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ABSTRACT OF THE THESIS

Relationship between the pore water pressure buildup

and the change of stiffness in sands subjected to

uniform and variable small to moderate cyclic shear strains

by

Harish Thangavel

Master of Science in Civil Engineering

University of California, Los Angeles, 2019

Professor Mladen Vucetic, Chair

This thesis was undertaken in order to expand upon the study conducted at UCLA by Mortezaie
(2012) and Mortezaie and Vucetic (2012) to show that the phenomenon of stiffness increase in
saturated sands with the buildup of cyclic pore water pressure, Auy, at small cyclic shear strain
amplitude, Y, as discovered by them is universal. Results of six new single-stage and multi-stage cyclic
strain-controlled tests conducted in the NGI type simple shear device and four cyclic strain-controlled
and two stress-controlled tests from a previous investigation are analyzed. These tests were
conducted at conditions that have not been scrutinized yet, such as different vertical consolidation
stresses, o'y, and different sequences of Y.. Amplitude Y. varied between 0.005% and 0.08% except

at the end of two tests when it reached 0.16%.



The study confirmed that below Y.=0.1% the stiffness index, 6=Gsn/Gsi, Where Gqy is the secant
shear modulus at cycle N, increases with N in spite of the continuous buildup of Auy and then
decreases, and that before Gsy drops back to Gsi pressure Auy may reach 40% of c’.. Current
liguefaction models assume that  must go down if Aun goes up so the corresponding software can be
improved if the above phenomenon is incorporated. The variation of damping ratio, A, with N was

also analyzed and was found consistent with previous findings that A always decreases with N.
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1. Introduction

During earthquakes, traffic vibrations, machine foundation vibrations, ocean wave storms
and other dynamic events, waves propagate through soil deposits and the soils are subjected to
cyclic loading and deformations. Due to the cyclic deformations, soil structure changes and
with it the soil stiffness and strength and some other properties. Such changes affect the wave
propagation through soil deposits, bearing capacity and stability of soil deposits and the cyclic
movements of the ground surface. Consequently, all of these changes due to the cyclic
deformations of soil affect the shaking and stability of supported structures and their study is

therefore very important.

If the soils are fully saturated with water (e.g., below the ground water table) and without
a possibility or a limited possibility of drainage, the pore water pressure, u, will change during
cyclic loading. The pore water pressure will fluctuate in every cycle and increase or decrease
with the number of cycles, N, from its initial value. In research and practice, this increase or
decrease is typically recorded and/or considered at the end of a given deformation or loading
cycle, N, and is called the cyclic pore water pressure change, Aun. In fully saturated sands and
silts and normally consolidated clays Aun will just increase cycle after cycle (e.g., see books
by O’Reilly and Brown, 1991; Towhata, 2008). In overconsolidated clays, with a relatively
significant overconsolidation ratio, OCR, Aun may first decrease and then increase (Andersen

et al., 1980; Dobry and Vucetic, 1987, Vucetic, 1988).

In soil mechanics and its subfield soil dynamics, one of the main principles for evaluating
soil behavior under loads and deformations that is intimately associated with the pore water
pressure change is the effective stress principle. The effective stress principle stipulates that
soil behavior under load is fundamentally dependent on the confining normal stresses which

are responsible for the forces at soil particle contacts. Higher confining stresses result in larger



forces at particle contacts and therefore larger resistance to restructuring of particles and
associated soil distortion, i.e., larger stiffness and resistance to shear deformation and ultimate
shear strength. The effective stress principle further stipulates that the confining stress that is
effectively affecting the forces transmitted through the particle contacts increases by the value
equal to the decrease of the pore water pressure and conversely, decreases by the value equal
to the increase of pore water pressure. Figure 1.1 shows the calculation of the initial vertical
effective stress at level ground, c’vo, as the difference between the initial total vertical stress,
ovo, and the initial (hydrostatic) pore water pressure, Uo. If in this situation, due to certain cyclic
loading the pore water pressure increases in N cycles by Aun, the effective stress at the end of
cycle N, 6’ww = 6’vo - Aun. In other words, according to the effective stress principle the

effective stress is reduced by Aun.
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¥sar = saturated unit weight (solids + water)

¥w = unit weight of water

Effective stress = Total stress - Pore water pressure
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Figure 1.1 Effective stress principle applied to vertical stresses at horizontally layered

deposit

Consequently, the development of the cyclic pore water pressures has been one of the

major subjects and considerations in soil dynamics investigations and practice. This is



particularly true for fully saturated sandy and silty deposits because in sands and nonplastic
silts the cyclic pore water pressure changes much faster than in clays. In sandy and such silty
soils subjected to cyclic loading and deformations significant pore water pressure can develop
in just a few cycles, leading to substantial soil softening. The most extreme practical case is
liquefaction of sandy and silty deposits during earthquakes when, due to the cyclic pore water
pressure buildup, the consistency of soil transforms from solid to liquid. In fact, the softening
of sandy and silty deposits due to the cyclic shearing leading to liquefaction has been so far
evaluated by using the cyclic pore water pressure change, Aun, as the degradation parameter.
That is, as explained below, the cyclic pore water pressure buildup has been used directly as

the parameter to calculate the sand’s degradation of stiffness and strength.
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Figure 1.2 Behavior of soil due to monotonic and uniform cyclic shear straining
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In figure 1.2, the behavior of soil element under monotonic and uniform cyclic shear
straining is presented. During the monotonic shear straining presented in figure 1.2(a), where
Y is shear strain and 7 is shear stress, the initial stiffness is characterized by the initial maximum
tangent shear modulus, Gm, while the ultimate maximum shear stiffness is tm. The
corresponding cyclic shearing of the same soil is presented in figure 1.2(b), where is the cyclic
shear strain amplitude in the first cycle, N=1, 1¢1 is associated cyclic shear stress amplitude at
N=1, Gmz is the initial (maximum) tangent shear modulus of the initial first cycle curve, while
Gs1 is the secant shear modulus in the first cycle obtained by connecting the tips of the uniform
cyclic loop that is therefore equivalent to the slope of the cyclic loop. In general, in this thesis,
Y'c is the cyclic shear strain amplitude, Yen is the cyclic shear strain amplitude at cycle N, ¢ is
the cyclic shear stress amplitude, tcn iS the cyclic shear stress amplitude at cycle N, while Gsn
is the secant shear modulus at cycle N. Figure 1.2(b) shows also the, so called, initial backbone
curve that is constructed by connecting the tips of uniform cyclic loops obtained for different
first cycle amplitudes Y1 from a series of cyclic tests conducted on the same soil under the
same conditions. The positive part of the initial backbone curve corresponding to the first cycle
loops is for sand practically identical to the monotonic loading curve in Figure 1.2(a). In
practice, the initial backbone curve is therefore very often defined by assuming that the values
of tm and Gn are the same as tm1 and Gmz in Figure 1.2(a). In any case, since the backbone
curve is the locus of the tips of the first cycle loops, when known, it can be used to construct
the first cyclic loop for any given Y'c1. The construction of the branches of cyclic loop from the
initial backbone curve can be done according to the Masing rules (Masing, 1926; Vucetic,
1990; Matasovic and Vucetic, 1993). However, explaining Masing rules and elaborating on
how to use them to construct cyclic loops from the backbone curve is beyond the scope of this

thesis.
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Figure 1.3 Characterization of the behavior in the first cycle (N=1) and subsequent cycle, N

Figure 1.3 shows a typical sketch of two loops from the same uniform cyclic test with
constant Y= Yen on fully saturated sand, i.e., from a cyclic strain-controlled test, the loop
obtained in the first cycle and the loop in cycle N. Prior to cyclic shearing the sand was
consolidated to the effective isotropic confining stress 6’o. The loop in cycle N has smaller
secant shear modulus, Gsn, because in N cycles the pore water pressure increased by Aun and
the initial effective isotropic confining stress, ¢’o, decreased accordingly by Aun. In other
words, at cycle N the effective confining stress is (6”0 - Aun). If at this reduced confining stress,
a series of tests at different cyclic shear strain amplitudes is conducted and a corresponding
backbone curve is constructed, the degraded backbone curve presented in Figure 1.3 would be
obtained, i.e., the backbone curve corresponding to a soil degraded in stiffness and strength
due to Aun. The popular methods for predicting the degraded backbone curve defined at cycle

N by tmn and Gmn from given Aun and initial backbone curve having tm1 and Gm1 employ the



following relationships between the shear strength, initial tangent shear modulus and effective

confining stress (see discussion in Matasovic and Vucetic, 1993):

Tm, = 0, - tan® 1)
Tmy = (0g — Auy) .tan® 2)
Tmy _ (oo—duy)tan® _ . Auy _ . .o

Tmy aytan® =1 ol 1= Auy ®)
Tmy = Tm, (1 — duy) (4)
Gm, = f(e)\/og 5)

Gy = f(€)y0p — Auy (6)

(e) Joo-
A T ™
m f(e)J:6

Gy = Gm,yJ/1— AU} (8)

Here, ¢ is the friction angle of the sand, f(e) is a function of void ratio which is essentially
constant for the same sandy soil at the same void ratio, e, regardless of the confining stress,

and Aun* = Aun/c’o = normalized cyclic pore water pressure.

Equations 4 and 8 above stipulate that the degrading backbone curve defined by tmn and
Gmn can be obtained just from the initial backbone curve and pore water pressure buildup Aun,
meaning that for practical purposes the soil degrades proportional to the cyclic pore water
pressure buildup and subsequent loops can be constructed by knowing just Tm1, Gm1 and Aun.
Such considerations and degradation models in equations 4 and 8 are incorporated in popular
computer programs for nonlinear analyses of the response of soils to vertically propagating

seismic waves, i.e., to the most damaging earthquake motions. They include DESRA-2 (Lee



and Finn, 1978) and its modifications DESRAMOD (Vucetic and Dobry, 1986) and D-MOD
(Matasovic and Vucetic, 1993, 1995) and DEEPSOIL (Hashash et al., 2016). In fact, a literature
review revealed that publications on liquefaction and pore water pressure buildup leading to
liquefaction consider without any restriction the same mechanism of softening, i.e., when pore
water pressure buildup occurs, effective confining stress goes down and consequently soil
degrades and softens (see books by Ishihara, 1996; Kramer, 1996 and Towhata, 2008; and
reports by National Research Council, 1985 and National Academies of Sciences, Engineering

and Medicine, 2016).

All of the models and mechanisms mentioned above assume that when the pore water
pressure builds up during cyclic loading in saturated sandy soils, the soil necessarily degrades
in stiffness and strength. However, recent research by Mortezaie and Vucetic (Mortezaie,
2012; Vucetic and Mortezaie, 2015) revealed that that may not be the case at smaller cyclic
shear strain amplitudes. They investigated cyclic behavior of sands in undrained conditions by
conducting constant-volume equivalent-undrained cyclic simple shear strain-controlled tests
at small cyclic shear strain amplitudes, Y, around the threshold shear strain for cyclic pore
water pressure buildup, Y'~0.01%. Furthermore, they analyzed cyclic triaxial and simple shear
test results obtained in the past in different experimental investigations. Their tests and

literature review reveal the following:

“(i) at very small y. below y, where there is no buildup of cyclic pore water pressure, Aun, with
the number of cycles, N, the cyclic secant shear modulus, Gsy, initially increases with N for 10
to 20% of its initial value Gsi and then levels off or just slightly decreases,

(i) at small y. between y,=0.01% and 0.10 to 0.15%, Aun continuously increases with N while

modulus Gsnfirst increases for up to 10% of Gsi and then gradually decreases, and



(iii) at y. approximately larger than 0.15% relatively large Aun develops with N while modulus
Gsn constantly and significantly decreases.

This means that at y. between y, and 0.10 to 0.15% the sand stiffness initially increases with
N in spite of the reduction of effective stresses caused by the cyclic pore water pressures
buildup. In this range of y. the pore water pressure Aun can reach up to 40% of the initial

effective confining stress before Gsy drops below Gsi.”

This is illustrated in Figures 1.4 and 1.5 on an example of cyclic strain-controlled test
conducted at Y'c=0.08%, where the stiffness index, o, that measures the change of the average

soil stiffness in a cyclic strain-controlled test is defined as:

Tcy
5, I _ Ve _ Ten 9)

- Gy - TC/ - Te1
Ve
In these figures and throughout the text o’\c= effective vertical consolidation stress. This
stress is also sometimes denoted throughout the text as ¢’vo. That is, 6’vc and o’vo Often have

the same meaning.

It should also be noted that, strictly speaking, the Equation 9 is valid only if the cyclic loop
is uniform such that the cyclic shear strain amplitudes, Y., in negative and positive domains
are the same and the origin of the Y-t coordinate system is in the center of the loop. If this is
not the case, and very often it is not, the secant shear moduli, Gsn, should be calculated by
measuring the height of the loop (from t. in the negative domain to 1 in the positive domain)
and the width of the loop (from Y in the negative domain to Y. in the positive domain) and

divide them. In fact, in the present study Gsn is determined that way.

Vucetic and Mortezaie (2015) also discussed and concluded the following:



“Such a complex cyclic behavior was obtained for clean sands and silty sands under simple
shear and triaxial loading conditions. Same behavior was also obtained on naturally structured
intact sand specimens and the specimens reconstituted from fully disturbed sand. It also
occurred in the cyclic strain-controlled and cyclic stress-controlled mode of shearing. And
furthermore, this behavior was obtained independently in several geotechnical laboratories
by different research teams at different times. Such overwhelming evidence shows that this
kind of behavior is neither a consequence of laboratory procedure nor the specimen boundary
conditions, nor the errors by experimentalists. In conclusion, the above undrained cyclic
behavior is intrinsic to fully saturated sands, i.e., such a behavior is a common property of fully

saturated sands cyclically sheared under different undrained loading conditions.”

The findings by Mortezaie (2012) and Mortezaie and Vucetic (2015) are perhaps
summarized the best in Figure 1.6 that presents the results obtained on two sands tested in two
different types of tests (cyclic triaxial and cyclic simple shear) at two different laboratories and

over a wide range of Y.

However, Mortezaie and Vucetic have not investigated various combinations of
consecutive cyclic straining with different levels of Y. and tested directly the effect of the
confining stress to confirm beyond any doubt that sandy soils also behave as described above
under such various conditions. They only discussed and presented the results of the following
types of cyclic tests:

e Single stage cyclic strain-controlled simple shear constant-volume equivalent-
undrained tests with Y'c ranging between 0.0045% and 0.47%.
e Just a few single stage cyclic stress-controlled simple shear constant-volume

equivalent-undrained tests, some of them not fully processed.



e Multi-stage cyclic strain-controlled simple shear constant-volume equivalent-
undrained tests with Y’ increasing in each subsequent stage.
e Multi-stage cyclic strain-controlled undrained triaxial tests with Y'¢ increasing in each

subsequent stage.
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Figure 1.4 Cyclic strain-controlled behavior of sand in undrained conditions in the simple

shear test at relatively small cyclic strain Y'c=0.08% (Vucetic and Mortezaie, 2015)
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Soil: Nevada Sand; e=0.66
o, =153 kPa; £=0.01 Hz:y_ =0.08%
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Figure 1.5 Change of the cyclic pore water pressure, Aun*, and cyclic stiffness index, o,
with the number of cycles, N, at relatively small cyclic strain Y'c=0.08% in simple shear test
and their relationship — derived from results presented in Figure 1.4 (Vucetic and Mortezaie,

2015).

In the present investigation described below the work by Mortezaie and Vucetic is
continued and expanded upon by:
M testing various additional combinations of consecutive cyclic strains,
(i) testing behavior during a large number of cycles,
(i) analyzing test results on several soils conducted by Mortezaie and Vucetic but
not fully processed,
(iv)  testing the same soil at different consolidation stresses, and
(v) testing same soil in constant-volume equivalent—undrained cyclic NGI DSS tests

in dry and saturated states.

11



Such an investigation is deemed necessary because of the fundamental nature of the above
newly discovered behavior of saturated sands. As shown in this thesis, the results of the present
investigation confirm that the same behavior occurs at various combinations of small cyclic
strains and stresses, at different consolidation stresses, and in dry and saturated sands.
Accordingly, the results in this thesis and those by Mortezaie and Vucetic should be used to
improve the cyclic behavior models in Equations 4 and 8. Such improvements can make the

analyses of the seismic response of liquefaction sites more accurate.
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Fig. 1.6 Relationships between the stiffness index, on, and the normalized cyclic pore water
pressure, Aun*, for the Wildlife Site silty sand and Nevada clean sand — the results are
obtained from the cyclic strain-controlled undrained triaxial tests and the cyclic strain-
controlled constant-volume equivalent—undrained NGI-DSS cyclic tests (Vucetic and

Mortezaie, 2015)
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2. Scope of the present testing and analyses of a previous investigation

The work done for this thesis looks to expand upon the work done by Mortezaie and
Vucetic and looks to prove that the phenomenon where fully saturated soil stiffens while the
pore water pressure increases at smaller cyclic shear strains is universal. Mortezaie and Vucetic
mainly studied single-stage cyclic strain-controlled tests and the multi-stage cyclic strain-
controlled tests with combinations of cyclic strains that increased in each stage. In their cyclic
strain-controlled multi-stage tests they started with cyclic strain amplitudes that were below
the cyclic threshold shear strain and then just increased the amplitudes in subsequent stages.
They also analyzed just one cyclic stress-controlled test. Furthermore, they did not analyze
tests with a large number of cycles. Also, analyses of their testing focused almost exclusively
on just one sand, Nevada Sand, although they conducted tests on two more sands, Red Course
Sand and Toyoura Sand. However, they analyzed and presented results on several different

sands published by others.

In the present research the results of the constant-volume equivalent—undrained cyclic NGI

DSS tests obtained for the following situations that were not considered before are analyzed:

(i) one single-stage and two two-stage cyclic strain-controlled tests with a large
number of cycles,

(i) several multi-stage cyclic strain-controlled tests with different combinations of
subsequent cyclic strain amplitudes, notably the combination where amplitudes
decrease stage after stage,

(iti)  a couple of test on the same soil at the same cyclic shear strain but at very
different consolidation stresses,

(iv)  acouple of identical tests on the same dry and saturated soil, and

13



(v) the analyses of the previously obtained results on Red Course Sand and Toyoura

Sand.

The work presented in this thesis is divided into two parts. The first part includes the
analyses of new cyclic simple shear tests and the second part includes the analyses of the tests
conducted by Mortezaie and Vucetic that have not been fully analyzed. Table 2.1 shows the
new tests that were conducted as a part of this thesis. Table 2.2 shows the tests that were
conducted by Mortezaie and Vucetic and now analyzed in this thesis. The tables below describe
the test conditions which include the cyclic shear strain amplitude, Y, vertical stress at the
beginning of each cyclic stage, o’vo, also denoted by o’v, void ratio of the specimen, e, and the

number of cycles run in each stage, N.

As shown in Table 2.1, six different tests were conducted in the present investigation. They
were one single-stage test (Test 1) with a large number of cycles (N=200) and five multi-stage
cyclic strain-controlled tests (Test 2 through 6). All of these tests were conducted on Nevada
Sand. The cyclic shear strain amplitude was decreased in subsequent stages of the multi stage
tests except for Tests 2 and 3. In Tests 2 and 3 the subsequent, second stage had the same cyclic
shear strain amplitude as the previous stage but the vertical stress was significantly increased
and the number of cycles in both stages was rather large. These two tests were conducted to
study the effects of the vertical stress and large number of cycles on the phenomenon.
Furthermore, Tests 1, 4 and 6 were conducted in the constant-volume equivalent-undrained
mode on dry sand, while Tests 2, 3 and 5 were conducted on saturated sand. In this way the
difference in the behavior in constant-volume tests due to the presence of water and saturation

could be examined.

As shown in Table 2.2, six different tests were taken from the investigation by Mortezaie

and Vucetic and are here fully analyzed or processed. These tests include two single-stage
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cyclic stress-controlled tests (Tests 11 and 12) and four multi-stage cyclic strain-controlled
tests (Tests 7 through 10). Tests 7 and 8 are conducted on Nevada sand, while Tests 9 and 10
on Toyoura Sand and Red Coarse Sand respectively. It should be noted that all of the tests in
Table 2.2 were conducted on dry sand specimens. Also, it should be noted that all of the multi-
stage tests of the previous investigation were conducted without any reconsolidation between
subsequent stages, i.e., there was a continuous pore water pressure buildup from stage to stage.
In contrast to that, in the tests conducted in this thesis there was reconsolidation between the

cyclic stages.

In conclusion, the combination of the results already presented by Mortezaie and Vucetic
and the new results analyzed in this thesis provides ample evidence of the cyclic behavior of
sands in true undrained conditions and the constant-volume equivalent-undrained conditions
at smaller cyclic strains. If all of these small-strain cyclic tests show that there is an increase in
soil stiffness during the cyclic straining while the cyclic pore water pressure increases and the
corresponding effective stress decreases, this phenomenon may be considered universal and

applicable to all sands under various small-strain cyclic loading undrained conditions.
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Table 2.1 Present single-stage and multi-stage constant-volume equivalent-undrained simple shear cyclic strain-controlled tests conducted

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6
Amplitude, | Amplitude, | Amplitude, | Amplitude, | Amplitude, | Amplitude,
St . Yc Yc Yc Yc Yc Yc
. Dry or rain or Vertical Vertical Vertical Vertical Vertical Vertical
Test Soil Stress , , , , , Comments
saturated Controlled stress, 0’vo | stress, 0’y | stress, 0’y | stress, o’y | stress, o’vo | stress, o’vo
ontrofie (kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
e e e e e e
N N N N N N
0.06%
1 Nevada Dr Strain- 150 kPa
Sand y controlled 0.43
200
0.04% 0.04% The specimen was reconsolidated
Nevada Strain- 150 kPa 300 kPa after every stage. In that respect, each
2 Saturated .
Sand controlled 0.47 0.48 stage can be considered a separate
255 395 test.
0.06% 0.06% . .
The specimen was reconsolidated
Nevada Strain- 150 kPa 300 kPa after every stage. In that respect, each
3 Saturated .
Sand controlled 0.48 0.46 stage can be considered a separate
test.
200 330
. (a) The specimen was reconsolidated
Nevada Strain-
4 Dry 0.08% 0.08% 0.04% 0.02% 0.01% 0.005% after every stage. In that respect, each
Sand controlled

stage was a separate cyclic test.
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However, the reconsolidation was at
locked-in zero shear strain and

145 kPa 145 kPa 145 kPa 145 kPa 145 kPa 145 kPa
residual shear stress from the
previous stage (the residual stress that
apparently has not relaxed between
0.806 0.803 0.802 0.801 0.801 0.801 the stages).
(b) The top cap was not secured by
clamps. There was possibility of
slippage between top cap and the
plate above, but most likely it did not
10 10 10 10 10 10 happen. This was confirmed in the
first stage of Test 6 that was
conducted under the same conditions
with secured cap.
0.08% 0.08% 0.04% 0.02% 0.01% 0.005% Same as Test 4 but saturated. The
Nevada Strain- 145 kPa 145 kPa 145 kPa 145 kPa 145 kPa 145 kPa specimen was reconsolidated after
Saturated every stage. In that respect, each
Sand controlled .
0.774 0.771 0.771 0.771 0.771 0.771 stage can be considered a separate
test.
10 10 10 10 10 10
0.08% After Stage 1, specimen was
(Same reconsolidated. Stages 2 to 5 were
conditions 0.04% 0.02% 0.01% 0.005% conducted without reconsolidation
as in Stage between the Stages. In that respect,
1 of Test 4) Stage 1 can be considered one
Nevada Dry Strain- 150 kPa 150 kPa 117 kPa 115 kPa 114 kPa separate cyclic test a.nd Stages 2to 5
Sand controlled another separate cyclic test. However,
0641 0.64 0.64 0.64 0.64 the reconsolida.tion was ?t locked-in
zero shear strain and residual stress
from the previous stage (the residual
10 10 10 10 10 stress that apparently has not relaxed

between the stages).
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Table 2.2 Previous single-stage and multi-stage constant-volume equivalent-undrained simple shear cyclic strain-controlled and stress-controlled

tests conducted by Mortezaie and Vucetic

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7
Amplitude, | Amplitude, | Amplitude, | Amplitude, | Amplitude, | Amplitude, | Amplitude,
. Ye Ye Y Y Ye Y Y.
Strain or - - - - - . .
Test Soil Dry or Stress Vertical Vertical Vertical Vertical Vertical Vertical Vertical Comments
saturated stress, 6’vo stress, 6’vo stress, ¢’vo stress, 'y, | stress, o’v, | stress, o’vo | stress, 0’vo
Controlled
(kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
e e e e e e e
N N N N N N N
0.0031% 0.0065% 0.0103% 0.021% 0.041% 0.082% 0.16% There was no
7 Nevada Dry Strain- 220 kPa 220 kPa 220 kPa 217 kPa 207 kPa 178 kPa 126 kPa reconsolidation
Sand controlled 0.63 0.63 0.63 0.63 0.63 0.63 0.63 .
stages.
10 10 10 10 10 10 10
0.080% 0.02% 0.03% There was no
g Nevada br Strain- 145 kPa 75 kPa 73.5 kPa reconsolidation
Sand y controlled 0.63 0.63 0.63 between the
10 10 14 stages.
0.004% 0.008% 0.015% 0.031% 0.077% There was no
9 Toyoura b Strain- 146 kPa 139 kPa 135.5 kPa 127.5 kPa 101.5 kPa reconsolidation
sand ry controlled 0.71 0.71 0.71 0.71 0.71 between the
10 10 10 20 20 stages.
0.0041% 0.008% 0.016% 0.032% 0.080% There was no
Red Strain- 152 kPa 149 kPa 145 kPa 134 kPa 89 kPa reconsolidation
10 coarse Dry
sand controlled 0.63 0.63 0.63 0.63 0.63 between the
10 10 10 20 20 stages.
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Uniform

1.=0.08 o'\ | cyclic stress
11 Nevada Dry Stress- amplitude
Sand controlled | 156.5 kPa
0.6
30
Uniform
1=0.1 0"« | cyclic stress
Nevada Stress- amplitude
12 Dry
Sand controlled 162 kPa
0.63
27
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3. Materials tested and analyzed
Three different sands were tested and analyzed in the present investigation. They are:

e Nevada sand
e Toyoura sand

e Red coarse sand

Their grain size distributions are shown in Figure 3.1 and their classifications according to

the Unified Soil Classification System (USCS) in Table 3.1.

Nevada sand has been used widely in various investigations (e.g., Arulanandan et al., 1994;
Hsu and Vucetic, 2002). Toyoura sand is found in Japan and Japanese researchers have used it
extensively for their research (e.g., Ishihara 1996). Red coarse sand was used for this research
because the other two sands, Nevada sand and Toyoura sand, are fine grained sands whereas

Red coarse sand contains larger particles and is much coarser.

The coefficient of uniformity Cu=Deo/D1o and the coefficient of curvature
Cc=D30%/(D10*Dso) are calculated for each sand from the grain size distributions shown in

Figure 3.1. All three sands are classified as poorly graded sands, with classification symbol SP.

Table 3.1 Classification of the three sands tested in this investigation

Sand D1o D30 Deo Cu Cc Classification
Nevada sand 0.11 | 017 | 0.22 191 1.25 SP
Toyoura sand 0.13 | 0.18 | 0.23 1.77 1.08 SP
Red coarse sand | 0.43 | 0.85 1.1 2.56 1.53 SP
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Figure 3.1 Grain size distribution curve for the three sands tested

4. Description of testing device

The Norwegian Geotechnical Institute direct simple shear (NGI-DSS) device was
used to conduct the tests for this thesis. The device is shown in Figure 4.1. The NGI-DSS
device was originally introduced by Bjerrum and Landva (1966) for monotonic loading testing
and was later modified in a number of laboratories for cyclic testing. The NGI-DSS specimen
is a short cylinder of soil placed between the top and bottom porous stones embedded in metal
caps and surrounded by the wire-reinforced rubber membrane. During consolidation and
shearing the reinforced membrane almost completely prevents radial strains so that the
specimen is consolidated at essentially Ko condition and cyclically sheared under practically
no-lateral-strains condition. The specimens were prepared by the method of air-pluviation of
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air dry sand. The bottom cap with porous stone was first fastened to a pedestal and the bottom
part of the membrane was pulled on it with the help of a vacuum membrane stretcher.
Appropriate amount of sand was then rained through a custom-made sieve into the membrane.
After the completion of the air-pluviation the top cap with porous stone was placed on the sand
surface, membrane was flipped around it, vacuum was released and the membrane edges tightly
surrounded both caps with porous stones. The whole setup was then mounted in the NGI DSS
device frame where the specimen was first consolidated, then saturated with water if that is

required and then cyclically sheared.
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1.= K 1A =henzontal cyclic shear stress ampllude

Figure 4.1 Specimen setup in the NGI-DSS device
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Typical tests in the NGI DSS device are constant-volume equivalent-undrained tests. The
undrained conditions are simulated by maintaining the volume of the specimen constant during
the shearing, just like it is in a truly undrained test, while the actual pore water pressure is zero.
Assuming that the radial strains of the specimen are practically zero due to the membrane
confinement, the volume can be maintained constant by just keeping the height of the specimen
constant. To maintain the constant height during the shearing the vertical stress must be
changed and this change of the vertical stress is equivalent to the pore water pressure that would
have developed in a truly undrained test. That is why the pore water pressure change in such a

test is also called the equivalent pore water pressure.

The NGI-DSS device used in this study is equipped with the computer-controlled closed-
loop servo-hydraulic loading system and a modern data acquisition system. In all tests the
constant cyclic shear strain amplitude, Y'¢, was applied in sinusoidal mode, while the variations

of the shear stress, t, and the equivalent pore water pressures, Au, were recorded with time.

In most of the tests the frequency of cyclic straining was f=0.01 Hz but in some tests, it
was f=0.1 and f=0.2. Such a relatively low frequency was applied to better facilitate the
application and recording of the test parameters during sensitive small-strain cyclic testing,
with understanding that in many practical problems the effects of frequency on sand cyclic

behavior are relatively small.

Since the NGI-DSS device was originally designed for the classical soil mechanics
problems involving medium and large strains, it is not suitable for the small-strain cyclic testing
due to the false loads recorded along with the loads applied to soil specimen. In other words, it
is not suitable because of the inherent false displacements and forces which are picked up by
the displacement transducers and load cells but are not experienced by the soil specimen. That

IS, it is not suitable unless the false displacements and forces are extracted from the recorded
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raw data. Such correction of the cyclic strain-controlled raw data was performed earlier by

Mortezaie and Vucetic (2012) and it is repeated in this investigation.

Horizontal displacements between the bottom and top faces of the specimen required to
obtain shear strain can be measured accurately with the horizontal displacement transducer
bridged directly between the bottom and top specimen caps, which was done in this
investigation. In this case, the horizontal false deformations consist only of the shear
deformations of the porous stones and the bottom and top caps which are made of brass. Since
these deformations are truly negligible in comparison to those of the soil, they do not have to

be taken into account.

As opposed to that, the false loads recorded by the horizontal load cell are relatively large
in comparison to loads applied to soil and the appropriate corrections must be made. According
to Figure 4.1, besides the shear resistance of the soil specimen the horizontal load cell detects
the following:

e Shear resistance of the wire-reinforced rubber membrane.

e Force applied by the probe of the displacement transducer on the top cap (force of the

spring in the transducer).

e Friction of the horizontal linear roller bearing.

e Friction of the horizontal plate roller bearing.

The method used to correct the data for the above false loads is described in the following

chapter.
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5. Procedures for the correction of cyclic test results

The test results obtained in two direct simple shear devices (DSS devices) on similar soils,
one that has no false loads and the other that has them, are presented in Figures 5.1 and 5.2
respectively. By comparing these results, it can be observed what the effects of the false loads
on the stress-strain behavior are. In Figure 5.1 are the results of a small-strain cyclic test on
low-plasticity clay having the plasticity index, PI=26, that was conducted in the DSS device
designed by Doroudian and Vucetic (1995) that has practically no false loads. This device is
called the dual-specimen direct simple shear device (DS-DSS device) because it employs two
specimens in a single test instead of just one. The shape of cyclic straining obtained in this
device, and consequently that of cyclic stresses, was close to triangular with rather sharp peaks
of the cyclic strain-time and stress-time histories. The tips of the loops are also sharp. In Figure
5.2 are the results of a DSS test on kaolinite clay having P1=28 conducted in the standard NGI-
DSS device that has false loads already described above. The test includes triangular and
sinusoidal cyclic straining phases and regardless of the shape of straining the results exhibit
large rounded tips of the loops. Both tests, DS-DSS and NGI-DSS, had rather small cyclic

shear strain amplitude, Y'¢, around 0.035%.

In Figure 5.1, the stress continually increases and after reversal instantly decreases with
strain which results in perfectly pointed tips of the stress-strain loops. In Figure 5.2, after the
strain reversal in the case of triangular straining there is a sudden drop in stress denoted by Ay,
while the tips of the loops are rather square. The same stress drop occurs in the case of the
sinusoidal straining and the tips of the loops are again rather square. Evidently, due to the false
loads the tips of the loops that are supposed to be pointed are now quite large and square shaped.
The drop Aty is the false stress caused by the reversal of the friction forces of the horizontal
plate bearing and linear bearing that are activated during the shearing. When the specimen top

cap changes the direction at the strain-reversal, the direction of these friction forces changes
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too. Consequently, the magnitude of Az, is twice the stress corresponding to the sum of these
two friction forces. During the shear loading phase when the movement of the top cap is to the
left, both roller bearings are resisting the motion which is recorded by the horizontal load cell
as compression. This compression corresponds to approximately half of Az.. During the
shearing unloading phase when the movement of the top cap is to the right, both roller bearings
are again resisting the motion which is now recorded by the load cell as extension. This

extension load corresponds approximately to the other half of Az.

The procedure for correcting such data from the strain-controlled tests has been explained
before by Mortezaie and Vucetic (2012) and will be just summarized here, whereas the

procedure for correcting the stress-controlled tests will be explained in detail for the first time.
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Figure 5.1 Records from a test conducted in the DS-DSS device on low-plasticity clay having

P1=26 and consolidated to o’,.=390 kPa (from Vucetic et. al., 1999)
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Figure 5.2 Records from a test conducted in the NGI-DSS device on clay having P1=28 and

consolidated to o', .=148kPa (Mortezaie and Vucetic, 2012)
5.1 Procedure for correcting strain-controlled test records

The procedure for correcting the strain-controlled test records such as those presented in
Figure 5.2 and the strain-controlled test records obtained in this investigation developed by
Mortezaie and Vucetic (2012) neglects the false load from the shear resistance of the wire-
reinforced rubber membrane and the force applied by the probe of the displacement transducer
on the top cap. These two forces are negligible small in comparison to the soil shear resistance.
Accordingly, the procedure takes into consideration only the false loads from the friction of
the horizontal linear roller bearing and horizontal plate roller bearing. The procedure is

illustrated in Figures 5.3 through 5.6.
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The figures show cyclic test results obtained on kaolinite clay having P1=28 and classified
as MH. The clay was consolidated under ¢',.=148 kPa and cycled in sinusoidal mode at
Y'=0.035% at the frequency of f=0.01 Hz. Figure 5.3 shows the stress drops in the stress-time
history curve for one cycle. Two consecutive stress drops, Az, are shown in Figure 5.4 in much
larger scale so that their magnitude can be measured manually. In this particular case the stress
drops are (Atf)p=2.1 kPa and (At)c=1.9 kPa. Knowing these values, the stress record can now
be corrected for (A7,/2) between each two consecutive strain reversals. Between the reversal
points a and b, the false stress [(Az;)» /2] must be added, and between the points b and c the
stress [(Ats)c /2] must be subtracted. The result of such correction is displayed in Figure 5.5,
showing that such a procedure yields almost perfectly smooth stress-time history. Figure 5.6
shows the difference in the stress-strain loops between the corrected and uncorrected data,
where the corrected loop has a regular and proper shape. It should be noted that this procedure
contains a slight error because (Ats)» and (Aty)c are not exactly the same. However, two
consecutive drops are always very similar, similar enough that the resulting error can be

neglected.

The procedure looks simple and easy and can be implemented manually when it is applied
to a few cycles. However, for tests with many cycles manual procedure is not feasible because
it is extremely time-consuming. Consequently, the procedure has been automated by coding it
with the Matlab software. The resulting code, which is rather elaborate, is described in the PhD
thesis by Mortezaie (2012). The code includes automatic and precise identification of the points
on the stress-time history where the stress drop starts and ends, yielding a precise measure of

Aty. It should be noted that in Figures 5.3 and 5.4 Az, drop does not occur instantaneously at

the strain reversal but gradually over a short period of time, because reversal of the friction of
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real roller bearings is rather complex. The Matlab code automatically and correctly captures

this process. The code also includes calculation of damping and some other features.

Test: Kao13A; Soil: Kaolinite Clay; PI=28 (MH), e=1.04; w=039%
o =148 (kPa); OCR=1; =001 Hz
(a) ve (c)

Shear strain, y (%)
=]

o
o
N

i i I i i
1060 1080 110p 1120 1140 1160 1180

; Time (s}

Horizontal shear
stress, ¢ (kPa)

5 i i (b) . i i
1040 1060 1080 1100 1120 1140 1160 1180
Time {s)

Figure 5.3. Uncorrected strain-time and stress-time histories during one cycle of sinusoidal

straining on kaolinite clay taken from Mortezaie and Vucetic (2012)
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Figure 5.4 Identification and quantification of the false stresses, Aty, at two consecutive

strain reversals taken from Mortezaie and Vucetic (2012)
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Test: Kao13A: Soil: Kaolinite Clay; PI=28 (MH), e=1.04; w=039%
U;_C:‘MB (kPa), OCR=1; f=0.01 Hz
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Figure 5.5 Strain-time history and the uncorrected (dashed line) and corrected (solid line)

stress-time histories taken from Mortezaie and Vucetic (2012)
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Figure 5.6 Corrected (solid line) and uncorrected (dashed line) stress-strain loops for
sinusoidal straining of kaolinite clay taken from Mortezaie and Vucetic (2012)
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5.2 Procedure for correcting stress-controlled test records

The procedure for correcting the data from the stress-controlled tests is somewhat different
than the procedure used to correct the strain-controlled test data. Figure 5.7 shows strain-time
and stress-time histories from a record of just one cycle from a stress-controlled test conducted
on Nevada sand in the NGI-DSS device. From the figure it is evident that the stress-time curve
is perfectly sinusoidal just as applied by the computer-controlled loading system. On the other
hand, the strain-time history curve becomes flat at the maximum and minimum strain levels,
starting at the peaks of the shear stress curve, i.e., from points a to b and points ¢ to d. The
strain is apparently constant during these time periods because during these periods the false

loads are changing direction. The stress between a and b and ¢ and d is due to the friction in
the testing system and is thus denoted as Atr. This stress increment is equivalent to Az, at the
strain reversal in the strain-controlled test presented in Figure 5.4, except that now it happens

gradually over a period of time. The soil does not actually experience that stress. This is stress

from false loads that needs to be corrected.
The procedure to correct the data corresponding to this false stress is as follows:

e The stress curves from point a to b and point ¢ to d should be completely removed.

e The half of the false stress, (Atf /2) should be added to the stress after point b till
point c.

e The other half of the false stress (Atr /2) should be subtracted from the stress after
point d till the next strain reversal point.

e The empty sections between points a and b and points ¢ and d should then be

horizontally connected.

The above steps should be repeated for each cycle in order to correct the entire test record

for false loads. Figure 5.8 shows one cycle of the corrected and uncorrected stress for a test
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shown in Figure 5.7. Figure 5.9 shows the difference in the stress-strain loops between the
corrected and uncorrected data. Now the corrected loop has sharp tips as should be expected
for sand tested and the area of the loop and corresponding damping ratio have the values
expected for achieved Y. As the soil stiffness and confining stress change during cyclic loading
the stress drop, Aty, differs slightly from strain reversal to strain reversal.
Test: 11; Soil: Nevada Sand; e=0.6; w=0%
F3s=1356.5 (kPa); OCR=1; v*=0.080 v, £=0.01 Hz

Shear strain vs. Time

a b
Fa 0.0z & 'y
=
i 0
3
#; -0.02 C d
=003
100 120 120 1650 1B0 00 220 Za0
Tirne |s) " "
Normalizgd horiontal shear stresg vs. Time
. 0l L ]
£
- - /’:%
=
= o
=
c o -005
g
g% .02 l'—--"'"J
o
-
= 015
E 100 120 140 160 18D 200 220 240
E Tirme (s)

Figure 5.7 Uncorrected record of one cycle of strain and stress-time history of a stress-

controlled test
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Figure 5.8 Corrected and uncorrected stress-time history of one cycle of stress-controlled test
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6. Procedures for calculation of the equivalent viscous damping ratio

In Chapter 10 the equivalent viscous damping ratios and associated areas of the loops
obtained in several tests are analyzed and related to changes in soil stiffness. The procedures

employed for calculating the equivalent viscous damping ratio are discussed below.
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Figure 6.1 Stress-strain loop with the definition of the equivalent viscous damping ratio, A

In Figure 6.1, the stress-strain loop with the definition of the equivalent viscous damping
ratio, A, is presented. The definition and corresponding formula are derived for the case of
perfectly uniform elliptical force=displacement loop obtained during the forced harmonic
vibration of the one-degree-of freedom oscillator with mass, linear spring and viscous dashpot.
The loop presented above is therefore an ideal uniform loop, unlike loops typically obtained
for soils in different cyclic tests. Using the formula shown in Figure 6.1 for calculating A from
loops that are nonuniform may therefore lead to considerable error, depending on the loop
nonuniformity and the position of the origin of the coordinate system inside the loop.
Therefore, a method that takes into account the nonuniform nature of the recorded stress-strain

loops should be used to calculate the equivalent viscous damping ratio, A.
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Figure 6.2 shows a stress-strain loop that is nonuniform, i.e., magnitudes of Y'c and 1 are
not the same in the positive and negative domains. To calculate more accurately the equivalent
viscous damping ratio for the stress-strain loop in Figure 6.2, the formula shown in the figure
can be used, where AOAB and AOCD represent the areas under the respective triangles. In this
thesis, both methods for calculating the equivalent viscous damping ratio, A, are used and the
results were compared. That is, for each test considered A is calculated using standard equation
in Figure 6.1 and the equation in Figure 6.2 and the two variations of A with the number of

cycles, N, are presented together.

—YcA/ | B

D |I Tc‘ T

!
¥

L

Area of the loop above the x-axis = W1
Area of the loop below the x-axis = W2

A=1/4m ( W1/AOAB + W2/AOCD )

Figure 6.2 Nonuniform stress-strain loop and alternative equation to calculate more

accurately the equivalent viscous damping ratio

It should be noted at the end that to calculate A from a nonuniform loop the area of the

triangle can be also determined in the following manner. The height of the loop from . in the
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negative domain to 1 in the positive domain must be first multiplied by the width of the loop
from Y’ in the negative domain to Y in the positive domain. This product than needs to be
divided by 8. To obtain A the area of the loop then needs to be divided with triangle determined
in such a manner and further divided by 4. In this study, this method to calculate A was not

used, but just the two methods described above.

7. Test results

As shown in Tables 2.1 and 2.2, in some multi-stage tests the specimen was reconsolidated
between the stages and in some it was not. If the specimen was reconsolidated the stages can
be treated as separate tests and, for convenience, in the text below such stages are referred to
as tests. For example, stage 2 of Test 5 is called Test 5.2. For each test/stage defined in the
above manner the following curves are constructed from the corrected data: shear strain versus
time, normalized shear stress versus time, normalized pore water pressure versus time, shear
strain versus normalized shear stress (cyclic loops), and the shear strain versus normalized pore
water pressure. Based on these elementary cyclic soil behavior curves, the following
relationships are derived: stiffness index versus number of cycles, normalized cyclic pore water
pressure versus number of cycles, and stiffness index versus normalized cyclic pore water
pressure. In addition to that, for some tests the equivalent viscous damping ratio versus the

number of cycles is also constructed.

For the tests with the reconsolidation between the stages, to construct the relationship
between the cyclic pore water pressure and stiffness index in a given stage, in the definition of
the normalized equivalent cyclic pore water pressure Aun*=AuUn/c'vc Stress o'vc IS c'vo at the

beginning of the stage. The values of c'vo are specified in Table 2.1 for such tests or parts of
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tests. Stress o'vo IS also specified in both tables for every stage without reconsolidation, in

which case it is calculated by subtracting Au at the end of previous stage from the initial c'vc.

For the tests without the reconsolidation between the stages the variation of Aun*=Aun/c'vc
with time is presented for the entire test only. In such cases c'vo in the first stage is equal to c'vc.
However, the variation of the stiffness index, 5, with the number of cycles, N, is still

constructed for each individual stage.
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Normalized horizontal shear stress, t*=1/0',,
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Test: 2.1; Soil: Nevada Sand; e=0.47; w=15.25%, S=87.6%
o'vc=150 (kPa); OCR=1; Yc=0.04%, f=0.02 Hz
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Normalized horizontal shear stress, t*=1/0',,
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Shear strain, Y (%)
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Normalized horizontal shear stress, t*=1/0',,
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Shear strain, Y (%)

Normalized horizontal shear stress,

Au/a',,

Normalized equivalent pore water
pressure change, Au*

Test: 4.4; Soil: Nevada Sand; e=0.801; w=0%
o'«=145 (kPa); OCR=1; Yc=0.02%, f=0.01 Hz
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Normalized horizontal shear stress, t*=t/0',,

Normalized equivalent pore water pressure change,
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Stiffness Index, &y

Normalized equivalent cyclic

Stiffness Index, &y

pore water pressure change,
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Damping rato, A
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Shear strain, Y (%)

Normalized horizontal shear stress,
*=1/0",,

Au/a',

Normalized equivalent pore water
pressure change, Au*

Test: 4.5; Soil: Nevada Sand; e=0.801; w=0%
o'\«=145 (kPa); OCR=1; Y=0.01%, f=0.01 Hz

Shear strain vs. Time
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Normalized horizontal shear stress, t*=t/0',,

Normalized equivalent pore water pressure change,

Test: 4.5; Soil: Nevada Sand; e=0.801; w=0%
o'\«=145 (kPa); OCR=1; Y=0.01%, f=0.01 Hz

Normalized horizontal shear stress vs. Shear strain

0.05
0.04
0.03
0.02
0.01
0
-0.01
-0.02
-0.03
-0.04
-0.05
-0.06
-0.015 -0.01 -0.005 0 0.005 0.01 0.015
Shear strain, Y (%)
Normalized equivalent pore water pressure change vs.
Shear strain
0.025
0.02
|
0.015 12<I><|~1
ﬁz"’ : <
'c;g 0.01
= T /%\1
3 T 1 7
I I T T1 ~
S 0.005 =
30 —
LT
0 A~
-0.005

-0.015 -0.01 -0.005 0 0.005 0.01 0.015
Shear strain, Y (%)

74



Stiffness Index, &y

Normalized equivalent cyclic

Stiffness Index, &y

pore water pressure change,

Auy /o',

Test: 4.5; Soil: Nevada Sand; e=0.801; w=0%
o'\«=145 (kPa); OCR=1; Y=0.01%, f=0.01 Hz
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Shear strain, Y (%)

Normalized horizontal shear stress,

Normalized equivalent pore water

*=t/0',,

Au/a',

pressure change, Au*

0.01

-0.01

0.04

0.02

-0.02

-0.04

Test: 4.6; Soil: Nevada Sand; e=0.801; w=0%
o'vc=145 (kPa); OCR=1; Y'c=0.005%, f=0.01 Hz

Shear strain vs. Time

200 400 600 800 1000 1200

Time (s)

Normalized horizontal shear stress vs. Time

200 400 600 800 1000 1200

Time (s)

Normalized equivalent pore water pressure change vs. Time

0.03

0.02

0.01

-

200 400 600 800 1000 1200

Time (s)

76



Normalized horizontal shear stress, t*=t/0',,

Normalized equivalent pore water pressure change,

Test: 4.6; Soil: Nevada Sand; e=0.801; w=0%
o'vc=145 (kPa); OCR=1; Y'c=0.005%, f=0.01 Hz
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Test: 4.6; Soil: Nevada Sand; e=0.801; w=0%
o'vc=145 (kPa); OCR=1; Y'c=0.005%, f=0.01 Hz

Stiffness index vs. Number of cycles
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Test: 5.1; Soil: Nevada Sand; e=0.774; w=18.63%, S=65%
o'\«=145 (kPa); OCR=1; Y=0.08%, f=0.01 Hz

Shear strain vs. Time
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Normalized horizontal shear stress, t*=1/0',,
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Stiffness Index, &y

Normalized equivalent cyclic pore

Stiffness Index, &y

Test: 5.1; Soil: Nevada Sand; e=0.774; w=18.63%, S=65%
o'\«=145 (kPa); OCR=1; Y=0.08%, f=0.01 Hz
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Normalized horizontal shear stress, t*=1/0',,
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Stiffness Index, &y

Normalized equivalent cyclic pore

Stiffness Index, &y

Test: 5.2; Soil: Nevada Sand; e=0.771; w=18.63%, S=65%
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Shear strain, Y (%)

Normalized horizontal shear stress,
T*=1/0',,
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Normalized horizontal shear stress, t*=1/0',,

Normalized equivalent pore water pressure change,

Test: 5.3; Soil: Nevada Sand; e=0.771; w=18.63%, S=65%
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Stiffness Index, &y

Normalized equivalent cyclic pore

Stiffness Index, &y

water pressure change,
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o'\«=145 (kPa); OCR=1; Y=0.04%, f=0.01 Hz
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Shear strain, Y (%)

Normalized horizontal shear stress,

Normalized equivalent pore water

*=1/0",,

pressure change, Au*=Au/c' .
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Normalized horizontal shear stress, t*=1/0',,

Normalized equivalent pore water pressure change,
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Stiffness Index, &y

Normalized equivalent cyclic pore

Stiffness Index, &y

water pressure change,
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Test: 5.4; Soil: Nevada Sand; e=0.771; w=18.63%, S=65%
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Normalized horizontal shear stress,

Normalized equivalent pore water

Shear strain, Y (%)

*=1/0",,

pressure change, Au*=Au/c' .

Test: 5.5; Soil: Nevada Sand; e=0.771; w=18.63%, S=65%
o'\«=145 (kPa); OCR=1; Y=0.01%, f=0.01 Hz
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Normalized horizontal shear stress, t*=1/0',,

Normalized equivalent pore water pressure change,

Test: 5.5; Soil: Nevada Sand; e=0.771; w=18.63%, S=65%
o'\«=145 (kPa); OCR=1; Y=0.01%, f=0.01 Hz

Normalized horizontal shear stress vs. Shear strain
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Normalized equivalent cyclic pore

Stiffness Index, &

Auy*=Auy /o',

\

water pressure change,
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Shear strain, Y (%)

Normalized horizontal shear stress,

Normalized equivalent pore water

*=1/0",,

pressure change, Au*=Au/c' .
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Normalized horizontal shear stress, t*=1/0',,

Normalized equivalent pore water pressure change,

Test: 5.6; Soil: Nevada Sand; e=0.771; w=18.63%, S=65%
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Stiffness Index, &y

Normalized equivalent cyclic pore
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water pressure change,
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Test: 6.1; Soil: Nevada Sand; e=0.641; w=0%
o'vc=150 (kPa); OCR=1; Yc=0.08%, f=0.01 Hz
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Shear strain, Y (%)

Normalized horizontal shear stress,

Normalized equivalent pore water

pressure change, Au*=Au/c’,.
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Normalized horizontal shear stress, t*=1/0',,

Normalized equivalent pore water pressure change,
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Stiffness Index, &
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Normalized horizontal shear stress, t*=1/0',,

Normalized equivalent pore water pressure change,
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Stiffness Index, &y

1.1

0.9

0.8

0.7

1.1

0.9

0.8

0.7

1.1

0.9

0.8

0.7

Test: 7; Soil: Nevada Sand; e=0.63; w=0%
o'vc=220 (kPa); OCR=1; f=0.1 Hz

Stiffness index vs. Number of cycles
Test 7 Stage 1 with Y. =0.0031%

—— e

2 4 6 8 10
Number of cycles, N

Stiffness index vs. Number of cycles
Test 7 Stage 2 with Y_=0.0065%

e, . . .

2 4 6 8 10
Number of cycles, N

Stiffness index vs. Number of cycles
Test 7 Stage 3 with Y. =0.0103%

°—H—o—o§,\.___.___.\.

2 4 6 8 10
Number of cycles, N

114

12

12

12



Stiffness Index, &, Stiffness Index, &
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Shear strain, Y (%)

Normalized horizontal shear stress,
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Normalized horizontal shear stress, t*=1/0',,

Normalized equivalent pore water pressure change,

Test: 8; Soil: Nevada Sand; e=0.63; w=0%
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Shear strain, Y (%)

Normalized horizontal shear stress,
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Normalized horizontal shear stress, t*=1/0',,

Normalized equivalent pore water pressure change,

Test: 9; Soil: Toyoura Sand; e=0.71; w=0%
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Stiffness Index, &y
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Normalized horizontal shear stress, t*=1/0',,

Normalized equivalent pore water pressure change,

Test: 10; Soil: Red Coarse Sand; €=0.63; w=0%
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Stiffness Index, &y
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Normalized horizontal shear stress, t*=t/0",,

Normalized equivalent pore water pressure change,

Test: 11; Soil: Nevada Sand; €=0.6; w=0%
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Stiffness Index, &y

Normalized equivalent cyclic pore

Stiffness Index, &y

Test: 11; Soil: Nevada Sand; €=0.6; w=0%
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Shear strain, Y (%)

Normalized horizontal shear stress,
*=t/0",,

Normalized equivalent pore water
pressure change, Au*=Au/ao’,,

Test: 12; Soil: Nevada Sand; e=0.63; w=0%
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Normalized horizontal shear stress, t*=t/0",,

Normalized equivalent pore water pressure change,

Test: 12; Soil: Nevada Sand; e=0.63; w=0%
o'\c=162 (kPa); OCR=1; 1=0.10"v, f=0.01 Hz

Normalized horizontal shear stress vs. Shear strain
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8. Analysis and comparison of the test results on cyclic pore water pressure buildup and

stiffness change

In this chapter the test results are analyzed to examine whether and to what extent they
agree with the findings by Mortezaie (2012) and Vucetic and Mortezaie (2015) for various

testing conditions. That is, if they agree with the trends shown in Figures 1.4 through 1.6.

The cyclic shear strain amplitudes, Y, in the tests analyzed here range from 0.0032% to
0.16%. However, in all but two tests/stages yc was 0.08% or less. The two exceptions are the
last stage 7 of Test 7 with Y'c=0.163% and the end of the cyclic stress-controlled Test 12 when
Yc reached around 0.16%. In some stages Y'c was below the threshold shear strain for cyclic
pore water pressure buildup Y'=0.01, but in most of them it was above. Accordingly, to
analyze systematically how the stiffness index dn of sand changes with the number of cycles,
N, and how it is related to the increase of the cyclic pore water pressure Aun, the test results

are divided in the following groups with respect to amplitude Y:

- Tests with Y¢<0.01%, i.e., the tests with Y'¢c below the cyclic threshold shear strain
Y'p=0.01% below which the cyclic pore water pressure practically does not build up.

- Tests with Y=0.01%, i.e., at the cyclic threshold shear strain Y=~0.01% when
extremely small cyclic pore water pressure may or may not build up.

- Tests with Y'¢=0.016% when very small cyclic pore water pressure builds up.

- Tests with Y'¢c=0.02% when small cyclic pore water pressure builds up.

- Tests with Y'¢=0.03% when small cyclic pore water pressure builds up

- Tests with Y'¢=0.04% when small to moderate cyclic pore water pressure builds up.

- Tests with Y¢=0.06% when moderate to significant cyclic pore pressure builds up.

- Tests with Y'c=0.08% when significant cyclic pore water pressure builds up.

- Cyclic stress-controlled tests
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Tests with Y<0.01%

Figure 8.1(a) shows the stiffness index, on, with the number of cycles, N, the normalized
cyclic pore water pressure buildup, Aun*, with N that is negligibly small, and the relationship
between dn and Aun™* for the cyclic stages (cyclic tests) when the specimens were consolidated
prior to cyclic shearing with Y smaller than 0.01%. For the stages when there was no
reconsolidation dn versus N is shown in Figure 8.1(b). The legends in the plots indicate the test
and stage number, whether specimen was dry or saturated, and the vertical effective

consolidation stress, c’vo.

In Figure 8.1(a) it can be seen that the stiffness index goes down with N only in one of the
five cases, i.e., in test 7.1. In three tests it goes up (Test 4.6, Test 9.1 and Test 10.1) and in one
it fluctuates around zero (Test 5.6). The cyclic pore water pressures in all 5 tests slightly
increased but they are so small that their measurement may not be very accurate. Nevertheless,
the results show that the phenomenon of increasing dn with N occurs at very small cyclic strains
below 0.01% way more often than not, and that it happens when very small cyclic pore water
pressures build up. It should be noted that the above trends do not show any correlation with
the sequence of loading, i.e., whether the cyclic stage was or was not preceded with stages
having larger or smaller, Y'c. They also do not show any correlation with the effective confining

stress.

For the cases when there was no reconsolidation between the stages, shown in Figure
8.1(b), very similar trends can be observed, i.e., that the stiffness index increases in three out
of four cases. Furthermore, the above results are obtained on three different sands. Tests 4, 5
and 7 are conducted on Nevada Sand, Test 9 on Toyoura Sand and Test 10 on Red Coarse

Sand.
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Stiffness index vs. Number of cycles
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Figure 8.1 Behavior of sands at Y'c<0.01% - specimens in Tests 4, 5 and 7 are Nevada Sand,

in Test 9 Toyoura Sand and in Test 10 Red Coarse Sand
Tests with Yc=0.01%

Figure 8.2(a) shows the stiffness index, on, with the number of cycles, N, negligible
normalized cyclic pore water pressure buildup, Aun*, with N, and the relationship between o
and Aun* for two cyclic tests (cyclic stages) when the specimens were consolidated before the
cyclic shearing with Y'c = 0.01%. The stiffness index, dn, with the number of cycles, N, for two

cases when there was no reconsolidation between the stages is shown in Figure 8.2(b).

In Figure 8.2(a) it can be observed that in one case dn slightly increase with N and in the
other it more or less does not change, i.e., stays around 6n=1, while in both cases Aun* slightly
increases with N. These trends are also evident in the Aun* versus on relationships. It should
be noted that these two stages were conducted at the same c’vo but one was on dry and the other
on saturated sand. The results of the two tests are very similar, indicating that the dry specimen
can be tested in the constant-volume equivalent-undrained NGI-DSS device to obtain the

results corresponding to the saturated specimen. However, so obvious similarities are not
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obtained between other stages of Tests 4 and 5 that were identical except that one test was

conducted on dry and the other on saturated specimen.

For the cases when there was no reconsolidation between the stages, shown in Figure

8.2(b), in one case on slightly increase with N and in the other it slightly decreases.
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Stiffness index vs. Number of cycles
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Figure 8.2 Behavior of sands at Y'c=0.01% - specimens in all Tests are Nevada Sand

Tests with Y:=0.016%

Figure 8.3 shows the stiffness index, on, with the number of cycles, N, from two stages
that have shear strain amplitude, Y = 0.016% and similar c’vo. One stage was conducted on
Toyoura Sand (Test 9.3) and the other on Red Coarse Sand (Test 10.3). Both stages are from
the test that had no reconsolidation between the stages. In both stages on first slightly increase

with N, and then for Toyoura Sand it seems to level off while for Red Coarse Sand it decreases.
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Stiffness index vs. Number of cycles
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Figure 8.3 Behavior of sands at Y'c=0.016% - specimen in Test 9 is Toyoura Sand and in Test

10 Red Coarse Sand - specimens are not reconsolidated between the cyclic stages

Tests with Y=0.02%

Figure 8.4 shows the results from five tests (five stages) conducted at shear strain
amplitude, Y¢ = 0.02%. All of them are conducted on Nevada Sand. The results for two cyclic
stages that had reconsolidation between the stages are presented in Figure 8.4(a), while the

results for three stages without reconsolidation are presented in Figure 8.4(b).

In Figure 8.4 (a) it can be observed that in both stages, o initially slightly increase with
N. In one case it then more or less levels off, while in the other it decreases. These trends are
also evident in the Aun™ versus on relationships. It should be noted that these two stages were
conducted at the same o’vo but one was on dry and the other on saturated sand. While the
relationships dn versus N are quite similar, Aun* versus N relationships are not. In saturated
specimen Aun* increases faster with N. However, such small measurement of equivalent cyclic

pore water pressure may not be very accurate.

For the cases when there was no reconsolidation between the stages, shown in Figure

8.4(b), in all three cases dn slightly increase with N and then slightly decreases.
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Stiffness index vs. Number of cycles

1.1
=z

3 1 —,——— o — —

[J]

E 0.9 —@—Test 6.3 - Dry; 117 kPa
(%]

o Test 7.4 - Dry; 217 kPa
g 0.8

£

b= Test 8.2 - Dry; 75 kPa
» 0.7

0 2 4 6 8 10 12

Number of cycles, N
b) Specimen is not reconsolidated between the cyclic stages

Figure 8.4 Behavior of sands at Y'c=0.02% - specimens in all Tests are Nevada Sand

Tests with Y=0.03%

Figure 8.5 shows the stiffness index, dn, with the number of cycles, N, from three stages
that have shear strain amplitude, Y¢ = 0.03%, different o’vo, and are conducted on three
different soils. One stage was conducted on Nevada Sand (Test 8.3), the other on Toyoura Sand
(Test 9.4) and the third on Red Coarse Sand (Test 10.4). All three stages are from the tests that
had no reconsolidation between the stages. In all three cases on first increased with N and then
decreased. However, in Toyoura sand the increase was substantial, by 10%, while in the other

two cases it was small, and in the case of Nevada Sand on dropped slightly below 1.
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Stiffness index vs. Number of cycles
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Figure 8.5 Behavior of sands at Y'c=0.03% - specimen in Tests 8 is Nevada Sand, in Test 9

Toyoura Sand and in Test 10 Red Coarse Sand

Tests with Yc=0.04% with many cycles

Figure 8.6 shows the stiffness index, on, with the number of cycles, N, from two stages
from Test 2 on Nevada sand with amplitude Y'c = 0.04% that were conducted in sequence at
different o’vo for many cycles. Between the stages the specimen was reconsolidated. The dn
variation with N from both stages is quite similar, but due to the different c’vo the variation of
Aun* with N is not. If the confining stress is larger it can be expected that the increase of Aun*
with N in cyclic strain-controlled tests is slower (see Dobry at al, 1982). This is the trend in
Figure 8.6. Consequently, due to the different rates of Aun* increase, the dn versus Aun®

relationships are similar in shape but shifted along the Aun* axis.

These two test results confirm the behavior of saturated sands described earlier by
Mortezaie Vucetic. They confirm that for Y'c between the threshold cyclic strain Yp~0.01% and
0.10 to 0.15%, Aun continuously increases with N while modulus Gsn first increases for up to

approximately 10% of Gs: and then gradually decreases, and that in this range of Y'c the pore
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water pressure Aun can reach up to 40% of the initial effective confining stress before Gsn

drops below Gs:.

Stiffness index vs. Number of cycles
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Figure 8.6 Behavior of sands at Y'c=0.04% - specimens in all Tests are Nevada Sand
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Tests with Y'¢=0.04% with 10 cycles

Figure 8.7(a) shows the results from six cyclic stages that were conducted at Y'c = 0.04%
in the tests that had reconsolidation between the stages. The results for a cyclic stage without

reconsolidation are shown in Figure 8.7(b). All stages are conducted on Nevada Sand.

In Figure 8.7(a) it can be observed that in all five stages presented, dn initially increased
with N. In three cases it then more or less leveled off, while in the other two cases it decreased.
These trends are also evident in the Aun* versus o relationships. It should be noted that in 4
out of 5 stages in Figure 8.7(a) o’vo Was practically the same, ranging between 145 and 150
kPa, while in one stage it was 300 kPa. Also 3 out of 5 stages were conducted on saturated sand
and two on dry sand. No particular effect of o’vo and saturation of specimen on on versus N
relationship can be recognized. The Aun* versus N relationships show that for the stages
consolidated or reconsolidated to o’vo of 145 or 150 kPa the pressure Aun* increases with N at
faster rate than for stage with ¢’ =300 kPa. This is expected trend. Very similar rates of Aun*
versus N for all four stages with ¢’y =145 to 150 kPa, two on dry and two on saturated sand,

confirm that a dry specimen can be tested in the constant-volume equivalent-undrained NGI-

DSS device to obtain the results corresponding to saturated specimen.

For the case when there was no reconsolidation between the stages, shown in Figure 8.7
(b), o first increases with N and then just slightly decreases, just like in the most of the stages

with reconsolidation presented in Figure 8.7(a).

151



Stiffness Index, &y

Normalized equivalent cyclic

Stiffness Index, &

Stiffness index vs. Number of cycles

1.2

1.1
m —@—Test 2.1 - Saturated; 150 kPa
1

—@—Test 2.2 - Saturated; 300 kPa

0.9

08 ~—@—Test 4.3 - Dry; 145 kPa

0.7 Test 5.3 - Saturated; 145 kPa
0 2 4 6 8 10 12  —@—Test6.2 - Dry; 150 kPa

Number of cycles, N

Normalized equivalent cyclic pore water pressure change vs.
Number of cycles

)

oo

&

< 0.3

© g

v 45 0.25

2 > —@— Test 2.1 - Saturated; 150 kPa
2 202

(O]

5 7015 ——Test 2.2 - Saturated; 300 kPa
— =2

g3 01 —@—Test 4.3 - Dry; 145 kPa

2 0.05

1) 0 Test 5.3 - Saturated; 145 kPa
o

o 0 2 4 6 8 10 12 —@—Test 6.2 - Dry; 150 kPa

Number of cycles, N

Stiffness index vs. Normalized equivalent cyclic pore water
pressure change

1.2

1'1 / %_‘;_“ —@— Test 2.1 - Saturated; 150 kPa

! —@— Test 2.2 - Saturated; 300 kPa
g:: —@— Test 4.3 - Dry; 145 kPa

0.7 Test 5.3 - Saturated; 145 kPa
0 0.05 0.1 0.15 0.2 0.25 0.3 —@—Test 6.2 - Dry; 150 kPa

Normalized equivalent cyclic pore water pressure change, Auy*=Au,/c',.

a) Specimen is reconsolidated between the cyclic stages

152



Stiffness index vs. Number of cycles
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Figure 8.7 Behavior of sands at Y'c=0.04% - specimens in all Tests are Nevada Sand

Tests with Y¢=0.06% with many cycles

Figure 8.8 shows the results from three stages from two tests on Nevada sand with
amplitude Y. = 0.06% that were conducted at two different c’vo, 150 and 300 kPa, for many
cycles. Between the stages the specimen was reconsolidated. The variation of oy with N from
two stages with o’vo =150 kPa is quite similar, same as the variation of Aun* with N in spite of
the fact that one specimen was dry and the other saturated. For the stage with higher ¢’©=300
kPa, on versus N plots higher, while Aun* with N, as expected, plots lower. At 6’v=300 kPa
the stiffness decreases slower with N than in tests with o’=150 apparently because of the

slower increase of Aun*. The on versus Aun* relationships reflect all the above trends.

Just like in the stages with Y'c = 0.04% with many cycles (Figure 8.6), the test results from
stages with Y'c=0.06% confirm the behavior described earlier by Mortezaie Vucetic. They show
clearly that for Y'¢ between the threshold cyclic strain Yp~0.01% and 0.10 to 0.15%, Aun

continuously increases with N while modulus Gsy first increases for up to approximately 10%
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of Gs:1 and then gradually decreases, and that in this range of Y'c the pore water pressure Aun

can reach up to 40% of the initial effective confining stress before Gsn drops below Gs:.

Stiffness index vs. Number of cycles
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Figure 8.8 Behavior of sands at Y'c=0.06% - specimens in all Tests are Nevada Sand
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Tests with Y=0.08%0

Figure 8.9(a) shows the results from six stages conducted at shear strain amplitude Y. =
0.08% from the tests with reconsolidation between the stages. The stages are conducted on
three different sands. The on versus N relationships for three cyclic stages from the tests

without reconsolidation are presented in Figure 8.9(b).

In Figure 8.9(a) it can be observed that in all six stages presented 3y initially increases with
N and then decreases. In some cases, the increase of dn is quite small while in others it is by
10%. Pressure Aun*, however, consistently increased at pretty much the same rate in all six
stages. These trends are also evident in the Aun™ versus dn relationships. It should be noted that
in all stages o’vo is practically the same, either 145 or 150 kPa. In 4 out of 6 stages specimens
were dry and in two they were saturated. It can be noticed that dn versus N relationships for

dry sands plot somewhat higher than for saturated sand.

The results for three stages when there was no reconsolidation between the stages, shown
in Figure 8.9(b), were obtained on three different sands. In two of them on first slightly

increases with N and then decreased, while in the third case of Test 10.5 it just decreased.

Except for the unexpected behavior in Test 10.5, all other results are in agreement with the
trends obtained by Mortezaie and Vucetic, as well as those obtained above for great majority

of tests.
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Stiffness index vs. Number of cycles
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Figure 8.9 Behavior of sands at Y'c=0.08% - specimens in Tests 4, 5,6,7 and 8 are Nevada

Sand, in Test 9 Toyoura Sand and in Test 10 Red Coarse Sand

Cyclic stress-controlled tests

For the analysis of the change of stiffness in the cyclic stress-controlled tests when the

cyclic shear stress amplitude tc1= ten = ¢ the stiffness index is defined as:

Tc/
S = GSN _ /YN _ Ye1
N - G - Tc/ -
S1 Ye1 YceN
Mortezaie (2012) and Vucetic and Mortezaie (2015) have already concluded, based on just
one test and the mechanism that is most likely responsible for the cyclic stiffening in the
beginning of cyclic shearing at small cyclic strains, that the phenomena of cyclic stiffening
while the cyclic pore water pressure increases must also occur in the cyclic stress-controlled

tests on sands. They actually conducted Tests 11 and 12 but did not analyze them.

The results of Test 12 turned out as expected. During the cyclic shearing with constant

cyclic shear stress, t.=0.1 o'\, the strain first decreased and then increased, while the cyclic pore
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water pressure gradually increased. The cyclic shear strains in the first 10 cycles were roughly
between 0.06% and 0.04%. The cyclic behavior resulted in a relationship between the stiffness
change and the cyclic pore water pressure buildup presented in Figure 8.10 that is typical of

the strain-controlled test results.

Stiffness index vs. Normalized equivalent cyclic pore water
pressure change
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Figure 8.10 Behavior of Nevada sand in the cyclic stress-controlled Test 12 with 1.=0.10'

[e=0.63; w=0%; o'c=162 (kPa); OCR=1; t.=0.10"vc; f=0.01 Hz]

However, the test results of Test 11 conducted at constant t.=0.08c’\c are not as consistent
with the strain-controlled test results with similar levels of Y. The stiffness index increased
in the first 4 cycles by staggering 40%, including the increase in the second cycle by 30%. The
test results were reexamined and scrutinized but no explanation was found, except that the sand
specimen was perhaps very nonuniform in terms of void ratio and density to start with and
readjusted in the first few cycles. Although the trend of the relationship between the stiffness
index and the cyclic pore water pressure is similar to the other tests with comparable conditions,
the stiffness index values are clearly not. This test is apparently an outlier and it will not be

considered in future analyses.
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Conclusions

The cyclic strain-controlled test results analyzed above show that the phenomenon of the
stiffness increase with the number of cycles occurs for different sands tested at small cyclic
shear strain amplitudes up to approximately Y'c=0.1% at various combinations of precycling,
reconsolidation and no reconsolidation, saturation and confining stress. The shear modulus at
cycle N, Gsn, may increase by 20% in comparison to the initial Gsi at N=1, although in most
cases it does not increase by more than 10%. In only four cases (stages 7.1, 7.2, 7.3 and 4.5)
out of 43 cases (43 cyclic stages) analyzed above had Gsy initially just slightly decreased in
comparison to Gs; and those were all recorded at very small cyclic shear strains Y'¢c=0.01% or
smaller when testing and data interpretation are more delicate. Given enough cycles the
stiffness that initially increased then decreased, as expected. The results also show that the
initial stiffness increase occurs in spite of the increase of the cyclic pore water pressure, Aun,
and associated decrease of the effective stress, and that Aun can reach up to 40% of the initial

effective confining stress before Gsn drops below Gsi.

The phenomena described above also occurred in the cyclic stress-controlled tests, i.e.,

Tests 11 and 12, although in Test 12 the stiffness index increase was inexplicably large.

In conclusion, the above phenomena of cyclic behavior of saturated sands at small cyclic
strains already identified and explained by Mortezaie (2012) and Vucetic and Mortezaie (2015)
are confirmed for a number of different testing conditions. Consequently, these behavioral

phenomena can be considered universal for sands.
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9. Limitations of the effective stress principle as applied to cyclic loading

The aspect of the cyclic behavior of saturated sands in undrained conditions investigated
in this thesis and before by Mortezaie and Vucetic are newly discovered and as such not
adopted yet by the soil dynamics engineering practice. Because of their fundamental and
universal nature these aspects are very important, in particular for the refinement of the
analyses of the problems associated with the softening of sandy saturated deposits leading to
liquefaction. They are not adopted and it will take some time to be adopted because they do
not agree with the effective stress principle that is currently unconditionally used to evaluate
the softening of sand due to the cyclic pore water pressure buildup. The general belief is that
if the cyclic pore water pressure increases and the effective stress decreases accordingly, the
saturated sand must soften, i.e., its stiffness must decrease. This concept is, as already
explained in the Introduction, incorporated in various computer models for the evaluation of
the seismic response of saturated sandy deposits, in particular the models for the evaluation of

the liquefaction occurrence.

The results in this thesis and similar previous results show that in the case of the cyclic
shearing of saturated sands in undrained conditions at cyclic shear strain amplitudes, Y,
smaller than approximately 0.1 to 0.15% sand can increase in stiffness while the cyclic pore
water pressure increase and then, after certain number of cycles, the stiffness starts to go down.
The results show that by the time the soil stiffness comes down to the initial stiffness before
the cyclic shearing started, the cyclic pore water pressure may reach up to 40% of the initial
effective confining stress. This means that there is no softening of the sand even though the

pore water pressure increased by 40% of its maximum possible value.

All of these indicate that the effective stress principle is not as useful for the analyses of

the softening of the fully saturated sandy soils as it is currently believed. The effective stress
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principle should be combined with the behavioral trends established by Mortezaie and Vucetic
and confirmed in this thesis to improve the models for the evaluation of sand softening induced

by cyclic loading, in particular the softening leading to liquefaction.

10. Analysis of the variation of the equivalent viscous damping ratio with the number of

cycles

Mortezaie (2012) briefly tackled the relationship between the area of the loop and
associated damping ratio and the change in stiffness of Nevada sand subjected to small cyclic
shear strains. In this chapter, the variation of the equivalent viscous damping ratio, A, with the
number of cycles, N, and how it relates to stiffness index, on, is analyzed further. The
equivalent viscous damping ratio, A, is plotted against N in Chapter 7 for 14 stages conducted
on Nevada sand at o'c between 145 and 150 kPa, OCR=1, f=0.01 Hz, water content, w,
between zero and 18.63%, and Y between 0.02 and 0.08%. The equivalent viscous damping
ratio, A, was not calculated for Y'c smaller than 0.02% because at smaller Y'c the results may not
be reliable enough due to the false loads and their imperfect correction. Furthermore, A was
calculated from cycle 2 onwards, because the first cycle loop is not fully closed and therefore

does not conform with the definition of A in figure 6.1.

For convenience, the above 14 results on damping are repeated at the end of this chapter
along with the variations of A with log N. The A versus log N graphs are added to examine if
the relationships will be more or less linear like in some previous studies (e.g., Dobry and
Vucetic, 1987; Hsu and Vucetic, 2002).

The results presented at the end of this chapter reveal that the general trend of A with N is
that it is always the largest in the first cycle considered, i.e., N=2, and that it is getting smaller

with N at a lower and lower rate until it eventually almost stabilizes at around N=10. Such
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trend yields in many cases almost linear relationship between A and log N, or a trend of the rate
of A with log N very slowly dropping. In 13 out of 14 cases, from N=2 to N=10 A dropped by
15 to 30%. This is a substantial drop that should not be ignored in certain soil dynamics
analyses. In just one case A dropped by only 6%.

The above trends have been observed in previous investigations of the cyclic-strain
controlled behavior of sands and clays in the cyclic direct simple shear device (Vucetic et al.,
1983; Dobry and Vucetic, 1987; Hsu and Vucetic, 2002). They indicate that smaller and smaller
shear force is required to achieve the same shear distortion as the cycling with a constant Y

goes on. In other words, smaller and smaller energy input is required to describe the loop.

To investigate further these trends of A and how they are related to the changes in soil
stiffness and associated stiffness index, 6, one more cycle is added to the analysis. This is the
cycle from ¥4 of the first cycle to ¥ of the second cycle, i.e., from N=0.25 to N=1.25, such as
shown in Fig. 10.1 for Test 5.1. This cycle is referred to as the cycle N=1.25, because A is
determined at the end of it. This is the earliest cycle that A can be determined for, i.e., the
earliest cycle to evaluate the energy required to describe the cycle at Y. Results of only two
representative tests, Test 5.1 conducted at Y'c=0.08% and Test 4.3 conducted at Y'c=0.02%, are
analyzed below. For convenience only the damping obtained using standard method with just

one triangle divided by the area of the loop is used in the analysis.

In Figure 10.2 four loops from Test 5.1, including the loop for cycle N=1.25, are presented
for comparison. It can be seen clearly that the area of the loop, AW, is the largest in cycle
N=1.25 and markedly larger than in cycle N=2, and that it decreases with N. In Table 10.1 the
variations of AW, area of the associated triangle, W, damping ratio, A, normalized cyclic shear

stress, tc*, and stiffness index, 8, with N are tabulated for all 10 cycles, while the corresponding
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graphs are presented in Figure 10.3. The same is done for Test 4.3 in Table 10.2 and Figure

10.4.

The data in the tables, and in particular the graphs in Figures 10.3 and 10.4, show that in
the first few cycles the area of the loop, AW, dramatically decreases with N while the soil
stiffness increases (Test 4.3) or increase and decreases (Test 5.1). This is counterintuitive,
because if the stiffness is going up the average shear force is going up too, and the area of the
loop, AW, that describes the specific energy associated with this larger force (energy per unit
volume) in a given cycle over the constant path corresponding to constant shear strain, Y,
should go up too. But as 6 goes up AW goes down. Apparently, because the energy per cycle
is decreasing while the material is getting stiffer, there must be a strong mechanism for the loss
of energy in the soil material. At the same time, as expected, the area of the triangle, W, changes
in the same manner as the cyclic shear stress amplitude, tc, and the corresponding stiffness
index, 8. It should be noted that no matter what the trend of W is, the changes of W with N are
so small that the trend of A follows the trend of AW and vice versa. In conclusion, since the
damping decreases in all 14 tests, as well as in a number of cyclic strain-controlled undrained
or constant-volume equivalent-undrained tests on other sands and clays conducted in the past,
the energy required to execute a cyclic loop in a cyclic strain-controlled test at small to
moderate Y'c will always decrease with N. This also means that in order for AW to decrease
with N soil must be getting less and less nonlinear with N. The fact that the nonlinearity

decreases with N is evident in Figure 10.3.

In summary, the relationship between the variation of the equivalent viscous damping
ratio, A, and the change in soil stiffness described by stiffness index, &, cannot be easily

explained. This problem is out of the general scope of this thesis and is not tackled here further.
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This interesting problem of cyclic soil behavior is of a fundamental nature and it should be

studied in the future.
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Table 10.1 Test 5.1 Damping and stiffness index data
[Soil: Nevada Sand; ¢=0.774; w=18.63%, c'v\c=145 (kPa); OCR=1; Y=0.08%, f=0.01 Hz]

Area of loop Area of . Normalized St_lffness
Cycle . Damping . index
(Energy triangle i peak horizontal .
number density) (0.5 1070) ratio shear stress according to
) Terye column 5
1 2 3 4 5 6
N AW wW A Tc* d
- kPa kPa % - -
1 0.085 1
1.25 0.019 0.0038 27.9
2 0.016 0.0038 22.3 0.096 1.05
3 0.013 0.0036 20.0 0.092 1.00
4 0.011 0.0035 18.6 0.088 0.96
5 0.0109 0.0033 17.8 0.085 0.93
6 0.0103 0.0032 17.5 0.081 0.90
7 0.0101 0.0030 17.9 0.077 0.88
8 0.0096 0.0029 17.8 0.074 0.86
9 0.0088 0.00288 16.8 0.072 0.82
10 0.0090 0.00280 17.7 0.070 0.81

Table 10.2 Test 4.3 Damping and stiffness index data
[Soil: Nevada Sand; €=0.802; w=0%, o'vc=145 (kPa); OCR=1; Y=0.04%, f=0.01 Hz]

Area of loop Area of . Normalized peak St_|ffness
Cycle . Damping . index
(Energy triangle ) horizontal shear )
number density) (05 To-70) ratio stress according to
) Tere column 5
1 2 3 4 5 6
N AW W A Tc* d
- kPa kPa % - -
1 0.098 1.00
1.25 0.0048 0.0022 12.1
2 0.0035 0.0022 8.8 0.109 1.06
3 0.0031 0.00224 7.7 0.111 1.07
4 0.0029 0.00226 7.1 0.112 1.07
5 0.0027 0.0023 6.5 0.114 1.08
6 0.0026 0.0023 6.2 0.114 1.09
7 0.0025 0.00228 6 0.113 1.08
8 0.0024 0.0023 5.8 0.114 1.09
9 0.00238 0.0023 5.6 0.114 1.09
10 0.00232 0.00228 5.5 0.113 1.07
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[Soil: Nevada Sand; ¢=0.774; w=18.63%, c'\c=145 (kPa); OCR=1; Y'¢=0.08%, f=0.01 Hz]
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[Soil: Nevada Sand; ¢=0.802; w=0%, o'.c=145 (kPa); OCR=1; Y=0.04%, f=0.01 Hz]
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11. Summary and conclusions

Six constant-volume equivalent-undrained NGI direct simple shear cyclic tests on a sand
called Nevada sand were conducted and analyzed and the results of six similar tests conducted
earlier on Nevada sand and two other sands are analyzed. Ten tests were cyclic strain-controlled
with constant cyclic shear strain amplitude, Y'¢, and two were cyclic stress-controlled with
constant cyclic shear stress amplitude, tc. Some cyclic strain-controlled test had just one cyclic
stage and some several stages with different Y'c in each stage. The cyclic stress-controlled test
were single stage tests. The amplitudes Y applied in the tests were between 0.003% and 0.16%,

so the conclusions from this investigation are applicable just for this rage of Y.

The research is a second phase of the research on the cyclic behavior of fully saturated
sands in undrained conditions focusing on the change of the soil’s secant shear modulus, Gsn,
with the number of cycles, N (change of soil stiffness), change of the associated stiffness index,
dN=Gsn/Gsz, buildup of cyclic pore water pressure, Aun, with N, and the relationship between
dn and Aun. The variation of the specific energy, W, described by the area of the cyclic stress-
strain loop and the associated equivalent damping ratio, A, are also analyzed. The first phase of
the research published in Mortezaie (2012), Mortezaie and Vucetic (2012) and Vucetic and

Mortezaie (2015) provides the following conclusions on the relationships listed above:

“(i) at very small y. below the cyclic threshold shear strain y, where there is no buildup of cyclic
pore water pressure, Aun, with the number of cycles, N, the cyclic secant shear modulus, Gs,
initially increases with N for 10 to 20% of its initial value Gsi1 and then levels off or just slightly

decreases,

(i) at small y: between %,~0.01% and 0.10 to 0.15%, Aun continuously increases with N while

modulus Gsnfirst increases for up to 10% of Gsi and then gradually decreases, and
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(iii) at y. approximately larger than 0.15% relatively large Aun develops with N while modulus
Gsn constantly and significantly decreases.

This means that at y. between y, and 0.10 to 0.15% the sand stiffness initially increases with
N in spite of the reduction of effective stresses caused by the cyclic pore water pressure
buildup. In this range of y. the pore water pressure Aun can reach up to 40% of the initial
effective confining stress before Gsy drops below Gsi.”

...... evidence shows that this kind of behavior is neither a consequence of laboratory
procedure nor the specimen boundary conditions, nor the errors by experimentalists. In
conclusion, the above undrained cyclic behavior is intrinsic to fully saturated sands, i.e., such
a behavior is a common property of fully saturated sands cyclically sheared under different

undrained loading conditions.”

The test results analyzed in the first phase encompassed the following tests and conditions:
single stage cyclic strain-controlled simple shear tests, a single cyclic stress-controlled simple
shear test, multi-stage cyclic strain-controlled simple shear tests with Y’ increasing in each
subsequent stage, and multi-stage cyclic strain-controlled triaxial tests with Y'c increasing in
each subsequent stage. Because of the importance of the findings it was decided to run more
tests and analyze some previous tests that cover more testing conditions. Accordingly, in the
investigation described in this thesis the following additional conditions and tests are
examined: various combinations of consecutive Y’ in the cyclic strain-controlled tests with
and without reconsolidation between the stages, including when Y'c decreased stage after stage,
cyclic strain controlled test with many cycles, cyclic stress-controlled tests with many cycles,
same test at different confining pressures, same tests with saturated and unsaturated specimens

tested under constant-volume equivalent-undrained conditions, and test on two more sands.
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The above new tests and analyses of previous tests covering new conditions fully
confirmed the findings and conclusions from the first phase. This means that the above aspects
of the behavior of fully saturated sands are truly universal and must be taken into consideration
in the analyses of soil dynamics problems, in particular the problems of cyclic shearing of sands
leading to liquefaction. The only new finding is that in some cases 6n may increase by 20%

before it starts to decrease, not just 10% as suggested in the first phase.

The analysis of the areas of the loops representing the specific energy, W, and associated
damping ratio, A, confirmed previous observations that W and A decrease with N, with the
largest decrease in first few cycles and a gradual drop of the rate of decrease with N, such that

A versus log N relationship is often described by more or less a straight line.
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