50272100

REPORT DOCUMENTATION
: PAGE

4. Title and Subtitle

NGI Direct Simple Shear Tests on Concord Blue Clay,

1. REPORT NO,

NSF/RA-790486

3. .Recipienﬁiéﬁcesslﬁ 60.9 8 1 0 ‘

5. Report Date

Interim Report 5.

7. Author(s)

D. J. Kopal, T. F. Zimmie

9. Performing Organization Name and Address

Rensselaer Polytechnic Institute

8. Performing Organization Rept. No.

10. Project/Task/Work Unit No.

Civil Engineering Department 11. Contract(C) or Grant(G) No.

Troy, NY 12181 ©

PFR7818743

13. Type of Report & Period Covered

(@)

12. Sponsoring Organization Name and Address
Engineering and Applied Science (EAS)

National Science Foundation Interim

1800 G Street, N.W.
Washington, D.C. 20550 |
15. Supplementary Notes
This is a progress report of “Simple Shear Behavior of Fine Grained Soils Subjected
to Earthquake and Other Repeated Loading," (PB298123).

14.

16. Abstract (Limit: 200 words)
A laboratory study investigated the dynamic behavior of clay soils on an effective
stress basis. CEmphasis was placed on high strain cyclic Toading that occurs during
earthquakes and storm wave loads. A direct simple shear device of the Norwegian T
Geotechnical Institute (NGI) was used to test the consolidated constant volume static
and cyclic strength characteristics. Laboratory tests were conducted on Concord Blue
Clay having two different consolidation histories {consolidation refers to the ap-
plication of vertical normal stress to the soil sample). The first set of tests cy-
clically loaded normally consolidated clay and the second set cyclically Toaded over-
consolidated clay. Stress-controlled cyclic tests conducted to maintain constant
cyclic shear levels measured lateral shear strains and effective vertical stresses as
a function of the number of loading cycles. Static load tests provided a comparison
with cyclic loading tests. It was demonstrated that clay strength degradation can
be affected by cyclic shear stress levels, effective stresses, consolidation ratios,
and number of loading cycles. Clay degradation was examined by employing the Ramberg-
Osgood model. A correlation between experimental and mathematical modeling results
was developed to determine the accuracy of the Ramberg-0Osgood model. A Titerature
review, equipment descriptions, testing procedures, and test results are included.

17. Document Analysis a, Descriptors

Mathematical models Cyclic loads

Earthquakes
Stress ana1ysis

b. ldentifiers/Open-Ended Terms

Concord Blue Clay
S0i1 consolidation
Ramberg-0sgood model

€. COSATI Field/Group

Static loads
Shear tests

Cyclic strength
Shear devices
Earthquake Hazards Mitigation

18. Availability Statement

19. Security Class (This Report) 21. No. of Pages

20. Security Class (This Page) 22. Price

(See ANSI-239.18)

See Instructions on Reverse

OPTIONAL FORM 272 (4-77)
{Formerly NTIS-35)
Department of Commerce







NGI DIRECT SIMPLE SHEAR TEGSTS
ON ’
CONCORD BLUE CLAY

by

David J. Kopal
PRINCTPAL INVESTIGATOR
Thomas F. Zimmie

NSF Grant No. PFR-7818743

Any opinions, findings, conclusions
or recommendations expressed in this
publication are those of the author(s)
and do not necessarily reflect the views
of the National Science Foundation.






INTERIM REPORT

NGI DIRECT SIMPLE SHEAR TESTS
ON
CONCORD BLUE CLAY

To: William Hakala, Program Manager
National Science Foundation

FROM: Thomas F. Zimmie, Associate Professor
€Civil Engineering Department
Rensselaer Polytechnic Institute
Troy, New York

The report attached is a progress report on NSF Grant No.
PFR-7818743 titled "Simple Shear Behavior of Fine Grained Soils
Subjected to Earthquake and Other Repeated Loading', under the
direction of Thomas F. Zimmie.

The report was done by David J. Kopal under the supervision
of Professor Themas F. Zimmie. Mr. Kopal also used the report as
his Master Project in partial fulfillment of the requirements for

the degree of Master of Engineering at Rensselaer Polytechnic
Institute. '






NGI DIRECT SIMPLE SHEAR TESTS
ON

CONCORD BLUE CLAY

by
David J. Kopal
Sponsored by the National Science Foundation,
Directorate for Engineering and Applied Science,
Division of Prqblem—Focused Research (PFR),
Earthquake Hazards Mitigation Program

Grant No. PFR-7818743

Interim Report

Principal Investigator
Thomas F. Zimmie

Associate Professor of Civil Engineering

Rensselaer Polytechnic Institute
Troy, New York

December 1979






CONTENTS

LIST OF TABLES « e aeeesnnnneennnsossnasennaeennaesonaessoaaesanane iy
LIST OF FIGURES s evsueeeeensasosssruosseessssssconitosssssaasssae ¥

ACKNOWLEDGEMENT .« « e« eenesnecnsonessecsnssnssnscnesnsonsronsnnss Vi
NOTATTONS + e s e e eannnnesnanenanesssssssnneseansocnnsesannasonnses  ¥ii

ABSTRACT '."'!....'.."!".'l..!!.";IQ.'.".I'..QQ.II..‘.‘.'.‘ Viii

PART l INTRODUCTION L A I A R N R I A I S I I R I A N I BN AT A A S A l

(=

1.1 Background L N e R R R R I N A N S Sy S S S A S P
102 Definitions S s s dsans i i s eteces it essssesnsbsscssrnn s
1.3 General Clay Behavior seeccrsercrcnesnsssnessossnans

w

PART 2 EQUIPMENT L IR R I R I A N I A I I N I A I BC I A B I I AT A Y 5

\Ji

2'1 Shear Apparatus L R R N N N N N N K]

2.1s]l Background ceciaceeccsccccceacssasacnsvnsons
2.1.2 Basic Principles sccesscrccsrcrrsasessansnane
2.1.3 General Description and Operation seseesesss
2.1.4 Trimming ApDDATatus seusesesasssssnsonusvenns

[os] 00—\

2.2 Data Acquisition evevsessscrisossarsarsnssesvsrnsans
2:.2.] False Deformation c.eeesetccncsessssarsnensa 9
2+3 Assumptions and Limitations cesvececscecetcncennnns 9
2.4 Sheary MoAUIUS VALUESS eeceorsencssecsonsssennsassonesss 11
PART 3 TESTING CRITERTA svsevesovsorecsnonsesrnsasnonntonsnsanee 12
e S L A -
3.2 Testing Procedure ceesceesscscccsonsensnonnssasnnss 12
PART 4 TEST RESULTS AND ANALYSIS seseesvancsovasssssosvsosssonas 1k
L.l Initial (First Cycle) Backbone CUTVES seeeevasssnes 1k
Curve Determination ssesessssseccssconcancas 1k

1.1
«1.2 Comparison with Static Loading Tests +sveses 1
1.3 (GO)l VAIUSS eesasncosssnonsenononnasosononss 17

* e

Bl s

hlg Other CyClic LOading Curves R N R R R I lT



PART 5

PART 6

4.3

Lok
4.5

L.2.1 Curve Determination ee.eose... cessesesasienen
Li2.2 C(lay Behavior ceeseeesssssessossssacssssaans
L.2.3 Secant Shear Modulus Degradation seeseecense
L.2.4 Degradation Index Variation seceeesssscsccos
Ue2.5 SYNODSLIS tevsecececnsescsecesscoccaccassseene

Effect of Cyclic Shear Stress Level ceesessseesaces

l Total Stress Level L BN B B BN BE B B BN R N BN BN B CBE BN N BE S BE BN R B N
+2 Effective Stress Level seesstsvescsssrssnnss

Effect of Number of Loading ) Cycles L R S )

Effect of Pore Pressure Changes seessesscescosanens

CYCLIC LOADING MODELS"'v!'.!D!.Qi...'.000'!0..0.0'...00

5-1

Ramberg—OSgOOd Model AR IR I R R A A I N I I I IR B IR A B R I L A
5.1.1 Derivation of R-0 Parameters eseeessseverces

1.1 ¥y and (G Determination sesesecs
1?2' R Determlna%lOn LI I A A I I B I O )
1.3 e

5.1,
511'
5.1 c¢ {Alpha) Determination «sceseceees

5.1.2 Cther Cyclic Loading CUurves eseecesssosssses
5+.1.3 Comparison With Experimental Results e.e....
Backbone CUIrvVeES crseveccssssssssens

5.1.3.1
501!3'2 R-0 Model SenSLtivity R R R
5.1.3.3  Secant Shear Moduli seveesesrscenns

DISCUSSION AND CORCLUSIONS eevsissassossovsosvvecssscnnn

6.1

Test Parameter ResuUlls ceseesesccoccacconssonsscnos
6‘1’1 Number Of Loading Cycles LB BN BN BN BN BN BN BN BN BE BN BN NE BN 3N NE BN B
6.1.2 Pore Pressure and Effective Stress

Changes b4 e 00 st i isae s st asBeessrsTEReRETEOTESS
6.1.3 Cyclic Shear Stress Level seessresssesscsnes
Comparison Between NC and (OCR=2) Clays seceavesoas

Be2.]  SimilariticsS eeevessssvrivoascssasessscnssoass
Be2:2 DifTOIENCES cestesetesosssesetosasanasscenas

Ramberg—OSgOOd Modelling Results LA BRI B B B B B RN B

60301 MOdEI Sensitivity LR I B IR B A A I A I A A BN I A I
6.3.2 Secant Shear Moduli COMPATiSON evessssenvess

il

17
17
19
21
22
23

23
25

26
27
29
29
30
30
30
31
32
33

33
33

35
35
35

35
36

36

36
37

37

38
38



PART T REFEREN’CES I'v!'.'l."..'0"0!'l"'lo.'lll.!..."".vo.!i 39
PARTB TABLES L R I R R N T I R I N R I TR B R S Y A A R ') hl

PA.RT9 FIG’URES L R RN A A A I I B I I A R R I R N R I SN I A O S Y 3N BT O I 58

iii



TABLE 1
TABLE 2
TABLE 3

TABLE 4

LIST OF TABLES

Geotechnical Data for Concord Blie Cla¥y ssececsecas
Individual Test Data sevessssssencnesesecnasacnsns
Ramberg-Osgocd Model Parameters sssecessssssereccas

Degradaticn Index Values
Experimental and R-O Calculated (GS)N Values eesess

iv

b2
43-48
L9-55

56-57



FIGURE

1

FIGURE 2

FIGURE
FIGURE
FIGURE
FIGURE

FIGURE

3
I

5
6

T

LIST OF FIGURES

Cyclic and Static Loading Stress - Strain Curves...

Shear Stress vs. Shear Strail secesecccnssscsssnsns

Effective Stress Paths and Failure Lines eeseeecnes

Typical Cyclic Loading Test Results eceevescscecsasa

Secant Shear Modulus vs.
Secant Shear Modulus vs.

Secant Shear Modulus vs.

Ncycles LI IR BN BE BE K BN BN B BN BN B B BN BN BN )
Normalized Shear Stress...

Normalized Vertical

Stress.......-......‘............-.................

FIGURES 8a, 8b Degradation Index vs.

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE
FIGURE
FIGURE

FIGURE

9
10

1l

12

13
1h

15

16
17
18

19

Shear Stress .........;...

8c Degradation of Initial Backbone Curve sessecsssss

Degradation Index vs. Normalized Pore Pressures....

Shear Strain vs. Normalized Pore Pressure ececeeeses

Shear Strains and Pore Pressures vs. N Cycles For

Test 5 LI R I I I R I N N I R R B I R e A B

Normalized Pore Presgsure

and Shear Strain vs.

N Cycles L R I I A A N I A A A A S A L B RO A IR I O B I LR Y )

Total Shear Stress Level

VvS. N CycleSecessannesenas

Normalized Shear Stress vs. N Cycles Evaluated At
Varying Shear Strains crseecerseosnsoersscrrscscsssa

Effective Shear Stress Levels vs. Strain For
Varicus Cyclic Loading Tests and ClaySeeeeescescnas

Determination of Yy From

Initial Backbone Curves...

Determination Of R LI B A R A A O B A I I O B A A I B I

Ramberg-Osgood Model Backbone CUrves sesvescersssres

Secant Shear Modulus vs.

v

Shear Strain scececsceesssas

59-60
61-62
63-6
65

66-67
£8-69

T0-T1

T2-73
Th

75-T6
77-18

79

80-83
8L-85

86-87

88
89
90
91-52

93-9%



ACKNOWLEDGEMENT

The author gratefully écknowledges the assistance and guidance given
by Professor Thomas F. Zimmie, Department of Civil Engineering,
Rensselaer Polytechnic Institute.

The author also wishes to express his thanks to Professbr_Ricardo
Dobry, Department of Civil Engineering at R.P.I., whose notes and
comments on soil dynamics helped considerably in the writing of this
paper. Appreclation is alsoc expressed to Carsten Flcoess, Doctoral
Candidate in Civil Engineering at R.P.I., for his experimental testing
and suggestions.

The author would also like to thank Brenda Grundy, Virginia Herrefa,
Audrey Jordan, Cynthia Quintanilla, Patricia Saavédra,’and Robin Tingley

for assisting in proofing and for typing this report.

vi



-

1

s e b

- v ——

e

- o —

s i e

NOTATIONS

Points on the backbone curves in Figure 2
Loading Cycle number

Secant shear modulus at cycle N
Maximim secant shear modulus

Maxirmm sec#nt shear modulus at cycle K
Normally consolidated

Overconsolidation ratio of 2

Constants in Ramberg-Osgood lodel

Shear strain during static loading
Shear strain during cyclic locading
Degradation index at loading cycle K
Initial effective vertical stress
Experimental effective vertical stress
Shear stress

Cyclic shear stress

Horizontal cyclic shear stress

Horizontal shear stress at failure for undrained
static loading

. Shear stress level defined on & total stress basis

Shear stress level defined on an effective stress
basis

Mchr-Coulomb angle of internal friction
Undrained soil strength for static loading

Excess hydrostatic pore pressure {(referred to as
pore pressure)

vii



ABSTRACT

This report confains the results of a laboratory investigation on
the behavior of ¢lay with tﬁo different consolidation histories.

Emphasis was placed on high stréin levei cyelic loading such as that
caused by eafthquakes and storm wvaves.

The investigation consists of two parts:

In the first part, consolidated constant volume (CCV) static and
cyelic tests were performed using a Norwegian Geotechnical Institute
(NGI) direct simple shear device. In addition, only natural undisturbed
clay samples were tested because the in situ structure of_cohesiye seils
is an important parameter in determining their behavior.

Laboratory tests were conducted on Concord Blue.Clay having two
different consclidation histories. The first set of tests (Tests 5
through 10) cyclically loaded normally consolidated clay and the second
set of tests (Tests 13 through 18, and 21) cyciically loaded
overconsolidated clay. The normally consolidéted clay (NC) was tested at
a vertical confining stress of 3.369 kgfcm?. The slightly
overconsolidated clay, {(OCR=2), was tested at a vertical confining stress
of 1.685 kg/cmg, a value that wés one=half of its previous maximum stress
of 3.369 kgfemo.

Stress-controllied cyclic tests were coanducted so that constant
cyclic shear stress levels were maintained during sach test. The test
data consisted of the measurement of lateral shear étrains and effective
vertical stresses as a function of the number of lcading cycles.

Static loading tests were performed to achieve a comparison with

cyclic loading tests. Static loading Tests 2, 9, and 10 loaded normally

viii



consolidated clay while Tests 11, 12, aﬁd 21 statically loaded slightly
ovefconsolidated clay. ‘

The laboratory investigation demonstrated that elay strength
degradation can be affected by cyclic shear stress levels, effective
stresses, consolidation ratics, and the number of loading cycles.

The second part of the investigation interprets clay degradation by
employing the Ramberg-Osgood model. A correlation between experimental
and mathematical modelling results is developed to determine the accuracy
of the Ramberg-Usgood model.

| Included in the report is a literature review, a description of

equipment and testing procedures, and the presentation of test results.
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PART 1

INTRODUCTICON

1.1 Background

In recent years, the geotechnical engineer has recognized the
importance of soil strength characteristics under cyclic loading.
Typical examples of cyclic loadings include traffic activity, blasting,
machinery vibrations, and of course, wave loading and earthquakes.
Designers have increasingly sought to account for scil strength
deterioration during cyclic loading in their analyses.

Soil faiiurg resulting from cyclic loading is a common destructive
mechanism. Earthquake damage to every conceivable structure, including
.buildihgs, pipelines, and dams have at times been attributed tb soil
failure. Besides the relative frequent occurrence of scoil failure when
exposed to ;yclic loading, many examples can be cited in which such
failures were catastrophic (1k,22).

Soil failures often occur because of rapid increases in stress fronm
seismic accelerations by soil strength degradation and increased pore
pressures. The term "liquefaction" is generally applied to the extreme
form of this type of failure. Most of the research designed to study
this mode of soil strength deterioration has been associated with
cohesionless soils. There has been much less accomplished in determining
soil strength degradation of clays during cyclic loading.

The major cbjective of the laboratory investigation reported herein
is to study the dynamic behavior of clay soils on an effective stress
basis. Emphasis was placed on the high strain level cyclic loading that

occurs during earthquakes and storm wave loads.



Direct simple shear devices are increasingly being utilized to study
fine grained soil characteristics, particularly under cyclic loading
conditioﬁs. All laboratory testing was performed using the Nérvegian
Geotechnical Institute (NGI) direct simple shear device. The NGI dévice
is an accepted and appropriately sophisticated apparatus for the
measurement of cyclic strength characteristics of fine grained cohesive
soils. This device, with modifications, allows for repetitive loadings
in alternate directions in an attempt to more closely simalate in situ
cyclic loading conditions, such as for earthquakes. Overall it is an
excellent device, although it does have some limitations (20).

1.2 Definitions

There are levels of cyclic shear stress that can be tolerated
indefinitely without cau;ing ultimate soil failure. One cyclic shear
stress category, the "threshold conditiqn", is defined by Sangrey to be a
specific soil strength wherein the shear strains and pore pressures
remain constant for any ﬁumber of loading cycles (16).

Pore pressures and shear strains can increase tc a level after which
a large number of loading cycles generates no significant change in pore
pressure. The "eritical stress level” defines the cyclic sheér stress
level in which a limiting wvalue of shear strains and pore pressures
occurs. The maximum level of c¢yclic stress that will not lead to soil
failure {referred to as nonfailure equilibrium), is termed the "critical
level of repeated stress” after Larew and Leondards (16). This
phenomenon is discussed more thorocughly and illustrated with test resulis
in Sections 4.2.2 and 4.3.

At shear stress levels above the critical level of repeated



stresses, substantial cumulative increases in shear strains and pore
pressures develop, causing soil failure ultimately (16).

1.3 General Clay Behavior

When an undrained saturated clay ié subjected to a stress reversal,
a change in pore pressure can result. Sangrey concludes that the
build-up of positive pore pressures in normally consolidated clays leads
to a reduction in shear strength in which the critical level of repeated
stresses is significantly lower than the peak undrained shear strength
from static loading tests (14). In this study, overconsolidated clays,
tested at an experimental vertical stress exactly 50 percent of that for
normally consolidated clays, developed both positive and negative pore
pressures. In both clay types, however, a nonfailure equilibrium
condition was observed. Andersen has concluded that the amount of pore
pressurg accumulation is dependent on the consclidation ratio, and is
mofe importantly affected by the maximum and current confining stresses
(1).

According to Sangrey, when saturated clay is subjected to cyclic
stresses, a net nonrecoverable deformation and substantial amount of pore
pressure remains after the first loading cycle {14). In this study, this
behavior was observed whether or not the clay experienced the failure
condition of #3% shear strain. Others have agreed that depending
primarily on the cyclic shear stress level, subseguent loading cycles can
continue to generate larger pore pressures in saturated clay (1, 14).

During cyclic loading, the stress-strain behavicr of soils is
nonlinear and hysteretic. Particularly for soft clays, their dynanic

properties can change significantly during cyclic loading. As evidenced



by test data in this investigation, these changeslin properties can
neither be accounted for by assuming equivalent linear properties nor by

.assuming nonlinear properties with a constant backbone curve.



PART 2

EQUIFMENT

2.1 Shear Apparatus-

The NGI direct simple sheér apparatus, Model 4, is manufactured by
Ceonor and was used in this investigation. Additional details and
procadures for the specific eguipment used in this study are more
thoroughly covered in a study by Zimmie and Floess (22).

2.1.1 Background

The NGI a?paratus is built for testing undisturbed soil for
lconditions of simple shear and plane strain. These conditions are
similar to the strain conditions that exist‘in the field, and they cannot
be obtained in the laborafory using triaxial and shearbox devices. In
addition, Ladd and Edgers have concluded that cbnsolidated undrained |
direct simple shear tests are easler to perform than K5 - consclidated
triaxial tests to obtain pore pressure measurements (11).

Consequently, simple shear tests of varicus forms have been
conducted to simulate the ¢yelic stress-—-strain conditions of a soil
element in the field during an earthguake. The NGI direct simple shear
apparatus has increasingly been used for‘the determination of dynamic
properties and cyclic strength of scils.

2.1.2 Basic PFrinciples

The basic principle of the NGI direct simple shear apparatus is the
application of a shearing force to a cylindrical soil sample, which is
confined in the radial direction by a wire reinforced rubber membrane.

Tne shearing action causes a shearing displacement of the top.of the



sample relative to the bottom. The reinforcement in the rubber membrane
allows for vertical deformations and horizontal displacements in the
soil, but retains a constant cross-—-sectional area during consolidation
and shearing.

Consolidation is conducted by applying a vertical normal stress.to
the sample, allowing for drainage. During shear, constant volume
conditions are maintained by adjusting the applied vertical stress, thus
simulating undrained shear conditions. In such tests, the change of
verti.ca.l- stress required to keep a constant volume is equal to the change
in pore pressure.

Figure 4 presents traces of stress-time and strain-time histories
that show two typical eyclic tests conducted on soft c¢lay specimens (9).
The upper two traces are results from a strain-controlled cyclic loading
test in which a uniform sinuscidal strain-time history is applied and the
correspending cyclic stress measured. The stress decreases with time and
indicates soil strength degradation, or soil structure weakening. The
lower twe curves are taken from a stress-controlled cyclic loading test
in which a uniform sinusoidal stress-time history is applied and the
corresponding shear strain measured. The shear strain increasés with
time and indicates soil strength degradation.

In this study, stress-controlled tests applied square wave loading
to the soil specimen instead of sinusoidal wave loading. This change in
wave loading geometry did not affect the sample’s response because shear
strains increased as a function of time, in a similar manner as

illustrated by Figure 4.



2+1.3 General Description and Operation

The NGI direct simple shear apparatus is composed of a sample
assembly, vertical leading unit, and horizontal loading unit.

The sample assembly consists of a pedestal, an upper and lower cap,
a reinforced rubber membrane and O-rings. The sample assembly unit is
available in either the standard 50 cm® sample cross-sectional area or
the smaller 17.81 em® area. In this study, the émaller cross-sectional
area (17.81 cm2) was utilized and the soil sample heights varied from
1.326 to 2.045 cm.

The upper and lower caps have recesses for porous stones and were
connected to water tanks through drainage tubes. The O-rings provided a
water tight seal between the reinforced rubber membranes and caps.
Reinforced rubber membranes, manufactured by Geonor, were used for the
measurement of lateral shear stfesses and shear strains in the sample.
These membranes provided adequate lateral strength to maintain a constant
cross—-sectional area during consolidation and shear loadings.

The Qertical loading unit, used for consolidation, consists of a
base, tower, 10:1 lever arm,‘load gauge, piston, dial gauge, and load
adjusting mechanism.

The horizontal loading unit includes a gearbox with a variable speed
motor, proving ring load gauge, connection fork, sliding shear box,
locking clamp, and heorizontal dial gauge. The gearbox and electric
motor, which applied a constant rate of shear strain during static
loading, has a speed adjustment range between 10 and 300 minutes per
millimeter. TFrom Table 2, the static loading speed utilized was about 75

minutes per millimeter.



With cyeclic loading capabilities available, stress—controlledltests
applying squaré wave loadings were conducted. The loading unif consisﬁs
of a hydraulic piston. connected to a set of pulleys, wifes, weights on
hangers, and connection forks. A pulse generétor and timer controlled a
four;way solenoid operated air valve that caused air pressure fluctuation
and actuated piston motion. This piston motion, which created the square
wave loading used in this investigation, was maintained at a frequency of
0.5 cps.

2.1.4 Trimming Apparatus

The trimming apparatus was developed sco that soft and sensitive soil
specimens could be trimmed and tested with 2 minimum of sample
disturbance.

. The trimming apparatus cénsists of a base, pedestal, and a set of
yokes. The soll specimen was cut into a cylindrical test sample by a
system cf stainless steel cutting blades. With a minimal amount of
handling; a reinforced rubber membrane was mounted on the sample. Proper
use of the apparatus resulted in a vertical soil sample with both’of its
ends being horizontal and parallel.

2.2 Data Acquisition

A proving ring leoad cell and a DCDT-05C Hewlett Packard Linear
Variable Differential Transformer (LVDT) were electrically connected to a
stripchart recorder in order to give a graphical representation of the
clay's dynamic characteristics. The vertical load proving ring measured
vertical loads on the sample.

Pore pressures were determined from the change in vertiéal stresses

used to maintain a constant sample height.  The LVDT measured horizontal



displacements of the sample, which were later converted {¢ shear strains.
A horizontal dial gauge was alsc connected to the sample mdunting block.
As a result, horizontal displacements could be measured by either the
LVDT or by the dial gauge, thus providing a crosscheck at all times.

The voltage outputs of the LVDT and load cell were recorded on a
four channel recorder. The three ocutput channels utilized in this study
consisted of the cyclic shear stiress level,'the shear strain level, and .
the pore pressure level.

2.2.1 False Deformation

Scme of the changes in vertical stress ¢f the samples could he
ettributed to the seating and compression of the porous stones. It was
important to distinguish the porous stone deformation from the soil
sample deformation in order to performlconstant volume tests.

The false deformations were measured by inserting a steel dummy
sanple between the caps. Vertical loads were applied incrementally until
consolidation loads were reached, and then unloaded while vertical
deformations were measured and recorded.

During soil testing, the deformation curves were entered at the
appropriate consclidation (vertical stress), and the vertical loads &ere

further compensated to maintain constant soil heights, and hence constant

s0il velumes.

2.3 Assumptions and Limitations

Evaluation of NGI direct simple shear test results is contingent on
several assurptions. An undrained shear condition is simulated by
sustaining a constant soil sample volume. Because a reinforced rubber

membrane keeps the sample cross-sectional area essentially constant, a



constant volume test is perforﬁed by.adjusting the normal vertical load
to maintain a constant soil sample height. Measured changes in the
vertical normal stress is assumed to equal the changes in exéess‘
hydrostatic pressure (pore pressure) in an undrained test.

In addition, shear stresses acting at the center of the soil sample
are assumed to be uniform and complementary. As previously, discuséed,
the NGI direct simple shear apparatus subjects a ¢ylindrical scil sample
%o a shearing displacement of the top of the sample relative to the
bottom. Horizontal and vertical normal compressive stresses are applied
ana a reinforced rubber membrane coﬁstrains the lateral expansion of the
soil. This type of loading involves stress distributioné that are not
exéctly syrmetrical about the axis of the cylinder. In small test
spgcimens, soll elements are not far from & boundary where shearing is
iméosed. Therefore, a coupling of shear and normal strains exists in a
specimen.

Woods has concluded that because of this complex behavior, an
applied shearing strain cannot, in general, pfoduce & uniforn
distribution of stresses in a soil specimenf In addition, the generation
of nomuniform stress conditions causes samples to experience failure at
lower applied stresses than those required in the field (20). These
differences, however, can be minimized by careful sample preparation and
cap seating (20).

It has been concluded by others, however, that the distribution of
stresses in an NGI apparatus tested specimen is better than in other
conventional direct shear devices (13, 18). Lucks, et al. observed that

approximately TC percent of the stresses can be considered uniform in the

10



centrai region of a NGI apparatus tested soil specimen, while stress
conditions at the edges are localized (12). Others have supporting
evidence indicating that the central region of a NGI apparatus tested
specimen experiences quite uniform stresses (18).

2.4 BShear Modulus Values

Shen, Hermann, and Sadigh initially stated fhat the boundary effects
during cyclic lcading from a NGI apparatus precduce incorrect shear
modulus values. Tests that were later conducted by these authors,
however, concluded that the shear modulus-values obtained from a NGI
apparatus agree well with the shear modulus valuesvdevéloped for a
corresponding input strain level (18).

The fedﬁction in error is apparently due to bounaary effects that
are compensated for and minimized by the strain softening nonlinear
behavior of soil. Furthermore, test errors introduced by the nonuniforn
stress conditions stiffen a soil while the edge effects soften it. The
stiffening effect is due to higher shear modulus values, for a strain
softening material, in those samples experiencing low shear strains
attributed to edge effects. A strain softening material indicates. that
the shear modulus‘decreased with increasing shear strain.

Consequently, Shen, Hermann, and Sadigh concluded thatlfor strain
softening soils such as clay, a NGI direct simple shear apparatus can be
used to accurately determine the dynamic shear modulus values during

cyclic shear conditions (18).



PART 3

TESTING CRITERIA

3.1 Soil

The undisturbed clay specimens used in this investigatioﬁ were
obtained from a trail cut southeast of Buffalo, New York. Concord Elue
clay geo-
technical data is listed in Table 1.

Block samples of the c¢clay were cut ih the field, encased in wax, and
stored in a cool damp container. Core samples for testing were cut from
block samples using a fine wire saw. From the sample trimming apparatus,
the final trimmed size of the test specimens was L4.763 cm in diameter and
varied in height from 1.326 to 2.045 cm after initial consolidation.

Table 2 lists the specimen's geotechnical characteristics and:
dimensicns for each test. As shown in Table 2, there was an
insignificant variation in the post c¢onsolidation void ratic for each
test specimen. Hence, it was assumed that a constant void ratio existed
for each soil sample. Consequently, this investigation did not study
void ratio effects on the clay’s dynamic behavior.

3.2 Testing Procedure

After the clay specimen was removed from its wax encasement, sample
trimming was completed. The sample was supported in a reinforéed rubber
membrane and transferred to the NGI apparatus for consolidation and
shearing. The upper and lower caps of thelsample were connected to
drainage hoses leading to small tanks of water. The water was circulated

through the caps and porous siones to insure saturated soil conditions

during testing.
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The samplg was then clamped in the NGI apparatus. The sliding shear
box was brought into c0n£act with the top of the sample by a small.
mass to the normal (vertical)lloading lever arm. After the vertical
loading lever was leveled and the initial vertical dial reading recorded,
consolidation began. Consolidation loads were applied in increments
similar to standard laboratory consolidation tests, and the final load
was applied for a minimum of 2& hours.

After consolidation, the clay sample was ready for shear loading.

In the static and cyclic tests, changes in the vertical siress necéssary
Ito maintain constant sample volume were equated to the excess hydrostatic
pressure, and noted as pore pressures.

Static loading tests, loaded at small loading rates to minimize
strain rate effects, were typically completed in approximately six hours.
Stress-
controlled cyclic tests were conducted‘at a frequenéy of 0.5 cps with
square wave loading applications. Lateral displacements, changes in
vertical stress, and the cyclic shear stress level were monitored and

recorded on a stripchart recorder during cyclic loading.

13



PART k4

TEST RESULTS AND ANALYSIS

4.1 Initial Backbone Curves .

L.1.1 Curve Determination

Initial backbone curves were obtained by plotting the shear strain
as a function of shear stress during the first lcading cycle for each of
the stress-controlled NGI direct simple shear tests.

4L,1.2 Comparison with Static Loading Tests

Figure 1 compareg the initial backboﬁe curves with the static
loading stress-straiﬁ curves tested at various loading rates. The
initial backbone curve, derived as the best fit to data, was'reproduced
in Figure 1 for NC and (0OCR=2) clay in addition to static loading tests.

In Figure la, a stress-strain curve was obtained from Test 1, a very
rapid static loading monotonic undrained test (11.8%/hour) performed at a
lower vertical confining stress (1.123 kg/cm®) than the cyclic loading
tests for NC clay (3.369 kg/cmg). Test 2 was performed at a nmuch lower
static lecading rate (2.1%/hour) than Test 2 (11.8%/hour), but had the
same vertical stress as during c¢yclic loading. The cther set §f curves
include static loading Tests 9 and 10, performed after ¢yelic loading on
normally consolidated clay. Tests 9 and 10 utilized loading rates of
4.5%/hour and L4.3%/hcur, resfectively.

From Figure 1, Tests 2 and 9 most accurately represented the initial
backbone'curve. The prior cyclic loading in Test 8 and Test 10 probably
lowered the ultimate shear strength of the NC clay by rearranging and

loosening its structure. Therefore, the curves for Tests ¢ and 10

ik
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resembled the curfe for Test 2.at loading strain'rgtes approximately
twice that for Test 2. Test.l, which utilized the lowest vertiéal
confining stress (1.123 kg/cm2) and highest loading rate‘(ll.S%/hour),
produced a less stiff and weaker soil structure. Consequently, in spite
of the high loading rate, the ultimaté shear sitrength of NC clay in Test
i was less than that indicated by the initial backbone curve.

| The stress path diagram in Figure 3a illustrates the changes in
effective stress in‘a clay specimen subjected to ¢yclic locading. The
effective stress path for a typical undrained static loading test started
at point "a" and reached the Mohr-Coulomb failure line at point "g". The
gtatic loading effective stress path for a specimen that had experienced
previous cyclic loading is represented by the curve between points "h"

L]

and "i"™. Point "i" has a lower shear stress vglue than at point "g"
indicating that the failure shear stress, or clay shear strength, has
Eeen reduced b& cyelice loading.

The same results are shown in Figure 1b for static loading Test 12,
performed on (OCR=2) clay using the same vertical stress as in the cyclic
loading tests (1.685 kg/cm®). Test 12 was performed at a relatively high
loading rate {5.0%/hour), and closely simulated the initial backbone
curve. The (OCR=2) clay in static loading Test 21, loaded at a slightly
higher loading rate (5.6%/hour) than Test 12, had a lower ultimate shear
strength attributed to previous ¢yclic loading. Static loading Test 11,
performed at the lowest loading rate {L.2%/hour), yielded the largest
shear strength. This was attributed to Test 11 utilizing a vertical

confining stress (6.738 kg/em®) four times as large as the vertical

confining stress in the cyclic loading tests. The higher confining
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stress stiffened and strengthened the clay s#ructure to a larger degree.

As previcusly méntioned, static loading tests initially subjected to
cyelic loading de§elopéd a reduction in clay stiffness and ultimate shear
strength. Figure 2a indicates that for NC clay, the reduction.in
undrained shear strength from Tests 2 and 9 was approximately 50 rercent
of the NC clay initial backbone curve. In Figure 2b, (OCR=2) clay in
Test 21 also gave an approximate 50 percent reduction of the initial
backbone curve. Dobry has determined that this reduction is independent
of the cyclic shear stress“level and consolidation ratic (4).

Consequently, the stress-strain data acquired from cyclic loading
teéts was significantly larger than the curve cbtained from slow static
loading undrained tests. Test.results concluded that the stress-strain
curves cbtained from rapid static loading tests, which were about 50
percent greater than those from slow static loading tests with no prior
eyelic loading, agreed with the initial backbone curves in Figures 1 and
2. This 50 percent difference between rapid and slow static loading
tests is of the order reported by others {(5). Dobry has ascertéined that
initial backbone curves can be approximated by undrained raﬁid static
loading tests (k).

In summary, Figures 1 and 2 illustrate that for both NC and (OCR=2)
clays, the eyeclic loading shear strengths were about 50 percent larger
than those from static loading tests with previous c¢yclic loading. In
Figure 2b, however, the overconsolidated clay's stress-strain curves for
the initial backbone curve and Test 2 intersected at a shear strain of
0.6 percent, indicating possible experimental errors, measurement

deviations, or a sudden weakening cf the clay structure.
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4.1.3 (G))

Gy Values

The initial backbone curve's maximum slope at the origin of Figure 2
signified that the clay structure was the stiffest, since no‘degradation
had occurred. The maximum slope at very small cyclic shearvstresses and
shear strains defines (Go)l’ the maximum shear modulus during the first

loading cycle. Figures 2a and 2b show that (GO) for NC and (OCR=2) clay

1
was 516.7 kg/cm® and 437.5 kg/cm?, respectively. The higher shear
modulus value indicated that the normally consolidated clay structure was

initially stiffer than (OCR=2) clay. This could be attributed to (OCR=2)

clay having a smaller vertical confining stress than that for NC clay.

L,2 Other Cyelic Loading Curves

4L.2.1 Curve Determination

Figure 2 indicates that the strength degradation behavior of Concond
Blue clay specimens was analyzed from the first through the hooth lecading
cycle. These curves were obtained by plotting the shear stress and its
corresponding shear strain as a funciion of the number of lcading cycles
for each test. Subsequent cyclic loading curves plottea below previousl
loading cycles (i.e., the second loading cycle plotted lower than the
first loading cycle, etc.), exhibiting typical scil strength’degradation
due to cyclic loading.

4L.2.2 Clay Behavior

Figures 2a and 2b show the backbone curves for normally consolidated
clay and overconsolidated clay, respectively. In Figure 2a, at very low
cyclic stresses, a threshold condition existed because there was no

variation between the shear strains for the first and subsequent loading
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‘cycles. Hovever, as the critical cyclic stress level line.ﬁﬁ' was
approached in Figure 2&, the shear strains became progressively larger
than during the first loading cycle. At line PP', soil structure
equilibrium was no longer possible in that cumnlétive cyclic shear
strains increased without bound. Figure 2a and Table 2 for NC clay
indicate that line PP’ corresponded to a critical cyclic stress level of
0.184 kg/cmz. Figure 2b and Table 2 indicate that {OCR=2) clay did not
have a threshold condition, but possessed a critical cyclic stress ievel

of 0.067 kg/cme*

Andersen ascertained that the critical cyclic stress level is.the
lowest level that brings the clay's failure strength to the‘Mohr~Coulomb
failure line (1). Figure 3a illustrates that the shear strength at low
cyelic stress levels moved from points "a' to "b" during loading and from
"B" to "e" during unloading. Points "a" and "e" did not coincide because
the ¢lay was not purely elastic, and after one loading cycle, a permanent
pore pressure, Aup, remained. During a series of loading cycles,
permanent pore pressures accumulated, the effective stress reduced, and
the effective stress path moved from peints "a" to "b" in Pigure 3a. At
low cyclic stress levels and a large number of loading c¢ycles, Table 2
and Figure 3a indicate that for Tests 9 and 10, the effective siress path
moved an insignificant amount toward the failure line.

Concord Blue clay subjected to higher levels of cyclic stress had
its effective stress path move from points "a" to "d" during the first
cycle due to larger pore pressures being generated. During a certain
number of loading cycles, the effective stress path moved quickly to the

left and intersected the failure line at point "e¢". Conseguently, the
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specimen experienced large shearlstrains and failed during cyclic
loading.

From Figure 3a, the most noticeable difference between Tests 5 and
10 was that the large amount of pore pressure generation in Test S caused
the effective stress path to intersect the Mohr-Coulomb failure line.
That is, nonrecoverable specimen deformations increased with the number
of loading cycles in Test 5.

However, the lower cyelic stress level during Test 10 developed a
minimal amount of pore pressure accurulation in the clay. This resulted
in a nonfailure equilibrium condition because the small amount of pore
pressure generation was insufficient to bring the effective stress path
to the Mohr-Coulomb failure line. An increase in pore pressure, or a
reduction in effective stress, would not exceed point "k" in Figure 3a
unless the cyclic shear stress level increased.

From Table 2, undrained cyclic loading for NC and (OCR=2) Concord
Blue clay resulted in a reduction in shear strength due 4o pore pressure
accumlaticn. Clay failure occurred.(defined as a soil condition of +3%
shear strain) when the eyelic stress during a test exceeded the critical
level of cyclic stress. Sangrey determined that the critical stress
level, which separates the failure and nonfailure conditicns, is related
to the effective stress state of the clay prior to cyclic loading and to
the cyclic stress level (14). The results of this study were based on
this conclusion.

4L.2.3 Secant Shear Modulus Degradation

During stress-controlled cyclic leoading tests, a uniform cyclic

stress-time history was applied and the shear strain measured. The



secant shear moduius at cycle N, (GS)N, is equal to the fatio of the
shedar stress at loading cyele N divided by the shear strain at loading
cycle N. idriss has termed the decrease in the secant shear modulus with
the number of loading cycles as "modulus degradation" and attributes it
to cyclic loading (9).

Modulus degradation is illustrated in Figure 5, which shows the
values of the secant shear modulus calculated from the graphical method
mentioned in a study by Idriss (9). The secant éhear modulus values in
Figure 5 were calculated by dividing the shear stresé by the shear strain
at specified loading_éycles for each test, and are listed in Table k.
Figures 5a and 5b, for NC and (OCR=2) clay respectively, show that tests
at lower cyclic stresses yielded higher secant shear modulus values than
tests at higher cyclic stresses. This agrees with Figure 3 in that tests
at higher cyclic stresses generated larger pore pressures and soil
strength degradation than tests at lower cyclic stresses. Consequently,
the amount of soil strength degradation was influenced by the amount of
pore pressure generation. This concept is thoroughly discussed in
Section 4.5,

Figure 6 illustrates the effect of the cyclic stress level on secant
shear moduli. In Figure 6, the secant shear moduli decreased as a
function of increased normalized cyclic stress levels and number of
loading cycles. Figures 6a and 6b both indicate that the secant éhear
modulgs at the first lcading cycle was higher than the secant shear
modulus from a static loading test, and can be attributed to the strain
loading rate. Static leoading tests were performed at a strain rate of

2.1%/hour for NC during Test 2 and 5.0%/ hour for (OCR=2) clay during
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Test 12, whereés‘cyclic lgading was applied at a frequency of 0.5 cps.
In Figure 6a, the secant shear modulus values converged at low cyclic
stress levels indicating normaily consolidated claY's threshold
characteristic. The curves in Figure 6b did not converge at low cyclic
stress levels for (OCR=2) clay.

In Figure T, the secant shear modulus decreased as a function of
decreasing normalized effective stresses. Figure 7a illustrates that
tests performed at lower levels of cyclic stress developed larger secant
shear moduilus values for a given effective stress and decreased
rroportionately less than testé at higher cyclic stresses. This was
attributed te NC clay in Tests 9 and 10 developing less pore pressures
than Tests 5 and 6. For overconsolidated clay, Figure 7b did not
indicate the same trend as in Figure Ta. A single curve could be fitfed
to the data in Figure Tb to approximate the results cof all the tests.

L.2.4 Degradation Index Variation

The degradation index is a measure of the irreversible degradation
process and is denoted as " §" in this study. Idriss defines the
degradation index as the ratio of the cyclic stress level of the degraded
backbone curve divided by the cyclic stress level of the initial backbone
curve at a specified cyclic shear strain (9). The degradation index

values for the Nth loading cycle is:

=§§‘:’—I\T-/T—CN | (1)

Sy

in which the equation parameters AN, BN’ and CN are defined in Figure 2.

Figure 8 illustrates that cyclic loading developed lower strengthé



because the GN values decreased, or strength degradation increaéed, as
the number of loading cycles increased.‘ Thg degradation index curves,
evaluated at different cyclic stréss levels and numbers of loading
cycles, converged at a low c¢yelic stress of 0.118 kg/cmg, indicating that
a threshold condition existed for normally consolidated clay. In Figure
8b, (OCR=2) clay did not exhibit a threshold condition because the
degradation index curves remained parallel at very low cyclic stress
levels.

However, Figures 8z and 8b both reveal a noticeable increase in the
deéradation indexes, or a reduction in soil strength deterioration, at
higher cyclic stress levels. Dobry's explanation for the increase in
deéradation indexes is illustrated by the degradation of the initial
backbone curve at high levels of cyclic stress in Figure 8c (4). From
Fiéure 8¢, lines "1" and '"2", at higher cycliﬁ stresses, experienced less
degradation than at lower cyclic stresses depicted by lines "3'" and "L".
Consequently, degradation of the initial backbone curve at high cyclic
stress levels produced larger degradation index wvalues than those at low
stress levels.

4L.2.5 Synopsis

Sangrey and Andersen have concluded that the critical level of
cyclic stress depends primarily on the consolidation history of a clay.
In addition, they have determined that an ultimate failure condition or
nonfailure equilibrium conditicn resulting from cyclic loading is also -
dependent on the cyclic shear stress level (1, 1b). This study will
discuss the influence of the cyclic stress level on the amount of pore

pressure generation, the number of lcading cycles to achieve a failure
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condition, and the effective stress state of the Concord Blue clay-

4L,3 Effect of Cyclic Shear Stress Level

4.3.1 Total Stress Level

The magnitude of change in pore pressure and shear strain generation
during ecyclic loading depended on the cyclic shear stress level. This
level can be defined as the degree of strength mobilization on a total

stress basis from the equation,

The
(SSL)T = 3 (2)

u

in‘whigh Thes the horizontal cyclic shear stress, is normalized with
respect to Su,-the undrained ultimate shear strength for static loading.
The static loading tests, ‘used for normalizing Equation 2, most
accurately simulated the initial backbone curves for NC and (OCR=2) clay
in Figure 1. The clay used in Tests 2 and 12 developed altimate shear
strengths of 0.734 kg/cm? and 0.T00 kg/Cm?, respectively.

The behavior of the NC and (OCR=2) clays during undrained cyclic
loading is summarized in Filgures 13a and 13b. The total cyelic stress

level, (SSL)T, was plotted as a function of the number of loading cycles

necessary to develop a failure condition of +3.0% shear strain. Sangrey -

ascertained that the highest level of nonfailure equilibrium corresponds
to the limit of failure, or the critical level of cyclic stress (1k).
Figure 13 indicates that NC and (OCR=2) Concord Blue clay developed
critical stress levels of approximately 26.0 percent and 14.0 percent of
the static undrained shear strength. These eritical stress levels

approximated the cyclic stresses in Tests 10 and 21.

Figures 2 through 13 illustrate the strength degradation process of -
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Concord Blue e¢lay. This process, manifested by shear strain‘
accumulation, progressively decreased the secant shear medulus and
degradation index values as a function'of increasing cyclic stress
levels. An example of strength degradation is illustrated dﬁring Tests 5
and 13 in Figures 10, 11, and 12. Substantial strength degradation did
not occur for Tests 9 and 21, as shown in Figures 10 and 12.

Figure 10 indicates that the cyclic shear stress level was ah
important parameter in determining Concord Blue clay failure or
nonfailure conditions. In éach part, tests with higher c¢yclic stress
levels (Tests‘s, 6, 13, and 1T) produced larger shear strains at a
specified normalized pore pressure. Figures 9, 12, and 13 illustrate
that higher cyclic stress levels caused the clay to reach a failure
condition at a lower number of leoading cycles because‘the shear stains
increased more gquickly at lowe; normalized pore pressures. Extremely low
cyclie stress levels produced a nonfailure equilibrium condition in the
clay, as evidenced by a stabilization of shear strains and pore ﬁressures
in Tests 9, 10, and 21.

Examples of the development of shear strains and pore pressures as a
function of the cyclic stress level are presented in Figures 10 and 12.
The number of loading cycles to produce a failure condition increased
rapidly for decreasing cyclic stfess levels. As shown in Figure lka, a
total stress level less than 0.25 for the NC clay, caused cyclic loading
to have a negligible effect on development of the specified shear strain
levels of 0.5, 1.0, 1.5, and 3.0 percent. The total stress level of
0.184 kg/cme, approximately 0.2% of the static undrained shear strength

in Test 2 (0.73k4 kg/cmg), corresponded to the eritical stress level of
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0.180 kg/cm2 in Figures 22 and 13a. Figure 14p shows that the (OCR=2)
clay possessed a critical stress level of approximately 0.1k of tﬁe
static undrained shear strength from Test 12 (d.TOO kg/cmg)- This
critical stress level, cal;ulated to he 0.100 kg/cm?, corresponded to the
critical stress level in Figures 2b and 13b.

4.3,2 Effective Siress Level

Andersen has concluded that the cyclic shear stress level can also

be defined on an effective stress basis,

tan Ayop111ZED (3)
(ssL), =

tan @

in which ¢ is the angle of internal friction (1). Figure 3a illustrates
the p;ocedure for obtaining the ¢ parameter in Egquation 3. For the
effective stress principle to be utilized, a reliable prediction of pofe
pressures had to be made for different cyelic stress levels.

In Figure 15, cyeclic strains were plottéd as a function cof the
effective stress level for tests with different types of cyelic leoading
performed on Drammen clay (1). Figure 15 contains data from triaxial and
simple shear tests using cne-way and two-way cyclic loadihgs at a
frequency of 0.1 ¢ps. In addition, the Drammen c¢lay had consolidation
ratios of 1, 2, 4, and 10. Andersen determined that the relationship
between the cyclic stress level and its associated shear strains is
independent of the number of loading cycles (1).

The results of Tests 5 through 10 using NC Concord Blue clay aﬁd
Tests 13 through 18, and 21 using (OCR=2) Concord Blue clay were included

in Figure 15 for compafison. In this investigation, Concord Blue clay
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was tested at a frequency of'O.S éps.

The good agreement in Figure 15 revealed that one characteristic
curve, based on effective stresses, could reasonably describe the dynamic
behavior of both clays. <Conseguently, the good cerrelation between the
normally consolidated and overconsolidated Drammen clay and Concord Blue
clay indicated that the dynamic behavicr of clays could be explained by
considering effective stresses.

Figure T relates the secant shear mbdulus to the normalized
effective confining stress (E;/E}O), in which 3;0 is the initial
effective confining stress. Figure 7 discloses that the clay was
stiffest when the effective confinihg stress was at its maximim value.

As cyclic loading progressed, permanent pore pressures accurmulated and
normalized effective stresses decreased.I At high cyelic stress levels,
an increase in the pore pressures caused the effective stress path to
intersect the Mohr-Coulumb failure line, as indicated in Figure 3 for
Tests 5 and 17. For Tests 9 and 21 (performed at low cyclic streéses),
the shear strains and pore pressures increased to a limiting level after
which a large number of locading cycles did not produce a change in the
effective stresses. Consequently, the effective stress paths for Tests @
and 21 remained far to the right of the failure line.

4.4 Effect of Number of Loading Cycles

Table 2 shows the cyclic stress-strain behavior of NC and (CCR=2)
clays during undrained stress-controlled cyclic loading conditions. As
presented in Figure 11, the cyclic stress level during Test 5, maintained
at *0.353 kg/em®, caused the shear strain to increase from *0.19 percent

during the first loading cycle to +1.02 percent for the L00'h lcading
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cycle.

In addition, the development of symmetrically assumea sheaf strains
and pore pressures with an increasing number of loading c¢ycles is
depicted in Figures 11 and 12. The increase in pore pressure was
relatively small at first, but afﬁer 300 loading cycles, the pore
pressures increased rapidly. After 520 loading cycles, the pore pressuré
was 2.9 kg/ch. Figure 1l also illustrates thaﬁ there was extremely goocd
correlation between the rate of increasé in shear strains with respect to
the rate of pore pressure accumulation.

Figures 5, 11, and 12 illustrate that the clay became increasingly
less stiff for an increasing number of loading cycles. Figures 2 and 12
indicate that for all c¢yclic stress levels above the critical stress
level, shear sﬁrains increased and secant shear moduli decreased with the
number of loading cycles. In addition, Figure 8 shows that as the number
of loading cycles increased, the degradation index decreased.

L.5 Effect of Pore Pressure Changes

Andersen and Sangrey concluded that pore pressure accumulation
resulting from cyclic loading controls the effective stressvconditions in
clay, and consequently its ultimate dynamic behavior {1, 1k). In Figure
7, the secant shear moduli decreased as pore pressure generation
increased in the clay. Figure 9 shows that the degradation indexes
decreased, or the amount of strength degradation increased, for
increasing values of pore pressure. This indicated that the amount of
pore pressure accumulation determined the degree of soil strength
degradation. Figufe G also illustrates that the normally consolidatéd

Concerd Blue clay produced only positive pore pressures while the
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overconsolidated clay generated both negative and positive pore
pressures.

As shown in Figure 10, ﬁhe increase in shear strains was a function
of the increase in pore‘pressures. In additioh, Figure ;O indicates that
as the,normalized pore pressure values approached approximately 0.85, ‘the
Concord Blue clay experienced extremely high shear strains. Figure 10
also shows that the shear strain curves at a specified normalized pore
pressure value were different for each test. This indicated that pore
pressure accurmulation did not completely describe the Concord Blue clay's
dynamic behavior. As previously mentioned, other factors considered were
the number of loading cycles and more impeortantly, the cyeclic shear

stress level.



PART 5

CYCLIC LOADING MODELS

5.1 Ramberg-Osgood Model

Degradation in soils due to cyclic loading has been recogﬁized for
many years, bu’t;, it has not been explicitly incorporated into current
methods of analysis until the last few years (9). The initial backbone
and other backbone curves can be expressed in various forms, either in
terms of discrete experimenfal cyclic stress-strain coordinates, or as a
function of mathematical modelling equations. For the purpose of
application to clays, several simple mathematical models have been
developed. These include the bilinear (9), multi-linear (9,10),
hyperbolic, and Ramberg-Osgood models (3,9,10). In this study, the
Ramberg-Osgood (R-0) formulation was adopted and analyzed (9).

The equation of the R-0 initial backbone curve is (9):

Tc ‘ ‘L'c R-.l
Oy = [—(5'63*1"{,'}:3[1 + alm{ ] (4)

Values of the secant shear modulus for the first cycle, (Gg)q, can be
explicitly derived as a function of the same equation parameters:
(Go)y

(G); = (5)
571 1+ of%c / (Go)le]R—l

Equations L4 and 5 consist of the same terms and are derived in Section
5.1.1. Yy is the reference strain, « and R are dimensionless constants,

(G5)1 is the maximum shear modulus during the first cycle at very low
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_shear strains as. shown in.Figure 2, and (Yc)l and T, are poiﬁts on the

initial backbone curve describing the coordinates of hysteresis loops
(9). Idriss concluded that writing the R-0 formulation‘in this manner
allows the use of non-integer values of R, thus providing more
flexibility in simulating experimental data (9).

Conséquently, the Ramberg;Osgood model was utilized to describe the
nonlinear and degraded ¢yclic stress-strain behavior of Cencord Blue
¢lay. Potential applications of the proposed model to experimental
results are discussed in Section 5.1.3.

5.1.1 Derivation of R=0 Parameters

A backbone curve for a given loading cycle describes the coordinates
defining the tips of hysteresis loops measured during that particular
lecading cycle. R-0 backbone curves can be fitted from the appropriate
selection of R-0 parameters.

5.1.1.1 Yy and (Gg)q Determination

Idriss has defined Yy, the reference strain, as the shear strain at
which the backbone curve initially becomes nonlinear (9). Figure 16
indicates that the NC and {OCR=2) clays had reference strains of 0.016
percent and 0.013 percent, respectiveiy.

(Go)l is the maxirum slope of the initial backbone curve. The
(Gy)1 values, calculated in Figures 2a and 2b for the NC and (OCR=2)
clay, were 516.7 kg/cm@ and 437.5 kg/cm?, respectively.

5+1:1.2 R Determination

A brocedure utilized by Idriss (9) for the direct determination of R
was used as an initial estimate of R. At large shear strains, Equation b

can be simplified to:
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Yc proportional to TCR

or , (6)

log Yc properticnal to R log To

Therefore, a graph of log Yc versus log T. yields a straight line whose
slope equalé R. The coordinates describing the tips of hysteresis loops
during the first cycle are presented in Figure 17. The line that
provided the best fit to the data points had a slope of R=2.9 for both
the normally consolidated and overconsolidated Cencord Blue clay.

5.1.1.3 @ (Alpha) Determination

Once Yy, (Go)1» and R were selected, Equation 4 was used directly to
calculate alpha at a given shear stress and shear strain for each test.
Table 3 shows that the scatter in alpha values ranged from 0.01 to 0-30'
for NC clay and from 0.10 to 1.0 for (OCR=2) clay. The average alpha
values were 0.155 for NC clay and 0.215 for (CCR=2) clay. These values,
which correlated well with the alpha values obtained by Idriss (9), were
incorporated intc Equations 4 and 5.

Substituting the previously calculated values of Yy, (Gy)1, Rl and a
into Equation &4 yielded the following relationships for the initial

backbone curve for NC clay,

Y. = 0,016 [ i 101 + 0.155¢ i 71 (7
e . 0.083 **22%0.083
and for (OCR=2) clay,
Te Te 1.9
Y = . + . 8
e 0,013 [0'0701[1 0 215(0.070) ] (8)
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in which Y_ was expressed in percentage and T, in kg/cm?,

5.1.2 Other Cyclic Leoading Curves

Test results could also be used to predict the behavior of Concord
Blue clay after the first loading cycle. As previocusly defined, the
degradation index during the yth cyele, 6N, is equal to the ratio of the
shear stress during the Nth cycle‘divided by the shear stress for the
first cycle at a specified shear strain. Conseguently, the shear stress
duriné'the Nth cycle is equal to the product of the shear stress during

the first cycle and the degradation index during the NER cycle, or

(toy = L&y (vl AT A SPECIFIED (Y )y )

Incorporating Equation 9 into Equation 4 yields (9):

Yy T Ty oyt T gy, ] (10)

For the first cycle, 61 equalled one ahd Equation 10 reduced to Egquation
L. As cyclic loading progressed, SN became less than cne, and the
backbone curves in Equation 10 reduced accordingly. The results of
Equation 10 are plotted in Figure 18 and compared fo the initial backbone
curves from experimental data in Section 5.1.3.1.

Secant shear modulus values during the NP1 loading cycle, (Ggly, can

be explicitly derived as a function of the R-0 parameters in Equation 5.

For the Nth loading cycle, Equation 5 becomes (9},



8y (Cg)y

(G )y (11)

T / R=1
L+ale /56,7, ]

and is plotted in Figures 5 and 19.

5.1.3 Comparison with Experimental Results

5.1.3.1 Rackbone Curves

Having derived an expression representing the backbone curves for HC

and (OCR=2) clay, it was possible to examine the accuracy of the R-0
‘model for fitting experimental data.

| - Backbone curves in Figure 18, obtained by using Equations 7, 8, and
ld, were compared with experimental results. F:om Figure 18, a
cgmparison between the initial backbone curves disclosed that the
pgedicted backbone curves accu}ately simlaeted the experimental curves at
lo%er and moderate cyclic stress levels, hut 4id not simulate the test
data as well at larger levels. However, the overconsolidated clay
yielded a better correlation than did the normally consolidated clay, for
the entire raﬁge of cyclic stress levels.

Dobry's explanation for this discrepancy at higher cyclic stresses
and shear strains is that the Ramberg-Osgood model does not account for
initial degradation of the initial backbone curve, and therefore will
plot above the experimental curve (4).

5.1.3.2 R=-0 Model Sensitivity

Table 3 presents shear stresses and shear strains calculated from
Equation L4 during the first cycle for a large range of R and -Yy values.
The R values ranged from 2.5 to 3.0 for both clay types, while the range

of Yy values was from C.C125 to 0.0190 percent shear strain. The



variation of R and Yy values in Data Table 3 indiéates that the R-0
model was more sensitive to changes in the R parameter thaﬁ tq the
reference strain, Yy. Consequently, a lower correlation between the R-0O
model and experimental data existed as the R value varied, particularly
at higher cyclic stresses.

The R and Yy values determined in this study yielded the best
correlation between the R-0 model and experimental initial backbone
curves. Figures 18a and 18b illustrate that the R-O parameters R and Yoo
initially derived in Sections 5.1.1.1 and 5.1.l1.2, accurately predicted

the dynamic behavior of the Concord Blue clay.

5¢1¢3.3 BSecant Shear Moduli

Figure 5 illustrates a relatively good correlation between the
graphically derived secant shear modulus values and the predicted values
from R-0 Equations 5 and 11. The agreement, however, waé better at
¥arger cyclic stresses and larger number of loading cycles for both the
NC and (OCR=2) clay.

Figure 19 indicates a closer correlation between the (Gg)y values at
lower shear strainé than at higher shear strains, when the secant shear
moduli was normalized with respect %o the maximum secant shear modulus

for each test.
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PART 6

DISCUSSION AND CORCLUSIONS

The results obtained in this investigation indicated the following
characteristics of Concord Blue clay:

6.1 Test Parameter Results

6.lel Number of Loading Cycles

Soil strength degradation develcped with an increasing number of
lcading ¢ycles for tests performed at cyclic stress levels greater than
the critical level of cyclic stress. In these tests, the secant shear
modulus and degradaticn index values decreased while the shear strains
and pore pressures accumulated as a fuhction of the number of loading
cycles. However, as evidenced by test daté, a large number of loading
cycles generated a limiting valuelof shear strains and pore pressures in
scome tests, compared to lérge increases in sheér strains and pore
pressures in other tests. Conéequently, to describe the dynamic behavior
of the clay, other test parameters must also be considered.

6.1.2 Pore Pressure and Effective Stress Changes

Experimental results indicated that the degree of so0il degradation
was associated with the amount of pore pressure accumulation. A decrease
in the effective stress (or an increase in pore pressure) degraded the
cléy structure, as manifested by the effective stress path moving toward
the Mohr-Coulomb failure line. BSome tests did not develop large pore
pressures and shear strains. Instead, limiting values were reached after
a certain number of loading cycles. In addition, as indicated by Figure

10, normalized pore pressures did not reach comparable values at the c¢lay
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‘failure condition (% 3.0% strain) for each test. Therefore, the clay
failure condition was also a function of other test parameters.

6¢l1e3 Cyclic Shear Stress Level

Experimental results indicated that.Concord Blue clay tests that
experienced higher cycelic stress levels required a smaller number of
loading cycles to generate a specified shear strain and pore pressure
level than at lower cyclic stresses. In addition, a critical level of
cyclic stress existed in which cycelic stresses smaller than the critical
stress level created a state of nonfailure equilibrium. Cyclic stresses
greater than the critical stress level eventually produced a failure
condition. Consequently; the dynamic behavior of Concord Blue clay was
. considerably affected by the cyclic stress level.

6.2 Comparison Between NC and (OCR=2) Clays

6.2.1 Similarities

The elastic state in clays is indicated by the condition in which no
residﬁal shear strains remained after an applied shear stress is removed.
Applied cyclic stresses less than the critical stress level develop an
insignificant amcunt of pore pressure accumulation. This critical stress
level can be considered as an approximation to the upper limit of elastic
properties. In this study, cyclic stresses larger than the critical
stress level carried the clay beyond its elastic range. Cumulative pore
pressure increases, associated with a reduction in effective stress
caused the effective stress path tc move toward and eventually intersect
the Mohr-Coulomb failure line.

It was concluded from cyclic test results that:

- Cyclic shear strains and pore pressures increased gradually until
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failure was imminent, after which they increased very rapidly.

- Cyeclic loading failure did not occur if the cyclic shear siress

6.

was below the critical level of repeated stress.

The shear modulus was found to decrease gradually until failure

was imminent; thereafter the shear modulus rapidly decreased.

2.2 Differences

Experimental results yielded the following comparisons between the

two clay types:

63

The normally consclidated clay exhibited both a thresheld
condition and a critical level of cyclic stress. The
overconsolidated clay did not develop a threshold condition, but
exhibited a critical cyclic stress level,

The critical cyclic stress level was fognd to be 25% of the static
shear strength for the NC clay and 14% of the static shear
strength for the (OCR=2) clay.

The backbone curves for the NC clay generated lower shear strains
than the (OCR=2) clay at specified cyclic shear stresses.

At comparable cyclic shear stresses and shear strains, the shear
moduli and degradation index values were larger for the NC clay
than the (OCR=2} clay.

Fer the normzlly consclidated clay, a larger pore pressure
acéumulation and a larger number of ;oading cycles were required

to develop a specified shear strain.

Ramberg-Osgocd Mcodelling Results

A

good correlation between the experimentally and mathematically

derived backbone curves were obtained for lower to moderate cyclic stress

37



38

levelsf The agreement was somewhat less at higher cyclic sfréss levels.
This could be attributed to the degradation of the experimentally derived
initial backbone curves. The overceonsolidated clay yielded better |
agreement than normally consolidated clay.for the entire range of cyclic
stress levels.

6.3.1 Model Sensitivity

The R~0 model was found to be more sensitive to the variation of R
values than 'Yy values. However, the R and Yy values calculated in this
investigation yielded the best correlation between the experimentally and

R-0 mathematically derived backbone curves.

6.3.2 Secant Shear Moduli Comparison

A gcod correlation was obtained between secant shear modulus values

derived from experimental data and the Ramberg-Osgood model.
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TABLE 1. GEOTECHNICAL DATA FOR CONCORD BLUE CLAY

SITE: SE OF BUFFALO, N. Y.

TYPE: UNDISTURBED 1 ft

GEOTECHNICAL DATA

WATER CONTENT
LIQUID LIMIT
PLASTIC LIMIT
SPéCIFIC GRAVITY
¢

SENSITIVITY (FALL CONE)

CONSOLIDATION HISTORY

CONCORD BLUE CLAY

27 - 28%
34%

S 21%

2.76
250
1.4

NORMALLY CONSOLIDATED
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TABLE 2 APPENDIX. EXPLANATIONS FOR TABLE 2

COLUMN EXPLANATION
1. S = Static Loading Test, C = Cyclic Loading Test,
C/8 = Test with both lcadings
2. Sample Size : L = Large, S = Smali
3. Water Content of Trirmings
L, Void Ratio of Trimmings
5 Sample Height
e Undrained Shear Strength (Pocket Penetrometer)
7. Undrained Shear Strength (Torvgne)
8. Undrained Shear Strength (Swedish Fall Cone)
9. Sensitivity (Swedish Fall Cone)
10. Vertical Consclidaticon Stress
1i1. Static Shear Stress
12. Maximum Consolidation Stress
13. Overconsolidation Ratio
1h. Sample Height Following Consolidation
15. Vertical Strain
16. Cyelic Shear Stress
17, Cyclic Shear Stress as a Percentage of Static Strength
18. Number of Cycles Tested (NT)
;9. Shear Strain at NT Cycles
20. Pore Pressure at NT Cycles
21. Frequency of Loading
22, Static Undrained Shear Strength (Peak of Stress-Strain

23 .

Curve)

Shear Strain at Peak of Stress-Strain Curve



2kL.
25.
26.

27.

Pore Pressure at Peak of Stress-Strain Curve
Strain Rate

Water Content of Sample (After Test)

Void Ratio of Sample (After Test)
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SHEAR STRESS kg/cm?

FIGURE 2a. SHEAR STRESS VS. SHEAR STRAIN FOR NORMALLY
CONSOLIDATED CLAYS
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SHEAR STRESS kg/cm?

FIGURE Zb. SHEAR STRESS VS. SHEAR STRATN FOR OVERCONSOLIDATED CLAYS
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FIGURE 4. TYPICAL CYCLIC TEST RESULTS

(a) Typical Controliled-Strain Tests for (lays
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(b) Typical Controlled-Stress Tests for Clays
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SHEAR MODULUS  kg/cn’

FIGURE 6a. SHEAR MODULUS VS. NORMALIZED SHEAR STRESS FOR NORMALLY
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SHEAR MODULUS  kg/cm?
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FIGURE 6b. SHEAR MODULUS VS. NORMALIZED SWEAR STRESS FOR
OVERCONSOLIDATED CLAYS
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FIGURE 7a. SHEAR MODULUS VS. NORMALIZED VERTICAL STRESS FOR
NORMALLY CONSOLIDATED CLAYS
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SHEAR MODULUS  kq/cm®

N

FIGURE 7b. SHEAR MODULUS VS. NORMALIZED VERTICAL STRESS FOR
OVERCONSOLIDATED CLAYS
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DEGRADATION INDEX

FIGURE 8a. DEGRADATION INDEX VS. SHEAR STRESS FOR MORMALLY
CONSOLIDATED CLAYS
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DEGRADATION INDEX

1.0
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F1GURE 8b. DEGRADATION INDEX VS. SHEAR STRESS FOR
OVERCONSQOLIDATED CLAYS
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SHEAR STRESS kg/cm®

FIGURE 8¢. DEGRADATION OF INITIAL BACKBONE CURVE FQR BOTH
CLAY TYPES
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DEGRADATION INDEX

FIGURE 9a.

DEGRADATION INDEX VS. NORMALIZED PORE PRESSURE FOR
NORMALLY CONSOLIDATED CLAYS
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DEGRADATION INDEX
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FIGURE 3b. DEGRADATION INDEX VS. NORMALIZED PORE PRESSURE FOR
OVERCONSOLIDATED CLAYS
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SHEAR STRAIN %
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FIGURE 10a. SHEAR STRAIN ¥S. NORMALIZED PORE PRESSURE FOR NORMALLY

CONSOLIDATED CLAYS
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FIGURE 10b. SHEAR STRAIN VS. NORMALIZED PORE PRESSURE FOR

OVERCONSOLIDATED CLAYS
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PORE PRESSURE kg/cm?
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FIGURE 17. SHEAR STRAINS AND PORE PRESSURES VS. N CYCLES
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NORMALIZED PORE PRESSURE
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FIGURE 12a. NORMALIZED PORE PRESSURE VS. N CYCLES
FOR NORMALLY CONSOLIDATED CLAYS
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SHEAR STRAIN %

FIGURE 12b. SHEAR STRAIN VS. N CYCLES FOR NORMALLY
CONSOLIDATED CLAYS
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(SSL)T %
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FIGURE 13a. TOTAL SHEAR STRESS LEVEL VS. N CYCLES
FOR NORMALLY CONSQLIDATED CLAYS
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FIGURE 15. EFFECTIVE SHEAR STRESS LEVELS V3. SHEAR STRAIN
FOR VARIOUS CYCLIC LOADING TESTS AND CLAYS
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SHEAR STRESS kg/cm?
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FIGURE 6. DETERMINATION OF ¥y FROM INITIAL BACKBONE
CURVES FOR BOTH CLAY TYPES
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SHEAR STRESS kg/cm®
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FIGURE 18a. RAMBERG-0SGOOD MODEL BACKBONE CURVES
FOR NORMALLY CONSOLIDATED CLAYS
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SHEAR STRESS kg/cm®

FIGURE 18b. RAMBERG-0SGOQD MODEL BACKBONE CURVES
FOR OVERCONSOLIDATED CLAYS
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NORMALIZED SHEAR MODULUS 6/Gyay

FIGURE 19a. SHEAR MODULUS VS, SHEAR STRAIN FOR

1.0

NORMALLY CONSOLIDATED CLAYS
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NORMALIZED SHEAR -MODULUS 6/6ax

FIGURE 19b. SHEAR MODULUS VS. SHEAR STRAIN FOR
. OVERCONSOLIDATED CLAYS
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