 6, with a calculated as a = 2 sin ¢'/(3 - sin @')VSN
Q

Figure 38 presents the undrained deviation stress versus deviation
strain relationship during loading. Since the elastic-plastic model
requires drained constants, G'-values were estimated from the relation-

ship, G' = 3}\’i (1 = 2v')/2(1 + v'), with V' estimated from
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Table 10
Summary of Volumetric Strains and Membrane Penetration for Isotropic

Compression~Rebound Tests on Reid-Bedford Model Sand

St
') 3
“3Max %30 € € c* AVm cm”/em
5 - v v v 3 - ”
Test No. kg/em® kg/em” Clamps  Burette Membrane om Jem'  kg/cm’ Remarks
RB20-40-5 2.13 0.35 0.00315 0.00448 0.00133 0,00233 0.003 Load

0.00275 0.00315 0.00040 0.00070 0.0009 Unload

RB30-40-6 2.11 0.35 0.00312 0.004k32 0.0012 0.0021 0.0027 Load
0.00272 0.00332 0.00048 0.0008k 0.001 Unload

RB20-80-10 4,22 0.35 0.00802 0.01111 0.00309 0.00541 0.005 Load
0.00583 0.007%6 0.00163 0.00235 0.0026 Unload

RB15~-80-11 k.22 0.35 0.00807 0.020%5 0.00238 0.00417 0.0038 Load
0.0061% 0.00054 0.00095 0.00088 Unload

RB25-80-12 h.22 0.35  0.00634 0.00945 0.00311 0.00545 0.005 Load
0.00539 0.00531 0.0 0.0 0.0 Unload

L = (e ) -(cv) v

membrane burette ¢lamps

™ av, = (e ) 2

Vv =602 cc - (15.78 em)(7.16 em) x
membrane

P . —
A membrane o

2 . VO 3 2
n = 343.84 om S i 1.751 em”/em”
m

+ s = AVm/log AP slope of AV =~ log P relationship.
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1 < . - o
) Ko/l + ho , where K0 =1 - sin ¢' . For comparison, G'-values for

Reid-Bedford Model sand at 25 percent Dr were calculated from data
contained in Reference 31 and the relationship, G' = D(1 - 2v')/

2€) ~ ut) , where D 1is the constrained modulus in KO tests during
unloading. G'-values calculated from this data, D = 2743 kﬂ/cmf and
v' = 0.4-0.5 , were 566-155 kg/cm'n, which brackets data in Table 11.
The undrained parameters, E and v , from the loading portions of the
tests are also listed. ©Since these are from the loading portions of
the tests, the parameters are not truly elastic constants as plastic
deformations are included.

Predicted versus observed results

52. The actual model parameters used to compare the model with
experimental results of tests RB20-40-~5 and RB20-80-10 are listed in
Table 12. A comparison of experimental values in Table 11 and assuned
values in Table 12 shows that fairly good agreement exists between the
two tables, except that experimental Kl—vnlucs are lower than assumed
values. The parameter R , which is the ratio of the major to minor
axis of the elliptical yield surface, must be assumed with contractive
materials having R-values > 1/a and dilative materials having
R-values < 1/a . The two parameters having the greatest effect on the
stress-strain pore pressure response are R and a .30

53. Figures 39-L2 compare behavior predicted by the model with
actual test conditions for specimens RB:0-L0-5 and RB20-80-10. From
these figures it is observed that the constitutive model can qualita-
tively simulate the stress-strain pore pressure response of a contrac-
tive sand.30

Table 12

Numerical Values of Material Constants for Reid-Bedford Model Sand

Test Series 1
Relative Density

Material Constants 20 percent
2
Ki kg /em” 300.0
K1 300.0
(Continued)
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Table 12 (Concluded)

Material Constants

Al
G kg/em

83
R
W

D, (kg/em™)”

Test Series 1

Relative Density

20 percent

250.0
0.2309
.33
0.00Th

0.300

EFFECTIVE MEAN NORMAL STRESS P/, Kg /em?

0 | 2 3 4 6
0 T T T i 1
B 0.2} LEGEND
‘é - —= MODEL BEHAVIOR
Iy \ TEST RESULTS
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waA \\
1" \
3 \
z 0.6\
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Figure 39,

Comparison of' experimental ef'fective mean normal stress
versus volumetric strain relation with model behavior under iso-
tropic consolidation condition for test

RR20=-80=10
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Figure 42, Comparison of experimental €Xcess pore water pressure
versus axial strain relations with model behavior under undrained
triaxial test condition for tests RR20-L0-5 and RB20-80-10




PART IV: CONCLUSIONS AND RECOMMENDED RESEARCH
Conclusions

54. Based upon the materials tested, methods and equipment em-
ployed, and information in pertinent literature, the following conclu-~
sions are drawn concerning the liquefaction behavior of reconstituted
sands under cyclic and monotonic loadings:

a. Cyclic triaxial loadings.

(1) For the four sands tested, as the mean grain diam-
eter Dgp and uniformity coefficient C, de-
crease, so does the resistance to 100 percent pore
pressure response. This supports the familiar con-
cept that fine uniform sands are most susceptible to
liquefaction.

(2) For Reid-Bedford Model sand, a linear increase in
cyclic stress ratio required to cause 100 percent
pore pressure response or deformation exists for
increasing Dy-values to approximately 60 percent.
However, the slope of this relationship depends upon
confining pressure. This supports the concept that
test results on specimens of different densities can
be corrected to a common density for comparison.

(3) For Reid-Bedford Model sand, the cyclic stress ratio
required to cause 100 percent pore pressure response
or deformation decreases with increasing effective
confining pressure. An increase in confining pres-
sure from 10-40 psi decreased the cyclic stress ratio
for 10 percent double amplitude strain 27-36 percent,
depending upon the Dr .

b. Relationship between SPT N-values and earthquake lique-
faction potential.

(1) Values of Cy for correcting SPT N-values to an ef-
fective overburden pressure of 1 tsf vary with rela-
tive density, sand type, overburden pressure, and
possibly additional variables. Nevertheless, the
values presented in Figure 23 or Equation 3 can be
used as first approximation guides for obtaining

CN-values.

(2) values of Cy for correcting isotropically consoli-
dated cyclic triaxial test results to estimated
field earthquake responses of level ground deposits
vary with Nj-values, which are a function of
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Monotonic R tests on Reid~Bedford Model sand.

(1)

(2)

Comparison between cyclic and monotonic R tests.

(1)

confining pressure and relative density, and with
earthquake magnitude, which is a function of number
of cycles. In this context, for the four sands
tested, Cp-values vary from 0.41-0.63 for specimens
prepared by moist tamping.

For cyclic triaxial specimens prepared by moist
tamping procedures and having a Cp-value of 0.57,
coupled with the Cy-values in Figure 23, reasonable
agreement with published, lower bound field earth-
quake response is obtained for Nj-values up to

20 blows/ft.

A critical void ratio curve, ef , as suggested by
Castro,” can be fitted to the test results in which
liquefaction occurred,

The use of an LVDT clamp to measure radial deforma-
tions does not inhibit specimen response.

A relationship, presented in Figure 28, was derived
for the critical void ratio in terms of SPT N-values.
This relationship permits assessment of liquefaction

potential under monotonic loads.

Cyclic triaxial tests can produce 100 percent pore
pressure response and accompanying deformations on
specimens denser than critical, i.e., dilative sands.
However, this is attributed to density redistribu-

tions occurring within the specimen.l,”

A close examination of the cyclic triaxial pore
pressure responses reveals that a "liquefaction
dilation" pattern develops, with momentary 1ique-
faction occurring at the instant of stress reversal
(zero shear stress) and dilation occurring when the
full axial stress is applied.

The effective stress path of cyclic tests reveals
that compressional loading causes induced negative
pore pressures, but extension loading results in
greater positive pore pressures, causing a net posi-
tive pore pressure and leftward marching of the
stress path toward the origin. Hence, for 100 per-
cent pore pressure to occur in dense sands, two
criteria must be satisfied:

(a) A stress reversal through the hydrostatic con-
dition must occur, '

(b) A sufficient number of cycles must be applied.

68




(%) Failure occurs during the extension portion of load-
ing for cyeclic triaxial tests when the effective
stress envelope is reached. After this, because the
specimen is stronger in compression, several more
cycles must be applied before achieving 100 percent
pore pressure response. At 100 percent pore pressure
response, the stress path moves up and down the com-
pression and extension envelopes, passing through
the origin at each instant of 100 percent pore pres-
sure response.

(5) Failures in cyclic and monotonic tests occur at the
same effective stress parameters (conditions). The
radical difference between the two tests is the
stress path followed to achieve these conditions.
Nevertheless, the effective stress parameters are
applicable to both types of tests.

e. Material characterization for the elastic-plastic con-
stitutive model.

(1) Membrane penetration in isotropic compression tests
can be estimated from Frydman's29 relationship, using
mean grain diameter = D5p. For reconstituted speci-
mens of Reid-Bedford Model sand an assumption of
isotropy, €3 = €3 , for estimating volumetric
strains is about as accurate as calculating volu-
metric strains from burette measurements because of
membrane penetration affecting burette volumes.

(2) The stress-strain pore pressure response of contrac-
tive sand can be accurately gredicted by the elastic-
plastic constitutive model.3

Recommended Research

55. A series of monotonic R tests should be performed on the
Standard Concrete and Platte River sands to develop a relationship be-
tween SPT N-values and critical void ratios similar to Figure 28.

In addition, the tests should be performed to gain input parameters for
the elastic-plastic constitutive model.30

56. A series of cyclic triaxial tests should be performed with
LVDT clamps strategically located to monitor axial and radial deforma-
tions for calculating nonuniformities and redistribution within cyclic
triaxial specimens.

57. A series of monotonic tests should be performed incorporating
various total stress paths to verify the uniqueness of the effective

stress path.
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APPENDIX A: METHODOLOGY AND DATA FOR OBRTAINING CN VERSUS o
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1. The procedure for calculating the Cy versus o relation-
C
ship presented in Figure 23 (see main text) is as follows:

. Utilizing the data presented in Figure 22 (see main text)
13,14*

|=

or contained in RR-T76-2, Reports 1 and 2, a figure
similar to A-1 comparing N versus g, for various
ﬁ”—vulues was prepared.

b. From Figure A-1, N-values corresponding to 0O pressure
of 1 tsf can be interpolated.

10 one can now calculate CN for various

Dr- and 0 _-values by using the relationship CN = Nl/N -
A

¢. By knowing N
as shown in Figure A-2.
d. The following tabulation contains values used for prepar-

ing Figure 23 (see main text).

Summary of N-Values Used for Calculating C

LN-Values

N, N./N, .. N./N

) N
2.88 75,76 "1 "1/Ng.1p M/ 88 B /Es 4

Sand Type 25 NO.TD

Reid-Bedford kO 5 25 2 5 1.0 0.45 0.24
and Ottawa 60 10 22 32 2 1.2 D55 0.38
80 20 33 Y& 22 100 0.67 0.46

Platte River LO 6 13 17 8 1.33 0.62 0.47
60 17 28 37 19 o 2 0.68 0.51

80 37 54 67 o) 1.08 0.Th 0.60

Standard Lo 6 15 25 8 133 0.53 0.32
Concrete 60 1k 30 LY 16 e 3 0.53 0.36
80 25 50 5 28 1.12 0.56 0.37

* Raised numbers refer to similarly numbered items in "References"
presented on pp 70-T2 at end of main text.
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Figure A-l. Relationship between SPT N-values and overburden
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APPENDIX B: DEVIATOR STRESS AND PORE PRESSURE RESPONSES
VERSUS AXIAL STRAIN AND Q-P EFFECTIVE STRESS PATHS
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Skempton's parameter
Correction factor for SPT

~

Coefficient of uniformity
Relative density

Diameter of a soil particle having a size greater than 50 per-
cent (by weight) of the particles

Critical void ratio
Specific gravity

Coefficient of earth pressure

Cyclic stress ratio, o\d/Qo
[

'

o

Pore water pressure

Dry unit weight

Single amplitude cyclic axial strain (i.e. peak-to-peak strain)
Chamber pressure

Cyclic deviator stress

Initial effective confining pressure; effective overburden
pressure

Consolidation pressure

Effective angle of internal friction




Relid-Bedfora Model sand
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In accordance with letter from DAEN-RDC, DAEN-ASI dated
22 July 1977, Subject: Facsimile Catalog Cards for
Laboratory Technical Publications, a facsimile catalog
card in Library of Congress MARC format is reproduced
below.

Townsend, Frank Charles

Liquefaction potential of dams and foundations; Report 6:
Laboratory strength of sands under static and cyclic loadings /
by Frank C. Townsend, John P. Mulilis. Vicksburg, Miss. : U. S.
Waterways Experiment Station ; Springfield, Va. : available
from National Technical Information Service, 1979.

72, [16] p. : ill. ; 27 cm. (Research report - U. S. Army
Engineer Waterways Experiment Station ; S-76-2, Report 6)

Prepared for Office, Chief of Engineers, U. S. Army, Washing-
ton, D. C., under Project 4A161102B52E, Task 04, Work Unit
CWIS 31145.

References: p. 70-72.

1. Cyclic loads. 2. Cyclic triaxial tests. 3. Dams. 4. Founda-
tions. 5. Liquefaction (Soils). 6. R tests (Soils). 7. Sands.
8. Static loads. I. Mulilis, John Paul, joint author.

IT. United States. Army. Corps of Engineers. III. Series: United
States. Waterways Experiment Station, Vicksburg, Miss. Research
report ; S-76-2, Report 6.

TA7.W34r no.S-76-2 Report 6




