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ABSTRACT

Monotonic, cyclic and shear wave response of five different quartz and silica sands was
investigated from a varied and extensive data base consisting of dranedonic direct simple
shear tests, undrained cyclic direct simple shear tests, undrained cyclic triaxial tests and shear
wave velocity tests. Test data sets were obtained from the experimental studies conducted by
previous researchers. Approximately 566ts in all were analyzed to examine cyclic sand
behavior at large strains (0.1% to 4%) and small strains (less than 0.1%) under a range of

constituent and initial conditions. The findings are presented in three chapters.

The overall objective of this researchasobtaina better understanding of the strength and
degradation characteristics of sands over a wide range of dbawarious constituent and

initial parameters. Extensive studies in the past showed thabshadior becomes significantly
nonlinear at large strains. The application of linear equivalent methods for shear strains larger
than 0.1% can lead to erroneous results in the calculation of degradation parameters of sands.
Numerical analyses and constitet models are helpful to consider the nonlinear behavior of soil
at these large strains. However, numerical models are required to be calibrated based on
experimental data. The question is how to perform a reliable calibration with experimental
results fo high strains where the standard linear equivalent methods applied to laboratory
experimental data becomes erroneous. This question was the main motivatiostofighishe
overall contributiorherecan be summarized #s development of a new calcuitat method to
evaluate soil damping ratio more realistically at large strains (i.e., 0.1% to 4% shear strain, or the
onset of liquefaction)and investigating the effect of various parameters on the soil behavior at

these large strains with this new method



In order to make a better assessment on the plausibility of the new method, sand behavior was
investigated both in the small and large strain range by medaisorvftory experimental data on
themonotonic and cyclic strengtif a series of sandas wd ason theshear wave velocity

responsef some of these sands

In Chapter 1the behavior of sands was examined under drained monotonic and undrained cyclic
loadingat moderately small to larggtrairs. A previousdata setleveloped at thEniversityof

Hawaii wasused for this. This allowecbnsideratiorof the combined effestof gradation and

fines content on sand behavior. The data analysis was extended to the range of very small strains
by means of prshear and posdiquefaction shear wave velibg measurements. The combined

effect of gradation and fines content represents a uimgestigation as previous studidsgve

focused either solely on the fines contemtsolely ongradationcharacteristics Earlier studies

on the effects of fines contetypically involved combination of a clean sand base with various
amounts ohonplastic silt and clay fractionsvhich can lead to unnatural gedabns especially

at the transition from fine sand to silt and clay. A maeetul approach, as followed in this

study, is based on experimental data from assembled gradations that cover a range of smooth
grain size distributions spanning from coarse sand to silt and clay sizes. Both poorly graded and
well-graded distributions we considered. The key parameters in shiglywere the amount of

fines (finescontentFC), texture (mean grain siZ®;) and gradatiorfuniformity coefficientCy).

Monotonic and cyclic response wiasestigated with regard to these parameters.



The main findings of Chapter 1 show that the ovemalhotonic, cyclic and shear waliehavior

of sands is primarila function of the amount afon-plastic finesandgradation plays a

secondary but still important rol&/hereas static shear strength &feel sands decreases slightly
with a decreasing mean grain size, cyclic shear strength and shear wave velocity appear to be
relatively independent ddso. An increase i, leads toadecrease both in the static and cyclic
strength of sands. Shear wavansmissiorbecomes slower with an increaseCip which

indicates less stiffness of the saad can be assessed by the initial shear modulus from shear
wave velocity measurements. Addition of small amount of fines causes an initial strength
increase irboth static and cyclic tests, which is followed byoatinuousdecrease after a

threshold value of fines (in static tests less than 5%, in cyclic tests aroundTle drop in the
cyclic strength by addition of fines was more pronounced vhencreasedindicating the
importantrole of the gradation parameit€g on silty sandsalthough the major effect is still the
amount of finesTrends in postiquefaction shear wave measurements over different gradations
and fines contents also indicate that fineatent has a more significant effect on olverall

sand behavior than the gradation does.

Chapter describes a new method developed in this study to calculate damping ratio of sands
from undrained, loagdontrolled cyclic tests. Different calculationpapaches available in the
literature werdirst examined in terms of their plausibility in the high strain range. The data
analysis on five widely ranging sands covering a significant set of initial conditions shows that
the available linear equivalent rheds of damping calculation lead to erroneous results, starting
from shear strains around 0.1%, due todhservecdighly nonlinear behavior of sands at large

strains.The newnumericalmethodcalculatesa more realistic dampingalue and this follows
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from consideration of the pore water pressure accumulation during undrained testing. The new
computational method follows the natural form of every hysteresis loop instead of relying on
approximations inherent in linear equivalent methods. The main findirthe Chaptecan be
summarized as follows: 1) A new method is develppatidatedand implemented numerically

to estimate damping more accuratelyaboratory cyclidirect simple sheand triaxial tests

which is also deemed to yield more plausit@sults at high and very high strains (larger than 1%
shear), for which there is very little published experimental data in the literature. 2) Previous
smaltstrain studies are based largely on stintrolled cyclic tests, whereas the new method is
devdoped for undrained loadontrolled cyclic triaxial or direct simple shear tests, which are the
most common types of laboratory cyclic tests. 3) A new guideline for damping ratio of clean
sands covering a very wide range of shear strains (0.1 to 4%)isgeaas an alternative to the
classic bounds by Seed and Idriss (19Alnost all previous laboratory studies document the
damping ratio behavior of sands only up to a shear strain level of about 1%. This new chart
extends the bounds to 4% strain anchaehelpful for the estimation of priquefaction

damping behavior of sandgiven thaffailure state during an earthquake is very likely to occur at
shear strains well in excess of 1%. These relatively large stia@mnksecome quite importaint

many pactical projects, such asthe design of offshore platforms, soil embankments,

excavations, slopes, levees, earth dams, dikes, etc.

Chapter Zinds a clearelationship between cyclic shear data and pore water pressure
accumulation in undrained tesWhile previous studies have suggedtedt there is a correlation
between dissipated energy during cyclic shear and accumulated excess pore water pressure in

undrained tests reinterpretation oprevious test resulisn five different sands with various
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initial material properties and test conditions indiséhat there is distinctcorrelation between
stored strain energy and accumulated pore water pressure, which was used to validate the new
calculation method to compute damping from undrained ctidigial and direct simple shear

tests. Thenewly developed method leads to a new interpretation of damping behavior at large
strains, which is distinctly different from trends noted by earlier studies that are based on

variations of the linear equivalentethod.

In Chapter 3the new method to compute damping is applied tange oflata setérom various
sources in order to understand the effects of constitutive and initial state parameters on the
damping behavior of sands at high strains. The controlling parameters of interest include shear
strain, number of cycles, cyclic stress ratio, vaitio, cyclic strength, gradation, confining

stress, noiplastic fines content and oveonsolidation ratio. Other parameters affecting the
damping behavioarealsoconsideredsuch as initial shear stress, drainage, degree of saturation,
frequency of lading, and plastic fines conteiithe newly calculatedamping ratig at high
strainsareconsistentvith those based on linear equivalent methodsratll strais. A

significant correlation between cyclic strength and damping ratio further verifie tatinsplity

of the proposedalculation methodAt constant cyclic stress ratio, confining stress and void

ratio, adecrease in cyclic strengfe.g, due to increasingonplastic fines contehteads tca

faster material degradatigamaller number of cyes to liquefactionpndlarger energy

dissipation resulting in a larger damping ration the other hand, a soil specimen wittpher

cyclic strengtihrequires more loading cycles to liquefjue toa slower material degradation and
smallerenergy dissipatiofsmaller damping raticgt similarhigh strains The proposed damping

ratio bounds for a wide range of clean sands in Chamezalso in a good agreement with test
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results for sands with negplastic fines content up to 25%. The résdlom Chapter 2 and 3 also
suggest that energyased liquefactioassessmems inherently superior to stressr strainrbased
liquefactionmethodsDue to thestrongcorrelation between cyclic strength and damping ratio,
general cyclic strength evaluatis(e.g. increase or decrease in cyclic strengamsulstitute for

assessments basedaamping ratipand this may be more convenient in many cases.

Chapter 4orovides the major conclusions of this stultyaddition, recommendatioase made
for further improvements the newdamping calculation methab that it can be extended to
othertesting conditionsAdditional recommendatioresemadefor the development &t
nonlinear equivalent calculationethod for evaluatinghear modulugom cyclic experimental
data.Otherrecommendationare presentedn the damping behavior of soils during the

liquefaction and podiquefaction phase.

The AppendixincludesMatlab scripts, which werdeveloped to analyze existitgporatorydata
sets Scripts weraleveloped to calculate damping basedaun different linear approachesnd
alsofor the newly devised methoddditional scripts were developdar evaluatinglinear
equivalent shear modulus based on different approaChiesr scripts are presentedatioalyze
the net energy gain portions of pore water presdatawith regard to dissipated and stored

energy.
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CHAPTER 1
SMALL AND LARGE STRAIN BEHAVIOR
(SHEAR STRAINS LARGER THAN 0.001%)

1.1 Introduction

The snall and large strain behavior of clean sandder monotonic and cyclic loaditgs been
researcheth the past extensivelfrhe dfect of fines content on th&atic anccyclic behavior of
sandsvas alsdnvestigated byreviousresearchersVhereagherearea few studies
concentrating solely on the effect of gradation, no comprehensive research ctowiddia the
literature that focuses on the combined effect of gradation and fines contgad behavipr
which is the mairobjectiveof this chapterFirst, with the help of a literature review, a general
understanding ofasxdbehavior under the mentionédo isolatedeffects (fines content and
gradation)will be discussed. Theia, more advanced understanding of the sandviehai large,
small and very small strains will be pursueith the help of results from a laboratory testing
program including drained monotoraadundrained cyclidirect simple shear tesésd shear
wave velocity measurements on both clean sandsilyndand mixturesThe research presented
in this chapter ipublished irajournal paperwhich isrefered toas Doygun et al. (201%) the

following text.

1.2 Literature Review

The monotonic and cyclic behavior of cohesionless sands has been stugteat detail under

both drained and undrained conditions (e.g. Lee and Seed 1967, Youd 1972, Castro 1975,
Ishihara 1993, Ishihara 1996 among many others). The effect of fines has also been addressed by
numerous researchers; however, there is no cleaeagnt in the literature as to the effect

which increasing fines content has upon the monotonic and cyclic resistance.of sand

Some researchers have shown that there is an increase in liquefaction resistance with increasing
fines content. For example, d&d on their monotonic undrained triaxial tests on loosely prepared
sand samples with varying percentages of both plastic anglastic fines, Pitman et al. (1994)

indicate that increased percentages of fines lead to less strain softening. Amini 2000Di (



studied the effect of low plasticity silts on the liquefaction resistance with the help of undrained
cyclic triaxial testsThey found that at constant void ratio and constant relative density,
liquefaction resistance of Ottawa-30 sands increasexth fines contents ranging from 10% to

50% for both uniform and layered soil conditions. This was the case despite the fact that the soil
fabric produced by the two methods of sample preparation was very different (moist tamping to
simulate homogeneousikoonditions, sedimentation to simulate layered soil conditions).

Carraro et al. (2003) performed undrained cyclic triaxial tests on Ottawa sand with 0, 5, 10 and
15% nonplastic fines over a wide range of relative densities for each gradation. Thé&s resu

show that for a given relative density, the cyclic resistance of sand increases slightly when small
amounts of noplastic silt are added. However, at around 15% silt content, the liquefaction
resistance decreases with further increase in fines. Basteir static, drained triaxial

compression and piezoceramic bender element test results, Carraro et al. (2009) reported that
state parameters like intergranular void ratio or skeleton void ratio may not be suitable to explain
the mechanical responsesainds containing different types of fines as these models cannot take
into account the effect of the intrinsic microstructural characteristics and plasticity of the fines.

On the other hand, some researchers report a decrease in liquefaction resistainceeasing

fines content. Based on their cyclic test results, Shen et al. (1977) showed that cyclic resistance
decreased as the fines content increased for samples prepared at constant dry density. Likewise,
Kuerbis et al. (1988), Finn et al. (1994) avaid (1994) report that liquefaction resistance of

sandy soils decreases as fines content increases at constant void ratio. The more recent research
by Stamatopoulos (2010) also indicates that the cyclic strength, at similar void ratio and

consolidation 8ess, decreases as the fines content increases.

Others have shown that monotonic or cyclic strength of sands first decreases with an increase in
fines content up to a threshold value. Beyond this threshold value, strength increases again.
Based on theicyclic triaxial tests, Polito and Martin (2001) observed that the cyclic resistance of
sand at constant void ratio first decreased with an increase -plastic silt content. After

reaching a minimum value at a fines content of 35%, cyclic resistatreaged with a further

increase in fines. Based on a series of monotonic undrained triaxial compression tests on Ottawa

sand mixed with varying amounts of aplastic crushed silica fines, Thevanayagam et al. (2002)



reported that at the same global voitiac@nd confining stress, shear strength of the silty sand
decreased with an increase in fines content up to a threshold value of around 25%. Beyond this
point, the shear strength started to increase again. The cyclic triaxial test results of Xenaki and
Athanasopoulos (2003) indicate that the cyclic resistance at constant void ratio decreases with an
increase in noiplastic fines up to a threshold value of 42%. Beyond this value, cyclic resistance

increases again with further addition of fines.

It is clea from these studies that there is not yet agreement on the precise effeciptdsi@n

fines on liquefaction resistance. It would appear that fines content alone might not be sufficient
to identify liquefaction potential in sandy soils. The reportedistufocused almost exclusively

on the amount of fines and they invariably sought correlations with this one quantity alone.
However, by simply combining a given clean sand with various amounts of fines results in
composite materials with artificial and $gibly nonnatural gapgraded gradations, and varying
values of uniformity coefficient@,) and curvature coefficienCf). It makes intuitive sense that
these additional parameters may also play a role in the onset of liquefactioohdjtisitakes

thes parameters into consideration.

Only a few studies have considered the effect of overall gradation, albeit in a limited manner.
Vaid et al. (1990) conducted undrained cyclic triaxial tests on three medium sands of varying
gradations. Their results showttht at low relative densities, poorly graded sand had a lower
cyclic strength than weljraded sands at the same relative density. However, the opposite trend
was observed at higher relative density. A series of undrained triaxial tests were performed by
Kokusho et al. (2004) on granular soils consisting of sand and gravel with different particle
gradations. Despite large differences in grain distributions, only a small difference was observed
in undrained cyclic shear strength for specimens having the salative density. The

liquefaction susceptibility of various graded fine to medium saturated sasiswestigated by
Yilmaz et al. (2008) in cyclic triaxial tests. The results indicate that no certain relationship could
be established between eitli&ror C; and the cyclic resistance. Furthermore, they recommend
that it would be more realistic to seek a relationship between cyclic resistance anbD gjtbDes

or Deo, than one betweel, or C; and cyclic resistance. The effect of gradation on the

liquefaction resistance of saisilt mixtures was also investigated by Belkhatir et al. (2011) in



monotonic and cyclic undrained triaxial tests. The monotonic test results showed that peak
undrained shear strength and residual undrained strength decreasad wittease iy, a

decrease iDsp and an increase in fines content in the range of 0 to 50%. The cyclic test results
indicated that the cyclic strength of the saidmixtures decreased with a decreasB:inor

Dso, and an increase in fines contenthe range of 0 to 40%. Liquefaction susceptibility of fine

to coarse saturated sands was also investigated by Choobbasti et al. (2014) in cyclic triaxial tests.
Their research showed that for clean fgrained and coarsgrained sands, cyclic strength

increased with an increaselg, Dso, Dsp andDeo. However, no correlation was found between

the cyclic strength an@, or C.. A series of undrained monotonic triaxial tests were performed

by Taiba et al. (2016) on reconstituted sand samples with Istigitg fines ranging from O to

40%. Their results showed that the undrained peak shear strength decreases with an increase in

C., a decrease D1, D3, D5gandDggand an increase in fines content.

In summary, while the amount of fines undoubtedly plag important role in the monotonic and
cyclic behavior of sands, the combined effect of gradation and fines content is not yet understood
sufficiently well. Thischapterattempts to shed some more light on this issue by means of a

series of monotonic, cyclic and piezoceramic bender element tests conducted on carefully
assembled granular sasdt mixtures, with a focus on both gradation and fines content. Tests

were condated using an NGlype direct simple sheaDES device (Figurel.1), which is quite
versatile for replicating cyclic field stresses. None of the studies that have considered gradation

were conducted using this type of apparatus.

1.3 Preparation of SandSilt Mixtures

The source material for preparing the saiidmixtures consisted of pure quarried silica sand
from manufacturers in New Jersey (sand and larger fractions) and lllinois (fine fractions). Both
plants produced pure silica grains with a spegjfavity of 2.65 in particle sizes ranging from

9.5 mm to less than 0.045 mm (ASTMi#zto No. 325 sieves). The bulk sand materials were
made available by the manufacturer in a series of standard overlapping gradations. All sand
material was surfaeminedusing hydraulic means. Leenergy blasting was employed to break
up any loose bonds; however, the blasting was not strong enough to change the physical

characteristics of the individual grains. The sand was washed and wet sieved at the plant before



drying with a natural gas fluid bed dryer. Further size separation was achieved using various
screens. Fines were produced by grinding in a series of rotary ball mills lined with granite blocks
and ceramic media to produce silt and ed@e particles (obviouslyhese fines were entirely
non-plastic). During the process, no surfactants or chemical floats were used to clean the sand.
The industrial process produced safgular to angular coarggained particles. Individual

gradations were delivered in-8if bags.

In this study, the various sand grades supplied by the manufacturer were separated into
individual grain size batches using the following sieves: No. 4, 6, 8, 12, 16, 20, 30, 40, 50, 70,
100, 140, 200, 270, and 325. Specific gradations were later assebybtombining various

amounts from these sizes. After dry sieving by hand, each of the retained amounts were sieved a
second time by careful wet sieving in small batches of about 25 g each. The retained amounts
were then dried in an oven and stored irtigiht containers. All rinse water passing the No. 325
sieve was dried in the oven. The grain size distribution of this finest of fractions was determined
using the hydrometer method (ASTM D48@3).

The intention of this investigation was to examinedfiect of gradation on the monotonic and
cyclic strength of silica sand, with a specific focus on the coefficient of curv&yrand the

coefficient of uniformity,Cy:

5 —— (1.1)

5 — (1.2)

C. is a measure of ¢éhslope of the grain size distribution curve and values can range from 1

(steep or poorhgraded) to upwards of 1000 (gentle slope oragedided). Conversely. is a
measure of the inverted 6S6 shape of1000he cur v
The Unified Soil Classification System denotes agedided sand as having value<Cgf

between 1 and 3 and values@fgreater than 6. Sands not meeting both of these two criteria are

considered poorbgraded. On a standard grain size distribution chart, parallel curves could be



produced with the same values@fandCe.. If C. was to be held constant a@dincreased,

curves could also be produced which would become progressively less steep and more widely
graded. Both of these approaches were followed to assemble the test gradations for this study.
The purpose in doing this was to focus@n Thus, two classes of gradats were assembled.

The first set of gradations, referred to as the Narrow serisg(ids), were prepared at constant
values ofC. = 0.89 andC, = 1.90 with decreasing valuesi,. Five specific narrow gradations
were assembled for testing with varyiamounts of fines, as shown in Figir2.a: N1 (0%

fines), N2 (0%fines), N3 (1% fines), N4 (15% fines) and N5 (50% fines). A second set of
gradations was also used as shown in Figu2d, here referred to as the Wide seriesg#vies),
again with decesing values oDsp and a constant value 6 = 0.89, but with increasing values

of C,: W1 (0% finesCy=1.90), W2 (0% finesC,=2.56), W3 (1% finesC,=3.38), W4 (15%

fines, C,;=5.13) and W5 (50% fine&;,=18.29). Note that N1 and W1 are the same mixesaend
referred to as N1/W1. For discussion purposes, the gradations having 1% fines (N3 and W3) will
be referred to as both clean sand (fines content, FC less than 5%) and silty sand.

1.4 Laboratory Testing Program

1.4.1 Membrane Calibration

The study included both static and cydli§Stests, all prepared using the same set up procedure

and conducted with the same Ntype DSSapparatus and wireeinforced membrane.

Membrane calibration was carried out at the beginning by attaching the nmentbrthe end

caps, as in a normal test, but without a sample inside. The empty membrane was then sheared
through the range of strains used in the static and cyclic tests. The maximum resistance measured
was on the order of 0.8 kPa, which was insignificampared to the typical stresses achieved in

both static and cyclic tests. The top and bottom caps were outfitted with embedded shear bender

elements for shear wave velocity measurement, as well as with porous stones for drainage.

1.4.2 Sample Preparatiom Technique

All testing was conducted using an Nfype direct simple sheaDES device, with specimens
confined in a wirereinforced membrane, 35 éiim area and 30 mm in height. Selection of a
reasonable sample preparation technique proved to be angwtiue to the wide range of

particle sizes considered. For example, minimum and maximum density, optimum moisture



content and maximum dry density varied significantly among the different mixes (Roy, 2010).
Various dry preparation methods were considaneztder to achieve similar initial absolute or
relative densities, but this proved to be unsuccessful. There was no unique absolute density that
could be achieved for all the gradations. Preparing dry specimens to the same initial relative
density also pved to be problematic and resulted in large variations in terms of grain packings,
with some gradations clearly much looser than others. The problem with the latter technique is
that ASTM D4254 (method B) minimum and maximum index values are not vecyiedfen

bounding the densities that can be achieved in a much smalleraiviferced membrane set up.
Upon further consideration and additional probing, a procedure similar to the ASTM D4254
maximum density test was selected. After determining densiigture relationships within the
membrane for each gradation, test specimens were prepared by adding sand at optimum moisture
in two equal lifts and tamping each lift ten times with a rubber tamper. This tamping effort was
deemed reasonable for the sizehef specimens and was kept the same throughout the study. A
clear benefit of using moist sand is that it prevents grain segregation during set up, which was
indeed a problem for some of the gradations when attempting dry set up methods. After the two
lift s were in place, the top cap was added and an additional ten blows were imparted to the top of
the cap. In each case, sample height was monitored carefully. With this method, relatively
consistent initial void ratios were achieved among the clean saed &ddi, N2, N3), (W1, W2,

Wa3), as well as among the silty sand series (N3, N4, N5), (W3, W4, W5), as shown in Table
1.1a and Tabld..1b for monotonic tests, and in Taldle2a and Tabld..2b for cyclic tests,
respectively. Clearly, wet sample prepanatiechniques are more appropriate and successful for
sand mixes spanning a wide range of grain sizes. Note that the void ratios id. Tainid1.2

are preshear void ratios calculated after vertical deformations due to applied normal stresses.

1.5Monotonic Direct Simple Shear Tests

A total of 27 monotonic shear tests were conducted at constant normal load and under drained
conditions (Tabldl..1). Since the specimens were moist, a very low strain rate of 0.001 mm/s was
chosen to ensure that no excessep@ater pressure developed. Three tests were conducted for
each of the nine N and W gradations, i.e. at normal loads of 125 kPa, 250 kPa and 500 kPa,
respectively. Stresstrain behavior for all the tests is shown in Figl® As expected, shear

stresse are very much dependent on the normal load. At first glance, the behavior inlEgyure



would suggest rather loose initial conditions for all the tests as indicated by the lack of sharp
peaks in the stresgtrain response curves. A closer look thougleaés/that peaks can indeed be
determined for all the tests, albeit at shear strains well in excess of 10%. Furthermore, it would at
first appear that there is not much difference in terms of overall st@ss response among all

the gradations. Howevea, more discerning look at strains of 3%, 5% and 7.5% reveals some
trends worth noting (Figure.3), as discussed next. Strains below 10% were chosen to avoid

strain localization effects that may occur at larger strains. Strain localization can lead to non

uniform stresses and pronounced strain softening as observed by Doygun (2009) and others.

1.51 N Series Static Tests

Shear stresses for the fivederies tests and the volume change behavior of these at a normal

load of 500 kPa are shown in Figurd. Rather than loose sand behavior as suggested in Figure
1.3, vertical displacemerghear strain behavior in samples N1 and N2 indicates dense sand
behavior characterized by significant overall dilation (Figudec). However, at this relatively

high stess level, dilation was somewhat suppressed compared to that at lower stress levels (125
kPa and 250kPa). Volume changes shift strongly toward compression among the silty sands (N3,
N4 N5), and this was observed at lower normal stresses as well. As pmibhtegllee (1965)

and others, the reason for the lack of more pronounced peaks in Ejise¢hat the lateral
confinement, in this case provided by the wieenforcement membrane, is probably quite low in

comparison to the normal load.

In terms of &ressstrain behavior among the clean sand series (Fibdra), there is indeed very

little variation with gradation. At nearly constant void ratios, shear stress first slightly decreases
and then increases again when the clean sand becomes finergqeveéhsindsg) at a constant

C, andC. value. This tendency was consistent regardless of strain levels (3%, 5%, or 7.5%). The
slightly lower shear stress in test N2 increases again when the amount of fines increases from 0%
to 1% in test N3 (Figuré.4.a). It was also true at the lower normal stresses of 125kPa and

250kPa. A different but also consistent behavior was observed among the silty sand samples
(Figurel.4.b). At a nearly constant global void ratio, shear strength of silty sand samples
decreased ith an increase in fines content from 1% to 50% and a decreBsg (constaniC,

andC. values).



Similar tendencies were also observed at lower normal stress [Elvete findings are
significant since they isolate the effectidf, while previous studies on the effect of fines did
not maintain constant gradation parame@&randC,.

1.52 W Series Static Tests

It was challenging to assemble the range of test specimens in the W series at comparable initial
void ratios due to thefge variation in grain size uniformity coefficient,(. The moist

constant densification effort procedure described earlier yielded initial void ratios in the range of
0.4 10 0.7 (Tabld..1b). Void ratios for the clean sand series (W1, W2 and W3)d/amiéhe

narrow range of 0.54 to 0.70, and for the silty sand gradations (W4, W5) void ratios were
virtually constant. In a sense, none of these ranges are particularly large. For example, Holtz et
al. (2011) and Hough (1969) report typical void ratioswetl-graded silty to coarse sand to

range from as low as 0.14 to as much as 1.2. In any case, stiffness of the prepared specimens in
the wire reinforced membrane appeared to be relatively similar among all thes@é&aa/tests.

Shear stresses for thediV\-series tests and the volume change behavior of these at a normal
load of 500 kPa are shown in Figur®. Generally speaking, at 500 kPa volume expansion is
suppressed by the relatively high normal stress and gross volume changes are either cose to ze
or slightly compressive. Whereas volume change trends at lower normal stress levels (125kPa,
250 kPa) showed a relatively clear progression from W1 to W5, such distinction disappears
almost entirely at 500 kPa, as illustrated in Figligec.

On the oher hand, the effect of gradation on the monotonic shear behavior of clean sands

became more pronounced among the W series (Fighied. Although the general tendency of

first a decrease and then a subsequent increase at the same normal stressillotcsthizn

observed in N clean sand series, this behavior was observed to become much stronger among the
W clean series, where the effect@fcomes into play. Shear strength first decreases

significantly as overall grain size decreases and uniformigfficient C,increases from W1 to

W?2. After this decrease, shear strength increases significantly from W2 to W3. Similar

tendencies were also observed at lower normal stress levels. Clearly, the inc@aaedin

decrease iDsg leads to higher shear stigths in the case of W2 and W3. Holtz et al. (2011) and

others have indicated that shear strength does indeed increasg viotit they also suggested



that particle size has no significant effect. This is not what these tests indicate. Particle size,
measured a®Pso, becomes progressively smaller both in N and W clean sand series while shear
strength does not remain constant, as shown in Filgdie and Figurd.5.a. However, the effect

of particle size on shear strength was indeed less dramatic among the N clean sand series
compared to W clean sand series at the same normal stress level. This is attributed to the
additional effect of uniformity coefficier€,, which was constant in N series but varied in W

series.

Among the W silty sand samples, the general tendency was similar to that observed in N silty

sand samples. Shear strength tends to decrease with an increase in fines content from 1% to 15%,
an increaseniC, and a decrease D, as observed in Figue5.b. These findings are in good
agreement with those of Belkhatir et al. (2011) and Taiba et al. (2016). A similar tendency was
also observed between the W4 and W5 samples as the fines content incarasE®$ to 50%.

Based on the results from both the N and W series, the fines content is observed to be the
principal parameter controlling the monotonic shear behavior, with the effect of gradation being
secondary in importance. Even of a relatively paadgtion, coarser silty sands with lesser

amount of fines mobilize stronger intergranular friction (and larger monotonic shear strength)

than relatively wellgraded finer silty sands (with larger fines content). Similar tendencies were

also observed in theamples under lower normal stresses of 125kPa and 250kPa.

1.6 Cyclic Direct Simple Shear Tests

The cyclic testing program included a total of 45 tests (Thlda and Tabld..2b). These tests

were conducted using the same N@le DSSapparatus used for the static program. Sample
preparation was the same as for the monotonic tests. However, cyclic tests were conducted under
undrained conditions. After each sample was prepared, it was loaded to an axial normal stress of
500 kPa and allwed to come to equilibrium for a sufficient amount of time. This somewhat high
level of normal stress, corresponding to a depth on the order of about 25 m, was chosen
purposely to shed light on the relatively less investigated phenomenon of deep liqunefasti
discussed in the literature, liquefaction can take place at relatively large overburden stresses. For
example, one of the deepest known cases of seismically induced liquefaction occurred at Snow

Lake in Portage, Alaska, during the Anchorage eartkejuia1964 at a depth of approximately

1C



30m (Stewart and Knox 1995). The experimental work of Bishop et al. (1965) showed that
seismically induced liquefaction was found possible under large confining stresses corresponding
to in-situ overburden depths evdaeper than 30m. The-gitu investigation of Guccione and

Hehr (1991) at Big Lake, Arkansas, showed that the liquefiable sediments were prevalent
beneath the lake to depths of 60m.

Saturation of the specimens was accomplished after axial deformatgedcda saturate the

soil, the sample was first permeated with,G&@ 5 minutes, followed by saturation with-dé&ed

water under a gravitational head with flow from bottom to top. Angiaforced simple shear

setup does not allow for direct saturation measurement by means-tésd. Bnstead, the flow of
water wasnaintained sufficiently long until no more air bubbles could be observed within the
sample and tubing. This type of flow, when preceded by i@@ersion, produces very good
saturation for granular sandy and silty soils. Cyclic stresses were appliedaagtimston

control was switched from constant normal load to constant height in order to maintain zero
volume changes (i.e. undrained conditions). Each test was conducted at a constant cyclic stress
ratio, CSR defined as:

8YY — (1.3)

wheret  is the onedirectional cyclic shear stress amplitude a@ads thepre-sheareffective
consolidation streg$00 kPa). For each N and W gradation, tests were condudB&Ramalues

of 0.06, 0.08, 0.1, 0.12 and 0.14. In each caseusaitial load was applied with a frequency of

0.5 Hz. With the same normal stress of 500 kPa for all the tests, the corresponding cyclic stress

amplitudes for thes€ESRvalues were 30, 40, 50, 60 and 70 kPa, respectively.
During an undrained cyclic testore pressure accumulates progressively, and this is tracked by

monitoring changes in the axial stress. From this information, it is possible to determine the pore

pressure ratior:

J— (1.4)
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Liquefaction occurs when the pgpeessure ratio reaches 1.0. Such a value is typically not
realized during a test since the confining conditions prevent the soil from fully liquefying. A
lower value, such as 0.9, could be selected to describe the onset of liquefaction. Alternatively, a
paticular shear strain limit is often used instead, and thiscaah was followed in this chapter
Liquefaction failure was deemed to occur at 5% shear strain. Close examination of the results
from all the tests suggests that 5% strain corresponds vesslyko a pore pressure ratio of 0.9.

A typical set of cyclic test results is shown in Figr@ The onset of liquefaction is indicated

by the dashed vertical line.

Cyclic strengths for the two sets of gradations are summarized in Figédrasdl.8. In these

figures, experimental data points were fit with a power function:

6YYl (15)

whereN stands for the number of load cycles. The fitting parametdy.sc are listed in Table

1.3 R? values were larger than 0.97 in each case.

1.6.1 N Series Cyclic Tests

For the Nseries, cyclic strengths are virtually the same for the three gradations with little or no
fines (i.e. N1, N2 and N3), as shown in Fig@iréa. This indicates that grain size alone, as
measured by index parametersisasDso, does not affect the cyclic strength of clean sands.

Thus, coarse or fine clean sands can be expected to have virtually the same cyclic strength at a

constant coefficient of uniformity.

However, different tendencies were observed in silty santples, as illustrated in Figuté'.b.

As the amount of fines increases from 1% to 15% (from N3 to N4), cyclic strength increases.
This is especially true at low values@ER There is relatively little change at higt@sR

values. These findings areristent with Carraro et al. (2003), who also found an increase in
cyclic strength with increasing amounts of fines. They point out that after a general increase in
strength up to fines content of about 15%, strength subsequently decreases with fughse inc

in fines. This is also the case when comparing the samples N4 and N5 at a nearly constant void
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ratio of 0.75, although the variation in strengths between these two series is relatively small. It is
surmised that a small amount of fines content saovescupy the voids between the larger

particles and therefore adds to the gross frictional resistance of the soil under cyclic loading. As
the amount of fines exceeds a certain threshold, perhaps 15 to 25%, they begin to dominate the
bulk behavior as thiarger sand particles loose structural network continuity. The frictional
resistance of silt and clegized particles is smaller than that of coarser-saaetl ones. Of

course, the study by Carraro et al (2003) did not evaluate the effect of otheiogrpdeameters

asthis studydoesherein.

As far as the combined effect of gradation and fines content is concerned, the observed decrease
in cyclic strength from N4 to N5, with a decreas®#g and an increase in fines content, seems

to be in a good agreement with the findings of Belkhatir et al. (2011); however, our study also
indicates that the cyclic strength first increases and then decreases (instead of a constant
decrease) under the combtheffects of increasing fines content and decred3ipgalue (at a

constant coefficient of uniformity).

1.6.2 W Series Cyclic Tests

In contrast to the N series, tests W1, W2 and W3, with little or no fines, do show a progressive
decrease in cyclic strength @sincreases and sand becomes finer Qgg.decreases). In other
words, as clean sand becomes more widely graded and fimeeddmgDs, and none or

virtually no fines), cyclic strength decreases. This is presumably the case as ever larger
proportions of finer sand sizes allow for easier horizontal shear displacements in the specimen
and hence more energy dissipation durindicyghaking. Our experimental findings parallel

those of Choobbasti et al (2014), although in our case it is clear that such a decrease in cyclic
strength is due to both changes in mean grain Bigg &nd overall gradatior(). In fact, the

wider spreadn the strength curves for the W series (FigliBa) compared to the N series

(Figurel.7.a) suggests that an increas€jralone leads to a decrease in strength.
As the amount of fines increases, first to 15% (W4) and then to 50% (W5), large cimanges

cyclic strength occur as illustrated in Figur8.b. With an increase of fines from 1% to 15%

(W3 to W4), cyclic strength increases similar to what happens in the N series (N3 to N4). As the
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fines content increases further from 15% to 50% (W4 to @/&lso increases) cyclic strength
reverses and drops significantly. The reason for this is similar to the one provided above for the
N series tests; i.e. an increase in frictional resistance occurs at low to moderate fines content as
the smaller particlesazupy the voids between the larger ones, thereby contributing to the
frictional resistance of the larger sasided particles, but a drop in frictional resistance occurs as
the fines increase to the point where they dominate the shear resistance df dwl.blihe

reversal in shear strength appears to occur at a fines content of about 15%.

In terms of the effect of fines content alone, our findings are again consistent with Carraro et al.
(2003). Also, the decrease in strength from W4 to W5 (alongtivitltorresponding decrease in

Dso) agrees with the findings of Belkhatir et al (2011), although in our case such a decrease is not
uniform with fines contents above 1% as noted above. This is especially the cas€&Row

values. Once more, it appears that such large changes are due in some significant measure by

changes in overall gradation, i®,, although the dominant effect is still the amount of fines.

The drop in cyclic strength from the 15% fines series to theé fies series is much more
dramatic in the case of the W series than that for the N series, although the increase in the
amount of fines is the same for both series of gradations (i.e. 35%). At 50% fines, the cyclic
strength of W5 falls even below that@éan sand W3. This more significant drop in cyclic
strength in the W series is attributed to the combined effect of the large incr€&agé&am 5.13
to 18.29) and larger decreaseDigy (from 0.22 to 0.08mm) in the Weries compared to the N

series (in whichC, is constant an®so decreases from 0.11 to 0.08mm).

1.7 Shear Wave Velocity Measurements

Shear wave velocity tests were conducted on each of the nine N and W gradation series, at
normal loads of 125 kPa, 250 kPa and 500 kPa. Velocities atP2and 250 kPa were

determined from specimens prior to static shearing, whereas those at 500 kPa were measured on
specimens prior to cyclic testing (before saturation). Since each mixture was prepared at its
optimum moisture content, which was constant agriine clean sand samples and among the

silty sand samples, and the average initial void ratios were also essentially the same among the

clean sand samples and among the silty sand samples, the degree of saturation was therefore
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considered to be virtuallhe same. In general, level of saturation has very little influence on
shear wave velocity in cohesionless sands and silts at water contents as used in this study (Dong
and Lu, 2016). The end caps were outfitted witinid tall piezoceramic bender elementhich

were excited with 1@olt signals producing either sine or square waves. The frequency of the
waves ranged between 10 kHz and 500 kHz, depending on the normal load. Different
frequencies were needed to produce readable signals at various norsalriaggeheral,

frequency has no effect on shear wave velocity for sandy soils under the conditions tested.
Similarly, sine and square waves produced the same results; however, a cleaner signal would
typically be produced by one or the other. Travel timgvben the tips of the bender elements

was measured and recorded by an oscilloscope. Signal detection followed the procedure
described by Brignoli et al. (1996). This involved identifying the first significant crossing on the
time axis of both the departiraind arriving wave signals. The oscilloscope trace was uploaded to
a computer for this type of processing. Shear wave velocity was determined by dividing the
distance between bender element tips by travel time (Roy, 2010).

1.7.1 N Series Shear Wave Tests

Measured shear wave velocities for the N series tests at various normal loads are shown in Figure
1.9. As expected, higher velocities occur at higher normal loads. Higher normal loads increase

the number and tightness of interparticle contacts and thigsafor faster and more efficient

wave transmission. As axial stress increases, further increases in stress result in diminishing
increases in velocity. Investigators such as Salgado et al. (2000), Seidman (2007) and others also
report this phenomenon. general, shear wave velocity values in this study are similar to those
reported by others (Salgado et al., 2000; Carraro et al., 2009).

Figurel.9.a indicates that there is little difference in shear wave velocities between the three
clean gradations (NIN2 and N3), at nearly constant average void ratio, conStzantd

decreasindso. However, as the percent of fines increases from 1% to 50%, shear wave
velocities do drop at least a moderate amount (Figy@b). This is attributed to varying fabric

effects resulting from structural rearrangement during normal loading due to different amounts of
fines. As such fines increase, interparticle contacts become less rigid and they transmit shear

waves less efficiengl This trend was also observed by Salgado et al. (2000). The drop is most
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pronounced from N3 to N4 (fines content change from 1% to 15%) than from N4 to N5 (fines
content change from 15% to 50%). These results therefore suggest that low amounts ahfines c
have a moderate effect on shear wave velocity, but past a certain threshold, perhaps on the order
of 15%, further increase in fines has less of an effect. These effects are attributed to changes in
grain size Dsg) alone, and not to the combined effeatgrain size and gradation as for the W

series.

1.7.2 W Series Shear Wave Tests

Somewhat different trends are noted for the W clean sand series (Eijigg. In this case,

there is a progressive shear wave velocity decreaSgiasreases anBDs, decreases from W1
through W3, at virtually constant void ratio and no fines. The reason for this may be similar to
the interpretation provided for the cyclic W series tests. More wigielgied clean sands provide
less stiffness than relatively narrayvadedcoarser ones. Thus again changeS,jnn addition to
changes s, provide for more significant effects on shear wave velocity than chan@gs in
alone. This implies that effect &, is to lower shear wave velocity &5 increases.

Shear wave veloty decreases as fines content increases from 1% to 50% (W3 through W5;
Figure1.10.b). This is despite a small decrease in void ratio from 0.56 (W3) to 0.43 (W4) and is
consistent with the findings of Salgado et al (2000). Velocity further decreases #am Wb,

at virtually constant void ratio, as fines content increases from 15% to 50%. The effect of
gradation changes in the W silty sand series (W3 to W5) is broadly similar to that in the N silty
sand series (N3 to N5; Figuted.b). Again, fines contdris found to be the predominant

influence on shear wave velocity compared to gradation and grain size, although as noted above,

C, does play a secondary role.

1.7.3 Shear WaveShear Strength Trends

In Figurel.11 andl.12, shear strengtbhear wave velaty trends are shown for the N and W
series, respectively, at a vertical stress of 250 kPa. Whereas shear wave velocities represent
dynamic soil response at rather small shear strain (les©10E¥), shear strength characterizes
resistance of soil at larger strains (typically about 3% or larger) under static loading. The

combined response at lower and larger strains is useful for design purposes that span a range of
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strains of interest. At compaie void ratios and a constant vertical stress, our test results

indicate that solil strength at 3% strain generally decreases with decreasing shear wave velocity
for clean and silty sand specimens, in both N and W series. Similar tendencies were also
obsewed at lower (125 kPa) and higher (500 kPa) normal stresses. Of course, it should be noted
that the behavior at different strain levels does not necessarily have to be consistent in every
case, especially when different types of tests are used to det¢heiresponse.

1.8 Post Liquefaction Measurements

Shear wave velocities were also measured at the end of the cyclic tests, immediately after
liquefaction. Postiquefaction velocities are shown in Figurke$3 and Figurd..14 for the two

sets of gradatianat a normal stress of 500 kPa. Clearly, shear wave velocitiebquesaction

are smaller than prior to cycling, although they are not zero as might be expected for a perfect
liquid state. Such a perfect state of liquefaction cannot be achieved lgegvémitations of the

test configuration. Podigquefaction velocities range between 8% and 13% of theyrkc

values. Since cyclic direct simple shear tests were performed under undrained conditions
(constant volume), the initial pighear void ratioisted in Tablel.2 are the same as in the post

liquefaction phase.

1.8.1 N Series Post Liquefaction Tests

At a nearly constant void ratio range of 0.68, shear wave velocities after liguefaction decreases
substantially among the N clean sand series when the sand becomes finer, as shown in Figure
1.13. In other words, post liquefaction resistance under shear prapagation is larger in

coarser sands than in finer sands. On the other hand, there was only a slight decrease in shear

wave velocities among the silty sand series, despite a considerable range of fines content.

1.82 W Series Post Liquefaction Tests

Shear wave velocities after liquefaction decrease among the W sand series with in€gasing
and decreasinBso (W1 through W5), as shown in Figutel4. Postliquefaction velocity
decreases from 56 m/s to 29 m/s, or roughly by half. This decreasai@lyithe same as in the
N series (N1 through N5, Figufiel3), despite significantly different fabrics and changd3sn

andC, as fines content increases in the two series. Therefore again fines content appears to be
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the predominant variable affectingsgtliquefaction velocities, with a general decrease in such
velocities as such fines increase. However, velocity also decreases in the clean sand®gries as
decreases arfd, increases while fines are not present, suggesting that these parametdes/also p

arole.

1.9 Conclusions

An experimental program was conducted on silica sand mixes to evaluate the effect of gradation
characteristics@, andDs in particular) and percent fines. A series of sand mixes were prepared
to evaluate the effects of these parameters on static and cyclic strengths, as well as on shear wave
velocity prior to shearing and pelgjuefaction. Tests were conducted using an @k direct

simple shear device with specimens confined in a wire reinforced membrane. A unique but
consistent sample preparation technique was selected to accommodate the wide range of
gradations investigated with similar initial void ratios. In ordestdate the effect o€, andDsy,

all gradations were prepared with an ident€aValue. The first series of tests-8¢ries) were
conducted at a consta@f value, but with increasing amount of fines and with decred3ing

The second series of te$W¥-series) were conducted with increasing valueS pfncreasing

amount of fines and decreasibgo. The amount of the neplastic fines varied from 0% to 50%.

No similar systematic study could be found in the literature.

1) Monotonic drainedSStests wee conducted at normal stresses of 150 kPa, 250 kPa and
500 kPa. Shear strength decreases as the clean sands become finer (d&zigasimg
decrease is more significant whépincreases. Adding only a small amount of fines
(1%) with a further decrea$®;, leads to an increase in shear strength at both constant
and increasin@,. In silty sands, shear strength decreases with decrdagjagd
increasing fines content at both constant and incre&singegarding volume change
trends, all the tests showed an initial small amount of compression, followed by dilation.
In general, dilation was largest for the coarsest gradations and least for the mixes with
50% fines (N5 and W5).
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2) Cyclic undrained direcsimple shear tests were conducted at a normal stress of 500 kPa.
In clean sands, cyclic strength is virtually unchanged as gradations become finer
(decreasindpsg) at a constant,. However, cyclic strength decreases graduall@.as
increases with an acogpanying decrease Dso. In silty sands with decreasim,
cyclic strength increases considerably as the fines content increases from 1% to 15%, but
then it decreases as the fines content approaches 50%, at both constant and increasing
values ofC,. This cyclic strength decrease was more significant viyancreased.
Clearly cyclic strength is a strong fumn of the amount of fines. Th&udy indicates
that cyclic strength is further a function@f. The effect oC, is to cause a decrease in
cyclic strength a€£, increases.

3) Piezoceramic bender element shear wave velocity tests were conducted at normal loads
of 125 kPa, 250 kPa and 500 kPa. Shear wave velocity is a function & oand the
percent of fines. For the clean sands, shear wave \vefoaite relatively uniform despite
decreasing grain size at const@yt However, velocities do decrease a significant
amount if the grain size (i.8s0) decreases ard, increases at the same time. Hence,
shear wave velocity in clean sands is again dégenonC,. In silty sands with
decreasin@so, as the amount of fines increases from 1% to 50%, shear wave velocities
decrease progressively at both constant and incre@girRjezoceramic bender element
shear wave velocity tests were also conducteldeaghd of the cyclic tests, immediately
after liquefaction. Podiquefaction shear wave velocities are on the order of 8% to 13%
of the precyclic values. At constari, with decreasing grain size (N series), the decrease
in postliquefaction shear waveelocities is about half (N1 compared to N5), which is
similar to the change in the W series (W1 compared to W5). Based on varying changes in
C. between the two series, it is concluded that the fines content is more significant than
gradation in controllingpost liguefaction shear wave velocities, although gradation

characteristics do play a secondary role.
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4) The last observation can be generalized to all the aspects of dynaimoioeh
investigated in this chaptein other words, while fines content isry important in
determining large and smadtrain cyclic behavior of sands, secondary gradation

parameters such &, andDso are important as well, but less so.
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Table 1.1.aMonotonic simple shear testing program for N series
Gradation Fines USCS Normal Void

Series Content Stress Ratio
Cy e
(%) (kPa)
N1/W1 125 0.70
N1/wW1l 0 SP 250 0.69
N1/wW1l 500 0.67
N2 125 0.68
N2 0 SP 250 0.66
N2 500 0.65
N3 125 0.72
N3 1 SP 250 0.71
N3 500 0.70
N4 125 0.76
N4 15 SM 250 0.77
N4 500 0.74
N5 125 0.77
N5 50 ML 250 0.76
N5 500 0.73

Table 1.1b Monotonic simple shear testing program for W series
Gradation Fines USCS Normal Void

Series Content Stress Ratio
Gy e
(%) (kPa)
N1/W1 125 0.70
N1/W1 0 SP 250 0.69
N1/W1 500 0.67
w2 125 0.61
w2 0 SP 250 0.59
w2 500 0.59
W3 125 0.57
W3 1 SP 250 0.55
W3 500 0.54
w4 125 0.44
w4 15 SM 250 0.43
w4 500 0.42
W5 125 0.48
W5 50 ML 250 0.48
W5 500 0.48
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Table 12.a Cyclic simple shear testing program for N series
Gradation Fines USCS Normal Void CSR

Series Content Stress Ratio
Cy e
(%) (kPa)

N1/wW1l 0.68 0.06

N1/wW1l 0.66 0.08

N1/wW1l 0 SP 500 0.69 0.10

N1/wW1l 0.68 0.12

N1/W1 0.69 0.14
N2 0.66 0.06
N2 0.68 0.08
N2 0 SP 500 0.65 0.10
N2 0.67 0.12
N2 0.66 0.14
N3 0.69 0.06
N3 0.71 0.08
N3 1 SP 500 0.71 0.10
N3 0.70 0.12
N3 0.71 0.14
N4 0.77 0.06
N4 0.77 0.08
N4 15 SM 500 0.74 0.10
N4 0.72 0.12
N4 0.74 0.14
N5 0.73 0.06
N5 0.72 0.08
N5 50 ML 500 0.76 0.10
N5 0.75 0.12
N5 0.75 0.14
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Table 12.b Cyclic simple shear testing program for W series
Gradation Fines USCS Normal Void CSR

Series Content Stress Ratio
Cy e
(%) (kPa)

N1/wW1l 0.68 0.06

N1/wW1l 0.66 0.08

N1/wW1l 0 SP 500 0.69 0.10

N1/wW1l 0.68 0.12

N1/W1 0.69 0.14
w2 0.58 0.06
w2 0.59 0.08
W2 0 SP 500 0.59 0.10
W2 0.60 0.12
W2 0.60 0.14
W3 0.54 0.06
W3 0.57 0.08
W3 1 SP 500 0.54 0.10
W3 0.57 0.12
W3 0.54 0.14
w4 0.44 0.06
w4 0.45 0.08
w4 15 SM 500 0.42 0.10
w4 0.41 0.12
w4 0.40 0.14
W5 0.48 0.06
W5 0.48 0.08
W5 50 ML 500 0.45 0.10
W5 0.46 0.12
W5 0.49 0.14
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Table 13 Fit terms of power functions for cyclic strength curves
Gradation a b c R®

Series

N1/W1 040 -0.34 -0.02 0.991
N2 045 -0.16 -0.15 0.998
N3 0.38 -0.23 -0.06 0.996
N4 0.44 -0.49 0.04 0.999
N5 0.41 -0.47 0.04 0.999
W2 0.44 -0.41 -0.01 0.993
W3 149 -1.07 0.04 0.999
w4 0.48 -0.48 0.02 0.996
W5 3.14 -1.48 0.05 0.977

Cyclic actuator

\ _ Wire reinforced specimen set-up
) e

Figure 1.1Cyclic DSSNGI-type device with bender element capability
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CHAPTER 2
A NEW DAMPING RATIO CALCULATION METHOD

2.1 Introduction

Seismic soil response that involves no residual soil displacements is characterized by the shear
modulus and the damping ratio, typigadletermined from laboratory testing under symmetrical
cyclic loading conditions. For shear strain values larger than 0.01%, it is common practice to
determine these two parameters from straintrolled cyclic tests in which the soil is sheared
symmetricdly about a neshear load condition and to the same shear strain amplitude in both
directions. For small strain amplitudes, this might lead to fully recoverable elastic deformations.
The result is then a symmetrical hysteresis loop response with noaledwar strains at the end

of loading. The actual nonlinear, inelastic behavior of soil is usually approximated by an
equivalent linear shear modulus taken as the secant modulus between the extreme points of a
hysteresis loop. Similarly, the actual dangpnesponse is normally approximated by the linear
equivalent damping ratio, which is calculated as an approximate energy loss ratio determined
from the experimental hysteresis loop. The main emphasis ioHafgers on damping ratio and

its proper detenination from experimental data based on an improved method@awe the
equivalent linear method is only an approximation of the actual nonlinear behavior of soil,
strictly it cannot be used directly for problems involving permanent deformation (Kd96j.

It is also a common approximation to determine the damping ratio from the initial cycles of
straincontrolled tests (Seed et al., 1986, Matasovic and Vucetic, 1993), for which the hysteresis
loop behavior remains more or less symmetrical and stea@ largely recoverable. However,

even if the equivalent linear parameters are calculated from the initial cycles, the form of the
hysteresis loops can become quite asymmetric for shear strain levels larger than 0.1%. Hence,
the equivalent linear deterndtion of damping ratio can become gradually erroneous with
increasing shear strains. Therefore, for shear strains larger than 1%, Ishihara (1996) recommends
not using the equivalent linear method due to the degraded hysteresis type of soil behavior.
Presumably for the same reasons, almost all previous laboratory studies document the damping
ratio behavior of sands only up to a shear strain level of about 1%. The pioneering work
performed by Seed & Idriss (1970) shows a representative relationship beleestear strain

and the damping ratio for sands up to a shear strain of 1% based on a significant amount of
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experimental data. This work proved to be very useful for many practical purposes over the
following decades. However, the failure (ultimate liméte) during an earthquake is likely to
occur at strains well in excess of 1%. Such high strains are of significant importance for many
projects involving offshore structures, soil embankments, excavations, slopes, levees, earth

dams, dikes, etc.

Numericd analyses and constitutive models are useful to evaluate response at high strains and
incorporate the nonlinear behavior of soil. However, calibration of numerical models based on
experimental data is essential. The question is how to conduct a retifibtaton with

experimental results for high strains (i.e. larger than 1%) where the calculation of damping ratio
from the experiments themselves becomes erroneous if based on standard linear equivalent

methods applied to laboratory experimental data.

In this chapter a new energypased metho® developedo calculate damping ratio from

undrained cyclic triaxial and direct simple shdas§ tests. The plausibility of the new method

is examined with regard to pore water pressure measurements. Theetlevd is compared to

other approaches at high strains (here defined as 0.1% to 1%) and at very high strains (here
defined as larger than 1%). Finally, a number of data sets are evaluated with this new method to

provide further insight on the damping ofsa at high and very high strains.

2.2 Calculation of Damping with the Equivalent Linear Method

2.2.1 General Definition of Damping Ratio

Cyclic triaxial tests can be performed by imposing either a fixed cyclic axial deviator stress (load
control) or aifked cyclic axial deformation (stroke control). Based on ASTM D3999, the

resulting axial strain and axial stress are used to calculate eitherdapesglent or stroke

dependent shear modulus and damping ratio. According to ASTM D3999, developing afcurve
damping ratio versus shear strain requires either a series of tests, each at a specific strain level
(strokecontrolled tests) or a single specimen to undergo staged loading. The staged loading can
involve either progressively increasing levels of ay&iad or progressively increasing

deformations under a fixed load (lecadntrolled tests). In this study, the latter approach (the

determination of damping from loambntrolled tests) will be considered.
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For a given hysteresis loop, the soil dampin@rét ) is defined by:

—z— (2.1)

with Wp:  dissipated energy in one loading cycle
Ws:  stored strain energy in one loading cycle

The dissipated energy in one loading cy@le,corresponds to the inner area of the hysteresis

loop as shown in Figur2.1l. The stored strain energy in one loading cyéleis approximated

based on the equivalent linear approach as the area of the shaded triangle iB.Eiguitbe

equivalent lineamethod, stored strain energy is assumed as the energy in an elastic material

having the same shear modul@® @s the soil. For this reason, the term elastic stored energy is

also used in the literature instead of stored strain energy. However, the eelma st i c 0 st or €
energy is mainly related to linear equivalent method. In the following text, the term stored strain
energy will be used due to inelastic and nonlinear behavior of soil at high strains, which is the
mainfocus of thischapter Equivalent Inear shear modulu§ is calculated as the secant

modulus between the extreme points of a hysteresis loop, as shown inZlgure

2.2.2 Alternative Methods to Calculate Linear Equivalent Damping Ratio
Due to the limitations of the equivalent linearthed for asymmetrical hysteresis loops at larger
strains, previous researchers have recommended alternative linear approximations as indicated in

Figure2.2.

In each of the four approaches illustrated in Fidli2e the dissipated energwWp, is calculated
as the inner area of the hysteresis loop, whereas the stored strain @agergwpproximated
linearly with the help of different chosen areas as indicated. Approach 1 represents the general

equivalent linear method of determining dampiatia, as discussed in the previous section.
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In Approach 2 (Das and Luo, 2016), the stored strain energy is evaluated as the average of areas

W; andWs,, and the damping ratio is calculated as:

—r— —z (2.2)

In Approach 3 (Kokusho, 1980), the stored strain energy is approximated as a quarter of the

triangle aredV;, and the damping ratio is calculated as:

(2.3)

In Approach 4 (Kumar et al., 2017), the stored strain energypioaimated as a quarter of the

sum of area8Vi, W, W3, and the damping ratio is calculated as:

B QR — (24)

2.3 Definition of One Loading Cycle, Average Shear Strain, Dissipated Energy anfdSR

Start and end points of a closed hysteresis loop can be defined as either at conditions of zero
shear strain or of zero shear stress. In this study, the latter approach was implemented, as shown
in Figure2.3. Due to the asymmetrical form of hysteresispe@t large strains, the average shear

strain for a loading cycle can be calculated in the case of &8l&testing as follows:

%a=0.5%(g- @) (2.5)

with  g.: average single amplitude shear strain in one loading cycle (%)
g: maximum shear strain in one direction

@: maximum shear strain in the opposite direction

In the case of cyclic triaxial testing, the axial strain can be converted into shear strain according
to:
a= (1+u)*- (2.6)
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with g shea strain
u: Poi ssonds ratio

- axial strain

The average single amplitude shear strain for a loading cycle in an undrained triaxial test can

then be determined by:

Ga= 0.5%- - )* (1+0) (2.7)
with - maximum axial strain in one direction
with - maximum axial strain in the opposite direction

For undrained tests, t lwe0.5a0dEgrsad)bécemes:at i o
Ga=0.75* -) (2.8)

Based on Green et aRq00), the dissipated energy per unit volulvg,in a loading cycle for a

cyclic triaxial test can be calculated as:

w B _h hz R - R (2.9)

with , 5 : applied deviator stress at incremental data g@int

0%

- j. axial strain at incremental data point (i)
n: number of data points in one hysteresis loop

i © computational points along stresisain loop

Analogously, the dissipated energy per unit voluWiig, in aloading cycle can be calculated for

a cyclicDSStest based on Green et al. (2000):

2 (2.10)
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with T :  applied shear stress at incremental data point i

[ shear strain at incremental dgkaint i

Equations 2.9) and 2.10) represent the sum of the upper and lower loop areas shown in Figure
2.3 for the two different types of tests.

As already given in equation (1.3)gtcyclic stress ratidQSR is defined for load controlled

cyclic DSStests as the ratio of shear stress amplitude to the effective stress after consolidation
Similarly, CSRis defined for load controlled cyclic triaxial tests as the ratio of half of the
deviator stress amplitude to the effective stress after consolidation:

6 Yy =

(2.11)

with  gmax: mMax. deviator stress per direction

Sc:  preshear isotropic stress after consolidation

2.4 Experimental Data Sets

Four different data sets on five different clean sands werezathigthis chapteras listed in

Table2.1. All testing in Table2.1 was performed under undrained and stoesgrolled

conditions. All global void ratios, were calculated after consolidation and before shearing. For
data analysis, the shear data was asdessly up to the onset of liquefaction, at which point the
number of cyclesl) was noted. The criterion for the onsetiqfiefaction used in this chapter

will be described in the following sectio.6). Here only a brief descriptiomwill be provided

on the soil characteristics for each respective data set and the reader is referred to each reference

for further details.

24.1. Data Set 1 (Polito, 1999)

Two different clean sands were used by Polito (1999) for a series of cyclic triaxial testgsiThe fi
was Yatesville sand, which is a poorly graded medium to fine sand with a mean grdysize,

of 0.18 mm, and suhngular to suisounded in shape. The second was Monterey No. 0/30 sand,
which has been used in numerous liquefaction studies in thelTpadhtter is a poorly graded,

medium to fine sand with a mean grain s2g;, of 0.43mm, and suhngular to susounded
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shape. Moist tamping in multiple layers was chosen as the method of specimen preparation. A
frequency of 0.51L Hz was used in the cijctriaxial testing program. In Tab@2, the series of
clean sand tests used for this chapes listed. The range @fSRvalues and void ratios provides

for a relatively wide range of potential properties.

24.2. Data Set 2 (Roy, 2010)

A series of cyclidSStests on clean silica sand specimens conducted by Roy (2010) constitute
the second data set, as listed in Tade The quarried sand was subangular to angular in shape.
Two sets of gradations were prepared by first washing ancctimhining vaious sieved sizes

as already described in ChapteiThe first set of gradations, referred to as the Narrow series (N
series) were prepared at constant values of the coefficient of curn@ie@®89, and coefficient

of uniformity, C,=1.90,with decreasing mean grain si2e;. The second set of gradations,
referred to as the Wide series-{3&ries), again with decreasing value®efand a constant

value ofC;=0.89, but increasing values Gf. A frequency of 0.5 Hz was used in the testing
program. Moist tamping in multiple layers was chosen as the sample preparation technique and
the specimens were confined in a wiegnforced membrane. Normal consolidation stresses,

initial void ratios and gradations covered a different range than inSzta.

2.4.3. Data Set 3 (Wichtmann and Triantafyllidis, 2016)

A series of cyclic triaxial tests were performed in the study of Wichtmann and Triantafyllidis
(2016) on Karlsruhe fine sand with a mean grain sidzesp£ 0.14mm and a uniformity

coefficientof C, =1.5. Grains were subangular in shape and air pluviation was chosen to prepare
the specimens. Displacement rates were varied between 0.05 and 0.2 mm/min, with
corresponding frequencies of 0.001004 Hz. The subset tdsts used as part of this ctepis

listed in Table2.4. This data set considers a different sample preparation technique, a lower
cyclic frequency, higher number of cycles to liquefaction, as well as varying initial void ratios

and consolidation stresses.
2.4.4 Data Set 4 (EIGhoraiby and Manzari, 2018)

The authors carried out a number of cy&i8Stests to investigate cyclic strength of Ottawa F65

sand under two consolidation stresses (El Ghoraiby and Manzari, 2018). Tests were performed at
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a frequency of 0.02 Hz and a neacfnstant void ratio of 0.60 for all the specimens. Ottawa F65
sand is a poorly graded silica sand with a uniformity coeffic@ptof 1.73. A constant height

dry pluviation method was chosen as the sample preparation technique. Teflon coated metal
ringswere used to restrain the soil specimen lateraliyg fBsts used for this chaptee listed in
Table2.5. Again, a different set of consolidation stresses and cyclic stress ratios provides for
additional parameter ranges to evaliagnewapproach.

2.5 Relationship between Dissipated Energy and Pore Water Pressure

An empirical relation between the number of cycles in undrained loading and the corresponding
pore water pressur®\(\VP was developed in the 1970s by Seed and/akers (Seed et al.,

1979. Dobry et al. (1982) provided experimental evidence for a correlation between cyclic shear
strain andPWP. Residual exce8WPthat accumulates in undrained tests from the application

of multiple loading cycles was correlated to dissipated energy thtesghg by Towhata and
Ishihara (1985), Green et al. (2000), and Kokusho (2013), among others. Residual excess pore
water pressures are defined as those occurring at the time the applied deviator or shear stress
crosses the strain axis (i.e. at zero sk&@ss) PWPgeneration models have been developed for
sands and silty soils by Green et. al (2000), Polito et. al. (2008) and others.-Basegy

liquefaction evaluations were proposed as an alternative to-sarekstrairbased liquefaction
evaluatias by Berrill and Davis (1985), Figueroa et al. (1994), Green (2001) and Kokusho
(2013), among others.

The energybased method was applied to the four data sets by first calculating the cumulative
dissipated energy as the sum of the upper and loweppsif all the hysteresis loops (Figure

2.3), from the first cycle to the onset of liquefaction. Various approaches can be considered to
define the onset of liquefaction. It can be defined when the pore water pressurg=(ati)

reaches a value of 1.0, when ®/Ptrend approaches a quaseady state condition as shown

in Figure2.6.a, or whenever the soil specimen experiences the onset of rapid strain softening. All
three conditions were considered for each test and thénanedcurred first was deemed to

define that start of liquefactian this chapter
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After calculating the cumulative dissipated energies for every test, these were normalized by the
consolidation stress and the results were plotted as a functidwWBfalso normalized by the
consolidation stress. All computations were carried out in Matlab. Results from all data sets

processed in this manner are shown in Fi@l4e

Despite the scatter in the data, it is quite remarkable in Fiydithat an overall &and can be
recognized between dissipated energy and reskivdddespite a very large range in initial void
ratios (0.54 to 1.01), number of cycles (3 t0100), cyclic stress ratios (0.08 to 0.35), frequencies
(0.001 to 1Hz), preshear consolidation stresgd$ to 500kPa), type of sands, test types and
specimen preparation methods.

2.6 Analysis of Shear Energy and New Calculation Method

As well known, the energy dissipated per unit volume of soil is the difference between the strain
energy input during the loading phase of the cycle and the stored strain energy returned during
the unloading phase of the cycle (Polito et al., 2013). larE@.5, the upper portion of the
stressstrain cycle can be split into loading-{l1) and the unloading (MN) phases. For the upper
cycle (L-M-N), the total shear energy input at point (M) corresponds to the sum obaedb.

The stored strain energyitivin the soil in the upper loading cycle corresponds to thelgrea

which is released by shearing in reverse direction during the unloading phase of the upper cycle.
Consequently, the total dissipated energy at the end of the upper cycle &t isdimedifference
between the shear energy input at pdni.e a+b, and the returned stored strain endosgwhich
results in the inner loop ar@aWhile the dissipated energy may be in the form of heat or friction
among the solil grains, the stored strainrgpes released by the reversal of the shear strains in

the opposite direction. The same is true for the lower portion of the-stragscycle, with the

stored strain energy corresponding to afteahich is released at the end of the unloading phase
atpoint P. The dissipated energy is represented by ar&his graphical relation of stored strain
energy to the aredsandd, and the relation of dissipated energy to the aaesasdc was also

stated byprevious researche(&reen 2001, among otheys
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For the first few loops of a given test with a relatively sf@@8R the overall strains are typically
small, and the response is largely elastic, with the sum of luaasd being much larger than

the sum of areasandc. In contrast, at high straiqsior to the onset of liquefaction, typical

response is characterized by small values of dr@asld in comparison to areasandc and the
stressstrain behavior is highly plastic. At this stage, the soil is unable to store much strain energy
during the loading phase and accumulates comparatively much larger residual (plastic) strains.
As a result, dissipated energi@s-€) increasesubstantially and the hysteresis loop degrades

quite dramatically.

The stored strain energy in any one loading cycle, which is released completely at the end of the
cycle, can be taken as the sum of ateasdd in Figure2.5. It is proposedhat the denping

ratio be calculated as follows:

(2.12)

The advantage of equatio®.12) is that it computes the damping ratio directly from the
experimental data, instead of relying on one of the linear equivalent apprioxisnat Figure

2.2, which can lead to erroneous results, particularly in the high strain range. In the following,
the plausibility of this new calculation method will be investigated in terms of energié¢d/diRd

response.

2.7 Verification of the New Method

Although it is well known that there exists a correlation betw&a#P (in the pressure unit of
kPg and dissipated energy (in the energy unkJft), no evidence could be found in the
literature on a possible correlation between stored strain enerd@3ViRdata. It makes sense
that both dissipated energy and released strain energy are related to accuPw/Rtkating

undrained cyclic loadinglhis propositionwill be examinedelow.
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In Figure2.6.a, PWPmeasurements from a cycSStest (Roy, 2010) are plotted against
accumulated absolute strain. As an example, if the soil were sheared 0.1% strain in one direction
and then 0.2% in the opposite direction, the accumulated absolute strain in this particular case

would be equal to 0.3% closeup view of cycles 9 and 10 is shown in Figaré.b.

The crosses in the Figugss.a andFigure2.6.b represent the start and end points of each
hysteresis loop (corresponding to poibtandP in Figure2.5). Shear data (i.e. Figugb) and
PWPdistribution (i.e. Figure.6) are directly related to each other. For example, a contractive
tendency in undrained shearing results in an upwards move and a dilative tendency leads to a
downwards move iPWPdata, causing the fluctuations in Fig@.6. In Figure2.6.b, the
crosshatched horizontal lines represent conditions of equal energy within a given cycle. While
the mentionedPWPfluctuations occur due to constantly changing contractive and dilative
tendencies in soil during cyclic shearing, the saifrdissipated energy\p and releasedtored

strain energW\Vs in each loading cycle leads to a net energy accumulation, resultir\irPa

build-up in undrained tests.

Between any two adjacent equal energy lines in Figuib, net change in energy cha

evaluated as the sum of the triangular areas as shown, but only for portions of the cycle
representing a net gain MWP. Each triangular area is constructed with the help of two adjacent
data points within the net energy gain portioriP¥¥Pdata as sbwn in Figure2.6.b. Taking both
PWP(kPa) and absolute strain changes simultaneously into account in the form of incremental
triangles (based solely on data points) provides for an equivalent energy calculatiG\i@m
data, which can be related to thergy calculation from shear data (i.e. FigRi®) in the same

energy unit kJ/n? = pressure (or stress) multiplied by strain).

The sum of these triangular areas from the net energy gain portions between the equal energy
lines are referred to as net energy change per loading cycle as indicated ir2l6iglibe net
energy change per loading cycleFkVPdata is assumed to be a @tion of dissipated and

released strain energies in undrained shearing. This proposition will be examined below.
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Depending on contractive and dilative tendencies and highly nonlinear behavior of soil at high
strains,PWPdata can have irregularities (singps and downs) even within the net energy

change portion of theWPdata. For this reasoit,is important to note thaising datums at the

level of equal energy lines would be an erroneous approach in equivalent energy area calculation
from PWPdata Soil at a randonPWPvalueat a larger strain cannot remember a previeV&>

datumat a smaller strain becauthe behavior of soil changes constantly with increasing strains

in a cyclic loading. Therefore, the approach of using incremental trianglesdudsiyn data

points, whoséWPvalues are irregularly changingrovidesfor a more accurate wayf

equivalent energy calculation

If there was a local energy loss within the described net energy change portions ir2 Bigtme
corresponding dilativeriangles were considered as negative energy change in the calculation. If
there was an overall energy losPWPat the end of a cycle, this was also considered as

negative net energy change per cycle accordingly. This relatively rare case was usually
accompanied with a straihardening behavior in the shear strsgain response of the given

cycle. The average shear strain of the respective cycle either did not increase or even decreased
in comparison to the previous cycle. This observed phenomertba ghear data indicates a

further proof of the direct correlation between M¥Pand shear strestrain response. The net
energy change per loading cycle is stored for further data processing. This process is automated
with the help of Matlab.

As already mentioned before, it is assumed that the net energy change per loadingRuie in
data in Figure.6.b is assumed to be a function of dissipated and reledsestistrain energies
in undrained shearing. Although the exact relationship reniaibhe determined, the following
general relationship can be considered between stored strain energn@PWPdata for each

loading cycle:

wx Q¢ QO¢ Qi "AMDd w Fai i (2.13)
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The dissipated energy in each loading cycle is then a function of the net energy change per cycle
determined from theWPdata as (Figur2.6):

@ x Q¢ Q0¢ Q1dEE "QMND W FAiQ (2.14)

The ratio of stored stramnergy to dissipated energy can be considered with the help of
equations%.13) and @.14):

—x "Q—) (2.15)

The excess pore water pressure rafigu/s;) at the end of each loading cycle can be calculated
from the residuaPWPvalues, which are indicated by the crosses in Figu® (PointP in
Figure2.5).

The general correspondences represented by equalit8 (2.14) and @.15) make intuitive
senseA soil during the first initial loading cycles under the effect of a ©@8Rvalue, i.e. far

from the onset of liquefactiom&<1), would be able to store and release more strain energy and
generate less dissipated energy during a particular early histeop due to its significantly

elastic behavior. At the other end of the spectrum, when soil approaches liquefactibnit(is
unable to store and release much strain energy anymore due to its largely plastic response. At
this stage, the majority shear energy is wasted through irreversible heat and friction

dissipation.

In order to investigate the plausibility of equatioB4.8) and @.14), the Ws/ Wp) ratio was
calculated in two different ways. First, the proposed new method is used by caaeas in
Figure2.5 according tolg+d)/(a+c). Alternatively,the Ws/ Wh) ratio was calculated from the
PWPdata by determining ¢f,) / (ry) as an approximation of the function in equati®i%). The
results are shown for the analyzed four dataiedtigures 2.7 through2.10. As a reference, the

(Ws/ Wh) ratio was also calculated with Approach 1 defined in Fi@.2e
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At a first glance, the absolute values of (iW/ Whp) ratio determined by the new method and its
counterpart, calculated fromgPWPdata do not overlap completely in all tests. It is also
important to note that th@\Vs/ Wp) ratio values do not start from the very first cycles of the tests,
where there is a more pronounced dropWPcounterpart of the ratio. The mentioned
discrepancies can hadéferent reasons among these:

1) At very small strains, the strain readings in the data sets have more scatter, as the both cyclic
DSSand cyclic triaxial test apparatuses were rather latgen type, which were used mainly for

the determination of cyclic strength and liquefaction evaluation in the respective studies
described in Sectior2@).

2) The PWPcounterpart of théWs/ Wp) ratio was calculated with the ratio-€J) / (r,) as @
approximation of the function in equatic&15). Although this appromnation is supposed to

give a general trend but no absolute values, the exact relationship in eq@dt)mémains to

be determined. Equation2.13), (2.14) and @.15) might stillrequire a finetune calibration over

the entire range of shear strains. However, with the smallest considered shear strains starting
from 0.05%0.1% and the largest considered shear strains reaching up to 4% irs Bigure
through2.10, the general trendiformation of(Ws/ W) ratio fromPWPdata is considereid be

sufficient to examine the plausibility of the new method.

A closer look at Figure®.7 through2.10 reveals that the general trend\Wg/ Wp) determined

from the shear data with the new method and the trend of its counterpart determined from the
PWPdata are in a quite good agreement for nearly all tests. Both the new calculation method and
the method based on tR&VPdata (i.e. equatiod.15) shows a decrease (WVs/ Wb) ratio with
increasing shear strains toward the liquefaction (vertical dashed line). This general trend, as
discussed above, makes sense as the soil stores more strain energy with a small energy
dissipation leading to a highVs/ Wb) ratio at the early phase of the test. Due to its largely

plastic behavior, the soil is unable to store much strain energy anymore but able to generate a
significant amount of dissipated energy, resulting in a(Mig/ Wb) ratio in the final phasefo

the test.
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On the other hand, although results from the linear equivalent method (Approach 1) in Figures
2.7 through2.10 shows a similar trend to that of the new method during the initial phase of the
tests, th€Ws/ Wp) ratio calculated from Approachstarts to increase significantly beginning at
shear strains between 0.1% and 1.1%, which was not observed in the general trend obtained from
the new method and iBWPcounterpart. As there is no reason for the stored strain energy to
increase more than the dissipated energy does at high strains, while the soil becomes less elastic
as it approaches towards liquefaction, the results calculated by Approach 1 mustdwawetto

the inherent error in the equivalent linear methodology that does not capture well the degradation
of the hysteretic loops at large strains as the soil becomes ever more plastic. Since the overall
trend of the new method is similar to that of th@r@mach based on accumulatd/P, it

presumably also provides a more realistic calculation of stored strain energy from the

experimental data.

Further assessment of the new method can be pursued by considering the absolute values of
stored energies. In@ure2.11, first, the accumulated stored strain energy for each test was
calculated from all loading cycles with equati@il@) based on the net energy change per cycle
as in Figure2.6.b. The sum of stored strain energies fromRW¢Pdata was normalizedith the
respective consolidation stresses and plotted along the horizontal axis. Similarly, the sum of
stored strain energies from all cycles (up to liquefaction) calculated with the new method from
the shear data, by calculation of the respective d&reds Figure2.5, was normalized and

plotted on the vertical axis.

In Figure2.11.a, the results are plotted for a small subset of tests with relatively G8Rll

values and accordingly large number of cycles to liquefachpr2@,29,54,77,100). Due tbe

relatively small energies involved, there appears to be some scatter in the data. Despite this, there
is still a recognizable trend that indicates a relationship betwedhiand shear data in terms

of stored strain energy, in spite of the largegeanf preshear void ratios, consolidation stresses,

sand types, test methods, specimen preparation techniques, and varying frequencies considered.
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Shown in Figur&.11.b is another set of tests, but now with relatively high valu€sSR Again,
despie a wide range of initial void ratios, number of cycles to liquefac@@Rvalues,pre-

shear consolidation stressésst frequencies and in spite of the different sand types and sample
preparation techniques, there is a significant correlation betwe@WRand stored strain

energy for the majority of the test results.

From another perspective, Figutd2 showshe sum of dissipated energies from BWPdata
versus the accumulated dissipated energy from the shear data for all the tests listed Bx2Zrables
through2.5. The sum of the hysteresis loop areas is plotted on the vertical axis, i.e. the sum of
areasa and c in Figure2.5 for all the loops from the start of each test to the onset of liquefaction.
The sum of dissipated energies from BEWPdata calculated by equatio®.14) is plotted on the
horizontal axis. The values are again normalized against coagoh stress. Despite some
scatter, an overall exponentially increasing trend is clear. Afbestationship is indicated in
Figure2.12.

The trends apparent in Figurg3 through2.12, in terms of both stored strain and dissipated
energiesare cosideredo be significant and consistent, therefore providing suppothémew
approach based on the calculation of accumulated energy determined directly from cyclic shear
stressstrain data. These results also suggest that an ebasgyl liquefactioevaluation is
intrinsically superior to stressr strainbased liquefaction evaluation, an observation that had

already been recognized by previous authors (Kokusho, 2013).

2.8 Damping Ratio Calculations from LoadControlled Undrained Tests

As mentioned earlier, the relationship between damping ratio and shear strain can also be
evaluated from loadontrolled tests conducted on a single specimen undergoing progressively
increasing deformations. In fact, such a loading condition is for matyial purposes much
more relevant than stragontrolled tests, as it mimics cyclic loading of liquefiable soils in the

field more accurately and results in gradually increasing eXx@@43and residual deformations.
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To calculate a more accurate dangpratio from an undrained loazbntrolled test, the following

two correctionsre recommended

Strain correction Since shear strains can accumulate asymmetrically over the course of cycles,

an average shear strain per loop is calculated with equaBi@)sfd 2.7).

Energy correctionAlthough each hysteresis loop starts and ends at zero shear stress,
computation of incremental energies always should start from an accumulated stiRWRNd
(except at the start of the first loop), which accountslissipated and released stored energies
from previous loops. As this prior energy accumulatiorR\P build-up) from previous loops
affects the energy balance and shear behavior going forward, the damping ratio at a specific
shear strain needs to be cdddad with equation2.12) and considering the cumulative
dissipated and storesirainenergy up to that level of shear strain.

Considering these computational corrections, damping ratio was calculated for five different tests
(five different sands) by thnew method and the results are shown in the set of plots on the right
hand side of Figure®.13.a through2.13.c. The damping ratio was also calculated by the four

linear equivalent approaches with similar corrections and these are included inZEi§uice
comparison. The lefhand side plots in Figurésl3.a through?.13.c present the corresponding
released strain energies per cycle for Approaches 1 through 4. Stored strain energies calculated
based on the linear equivalent methods are similar setiitom the new approach for the first

few cycles of loading and small strains, but they are still lightly underestimated when compared
to the results calculated by the new method. This light underestimation of the stored strain
energy by the linear equikant methods is also observed for the first cycles of loading in the
majority of the tests as shown in Figu&g through2.10. However, the discrepancy increases
significantly at higher number of cycles and as liquefaction is approached. Approaches 1 through
4 lead to far larger stored strain energies similar to what is observed in RRgutlesough2.10,

which makes no see since the amount of stored strain energy increase generated during cycling
close to liquefaction should be minimal. Again, there is no reason for the stored strain energy to
increase even more than the dissipated energy at this final phase of thg tasknto

liquefaction, which was observed in the rgitis/ Wh) of linear approachas Figures2.7
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through2.10. Further, erroneous large stored strain energies result in an erroneous decrease in
damping ratios at large strains as well. Many previtudies indicate a decrease in damping

ratio once the shear strain exceeds about 1% (Matasovic and Vucetic, 1993, Kumar et al., 2017).
Brandes (2011) already pointed out that such a reversal in damping ratio trend may not be
accurate in part because of esipental and computational limitations inherent at large strains.

Our study suggests that past methods of calculating damping ratio (Approaches 1 through 4) are
one significant reason leading to inaccurate calculation of damping ratio at high straits, whic

results in an erroneous overall trend for damping ratio past about 1% strain.

Figures2.7 through2.10 and Figure2.13.a through2.13.c make it clear that the reason for the

drop in damping ratio past about 1% strain is the significant overestimatsbored strain

energy by the linear equivalent calculation approaches. In addition, stored strain energy is also
lightly underestimated for the majority of the tests by linear equivalent methods during the initial
phases of the cyclic loading. As the stbistrain energy appears in the denominator of the
damping ratio relationship, the lightly underestimation of the stored strain energy results in a
considerable overestimation-{®%) of the damping ratio for the shear strains smaller than 1%

as shown in lgures2.13.a through?2.13.c.

In Figure2.14, the set of all test results considered are plotted with linear equivalent Approach 1.
After the loadcontrolled tests are subjected to the relevant corrections discussed earlier, the
results are in a somewhgdod agreement for the shear strains up to 1% with the approximate
upper and lower bounds recommended by Seed and Idriss (1970), which are based on largely
straincontrolled experimental data. Approach 1 was chosen as the representative equivalent
linear method for comparison purposes, as this method was most likely the one employed by
Seed and Idriss (1970) for shear strains larger than 0.1%. However, there are still many tests
whose damping ratio values are underneath the lower bound recommended apdBkkds

(1970). This is presumably due to the fact that the damping ratio values in this study were
calculated from loadontrolled tests, whereas the bounds by Seed and Idriss (1970) were based
on straincontrolled tests. More importantly, nearly dfltbe tests indicate a drop of damping

ratio after about 1% shear strain. This does not make intuitive sense since there is no good

physical explanation as to why there should be less damping at large strains as liquefaction
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approaches and overall deformats become largely inelastic and irrecoverable. Such a

decrease in damping ratio is instead an erroneous result from the manner in which damping ratio
is calculated in the linear equivalent approaches, which overestimate the elastic stored energy as
shown in Figure=2.7 through2.10 and Figure2.13.a through?.13.c and therefore underestimate

the damping ratio at shear strains larger than about 1%.

The test results with the new calculation method are plotted in FiglBeFor shear strains

smaller than 0.4%, the results are in some agreement with the bounds of Seed & Idriss (1970),
with more results being underneath the lower boundary compared to those inZFigurghis

can be due to the linear equivalent methodgcivimias most likely the employed method to

create Seed & Idriss (1970) bounds. The equivalent linear method can underestimate the elastic
stored energies lightly and therefore overestimate the damping ratio for shear strains smaller than
1% as also shown iRigure2.13. Perhaps more importantly, the new method does not show a
decrease in damping ratio at higher strains, which is in line with our previous discussion relating
to thePWPaccumulation trends. Also, a continuing increase in damping ratio aahiytery

high levels of strain is intuitively correct as there is no conceivable reversal in the underlying
mechanism responsible for material damping as irreversible strains and pore pressures continue

to accumulate and the material degrades further.

Basd on the set of tests considered in dhigpter which as already mentioned cover a very

wide range of sand types and test conditions, a new set of damping ratio acuniferedas

shown in Figure&.16, which are based dahenew method of determinindgamping ratio from
laboratory test data. As was the case with the pioneering assessment on damping ratio by Seed
and Idriss (1970), this type of a representation can be useful for practical applications in which
load-controlled conditions are more relevdhnan straircontrolled conditions. In particular, we
believe that Figur@.16 provides a more realistic estimation of damping ratios in the high to very
high strain range, perhaps between about 0.4% and maybe as high as 4%, or until full

liquefaction mobizes.
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2.9 Conclusions

New data analysis was conducted on five widely ranging sands covering a significant set of

initial material conditions in order to evaluate soil damping, with a particular focus on accurate
determination at high strains (1% and larger). The experimeattaliocludes both load

controlled undrained cyclic triaxial and cyclxSStests. Four different equivalent linear

calculation methods that have been suggested in the past were considered for comparison against
a new energyased method that is proposedeie that we believe represents a more realistic

and accurate approach. The plausibility of the new method was examined with reference to pore

water pressure accumulation that occurs during undrained loading.

The highlights of this study can be summadizs:

1) There exists a clear correlation between dissipated energiVaRdwhich has been
reported on previously, but also one between stored strain energy and accuRNMiBRted

2) Equivalent linear calculation methods can underestimate stored strain andrgy

overestimate damping ratio at shear strains in the range of approximately 0.1% to 1%.

3) Equivalent linear calculation methods can overestimate stored strain energy and

underestimate the damping ratio at shear strains larger than 1%.

4) The new method ofadculating damping ratio from loacbntrolled cyclic tests estimates
a more realistic damping behavior and this follows from consideration @\

accumulation during undrained testing.
5) A new guideline on damping ratio bounds for a wide range of sardisest conditions is

proposed in Figur2.16 in a manner analogous to that presented in the pioneering work

by Seed and Idriss (197®ut based othe new method to evaluate damping ratio.
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Table 2.1 Description of experimental data sets

Data| Data Source Sand Dso Sand Test Source
Set Name (mm) Mineralogy| Type of the
Data
1 Polito Yatesville 0.18 Silica Cyclic From
(1999) and (Yatesville) triaxial author
Monterey 0.43
(Monterey)
2 Roy Silica 0.081.11 Silica Cyclic | University
(2010) DSS | of Hawaii
3 Wichtmann | Karlsruhe 0.14 Quartz Cyclic From
and triaxial | website,
Triantafyllidis see
(2016) reference
4 El Ghoraiby | Ottawa 0.22 Silica Cyclic From
and F65 DSS website,
Manzari see
(2018) reference

Table 22 Description of Data Set 1, undrained cyclic triaxial tests on Yatesville and
MontereySands, Polito (1999)

Test number CSR e sc(kPa) q(kPa) N gaat liquefaction
(%)
YOE76C30 0.273 0.76 100 54.6 25 1.8
YOE76C33 0.312 0.75 100 62.4 12 2.4
YOE76C35 0.332 0.75 100 66.4 12 1.9
YOE90C19 0.130 0.89 100 26.0 36 0.4
YOE90C22 0.155 0.89 100 31.0 14 1.0
YOE11C10 0.076 1.01 100 15.2 31 0.2
YOE11C12 0.088 1.01 100 17.6 14 0.1
YOE11C14 0.104 1.01 100 20.8 6 0.2
MOE71C31 0.275 0.68 100 55 11 2.5
MOE71C33 0.308 0.69 100 61.6 10 2.2
MOE75C30 0.351 0.73 100 70.2 7 2.1
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Table 2.3 Description of Date Set 2, undrained cyd@i8Stests on Silica Sand, Roy (2010)

Test number CSR e Sc t N, Qaat liguefaction

(kPa) (kPa) (%)
N1/70 0.14 0.69 500 70 15 3.3
N2/70 0.14 0.66 500 70 14 3.8
N2/60 0.12 0.67 500 60 25 3.3
N3/60 0.12 0.70 500 60 21 4.1
W2/70 0.14 0.60 500 70 12 3.7
W2/50 0.10 0.59 500 50 31 3.5
W3/70 0.14 0.54 500 70 12 3.7
W3/60 0.12 0.57 500 60 10 3.7
W3/50 0.10 0.54 500 50 19 2.5

Table 2.4 Description of Date Set 3, undrained cyclic triaxial tests on Karlsruhe Sand,
WichtmannandTriantafyllidis (2016)

Test number CSR e sc(kPa) q(kPa) N Qaat liquefaction

(%)
TCUI9 0.125 0.80 100 25 100 2.3
TCUI10 0.150 0.83 100 30 14 0.9
TCUI12 0.125 0.81 200 50 77 2.8
TCUI13 0.150 0.83 200 60 15 3.7
TCUI16 0.150 0.82 300 90 24 3.7
TCUI18 0.150 0.76 100 30 54 2.4
TCUI19 0.200 0.76 100 40 11 1.9

55



Table 2.5 Description of Date Set 4, undrained cy@i§Stests on Ottawa F65 Saril,
GhoraibyandManzari(2018)

Test number CSR e Sc t N, Qaat liguefaction

(kPa) (kPa) (%)
4/40 0.110 0.59 40 4.4 15 1.6
4/100 0.120 0.58 100 12.0 6 3.4
3/40 0.120 0.60 40 4.8 8 1.6
2/40 0.130 0.59 40 52 6 2.5
1/40 0.140 0.60 40 5.6 5 1.9
1/100 0.150 0.59 100 15.0 3 3.1
7/100 0.105 0.58 100 10.5 9 2.5
6/100 0.105 0.58 100 10.5 12 2.1
3/100 0.125 0.57 100 12.5 5 3.4
2/100 0.130 0.58 100 13 5 3.6
5/40 0.095 0.59 40 3.8 29 1.1

Shear Stress G

A 1

/ Wa(AXB)R2

/
/ &
/
/
/S .
» Shear Strain
/ ]

Figure 2.1 Calculation of stored strain energds with the equivalent linear method
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Shear Stress (DSS)

Deviator Stress (Triax)
Shear Strain (DSS)
Axial Strain (Triax)

4
w=Ww, W= (W, +W)2
Approach 1 Approach 2
(Towhata, 2008) (Das and Luo, 2016)
W= (W4 W= (W, +WAW,)/4
Approach 3 Approach 4
(Kokusho, 1980) (Kumar et al., 2017)

Figure 2.2 Different equivalent linear approaches to calculate the stored strain evrgy,
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Figure 2.4 Dissipated energy versus pore water pressure
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Shear Stress (DSS)
Deviator Stress (fTax)

Shear Strain (DSS
Axial Strain (Triax)

WD = Area_+ Area
a C

WS = Areab + Area d

Figure 2.5Energy quantities in one loading cycle
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Figure 2.6 Correlation between shear data and pore water presspense
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Figure 2.7.bCorrelation between the sheandPWRdata with regard tWs/ W, ratio
(cyclic triaxial tests on Yatesville Sand by Polito, 1999)
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Figure 2.10.bCorrelation between the sheandPWRdata with regard tdVs/ W, ratio
(cyclic DSStests on Ottawa Sand by EI Ghoraiby and Manzari, 2018)
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CHAPTER 3
VERY LARGE STRAIN BEHAVIOR
(SHEAR STRAINS LARGER THAN 0.1%)

3.1 Introduction

For shear strains smaller than 0.01%, it is common practice to evaluate soil damping from
resonant column tests based on the decay of vibration amplitude of successive cycles in a free
vibrating soil specimen. For shear strain values larger than 0.01%aikr than 0.1%, soil

damping ratio is usually calculated using equivalent linear methods applied to initial cycles of
straincontrolled cyclic tests. For such small strains, deformations are largely recoverable and the
shape of the resulting hysterelsiep under cyclic loading is essentially symmetrical. Therefore,

the error between the actual damping behavior of soil and its approximation through equivalent
linear methods is quite small. However, equivalent linear calculation of damping can become
gradually erroneous at shear strains larger than 0.1% as nonlinear and inelastic aspects of
material response become more significant. At larger strains, hysteresis loops degrade
significantly, and they become asymmetric and lead to residual strains. Torogesgoh
shortcomings, a new eneripased calculation methadas proposed in Chaptet@ evaluate

damping ratio from undrained cyclic triaxial and direct simple sH2&§(tests at high strains

new set of boundfer sandsvas also provideébr the relaionship between damping ratio and

strain, as shown in Figurel®, meant to replace or supplement the original recommendations by
Seed and Idriss (1970), which are included in the figure for reference purpbsesost

significant difference is observed strains exceeding about 0.4%, which is the range in which

the new method is thought to provide the greatest degree of improvement over simple equivalent

linear methods that form the basis of the Seed and Idriss (1970) calculations.

Given the vensignificant difference in computed damping ratios between the two approaches at
larger strains, it is worth revisiting the effects that material and initial conditions have on
damping based on the more accurate new method. This constitutes the focuzuokitte

chapter Undrained cyclic triaxial and direct simple shdaB§ test results from several studies

are considered that encompass a wide range of controlling parameters on damping behavior of
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sands at large strains (0.1% to 4%). These two typesstsf were chosen because: 1) both cyclic
DSSand triaxial tests can be carried out to relatively large strains, 2) they also yield information
on cyclic strength, and 3) they are commonly used in laboratory liquefaction studies of sands and

therefore adir amount of data is available that can bénterpreted, adiscussed next

3.2 Experimental Data Sets

Five different data sets on five different sands were investigated ichidgiger as listed in Table
3.1. The amount of the data in Tal34 is approximately two times as the data used in the
previouschapterand mostly different tests than thoseCinapter Avere chosen to add a wider
parameter range in thihapter All testing was conducted in undrained and lcadtrolled
conditions. Allglobal void ratiosg, were calculated after consolidation and before shearing. For
data analysis, the shear data was assessed only up to the onset of liquefaction, at which point the
number of cyclesl) was noted. The criterion for the onset of liquétatused in thichapters

the same as the one describe@hapter 2Effective consolidation stressd) was the preshear
Ko-consolidation stress iDSStests and the prghear isotropic consolidation stress in triaxial
tests. Hergonly a brief desaption on the soil characteristiggll be providedfor each data set

and the reader is referred to each reference for further details.

3.2.1 Data Set 1 (Polito, 1999)

The gadation, sample preparation, and frequency characteristics were already proteed

previous chapter for the two different clean sands (Yatesville and Monterey Sands) used by

Polito (1999) for a series of cyclic triaxial testie silt used in the study was derived from the
fine-grained portion of the Yatesville silty sand anasslifies as a neplastic silt. In Table3.2,

the series of clean sand tests (Monterey and Yatesville sands) and silty sand tests (with Monterey
sand as clean base sand) used forcthapterare listed. The range @SRvalues (0.08 to 0.49),

void ratios(0.34 to 0.89), number of cycles (4 to 156) and the various amounts-pfaxiit

fines provides for a wide range of parameters to consider.
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3.2.2 Data Set 2 (Roy, 2010)

The gradation, sample preparation, and frequency characteristics were alreasisediso

Chapter Zor the Silica Sand used in the cydiSStests performed by Roy (201®.relatively

high normal consolidation stress (500kPa), and various gradations covered a very different range
than the one in data set 1. The subset of testsasspdrt of thichapterare listed in Table.3.

3.2.3 Data Set 3 (Wichtmann and Triantafyllidis, 2016)

A series of cyclic triaxial tests on clean Karlsruhe sand specimens performed by Wichtmann and
Triantafyllidis (2016) constitute the third data SHte gradation, sample preparation, and

frequency characteristics were already provided in the previous chapter for the Karlsruhe Sand
used in this studylable3 .4 lists the specific tests used in thigapter This data expands on the
range of sample prepation techniques, cyclic frequency, as well as initial void ratios and
consolidation stresses (100 to 300kPa).

3.2.4 Data Set 4 (Bastidas, 2016)

An experimental characterization of Ottaw®% Sand was performed by Bastidas (2016). The
extensive testingrogram included a series of cyclic undrai¥8Stests at various void ratios

and consolidation stresses (50 to 400kPa). Tests were performed both on normally-and over
consolidated sample®CR=4). Ottawa sand is a poorly graded fine silica sand witkeam

grain size 0D5;=0.20mm and uniformity coefficient &,=1.61, with sukrounded to rounded
grains. The loose specimens were prepared by dry funnel deposition whereas the dense samples
were prepared with air pluviation technique. Cyclic undraiD&&tests were performed at a
constant displacement rate of 50% shear strain per hour. Specimens were confined by stacked
metal rings. The subset of tests used in¢hapteris listed in Table3.5. Due to the different
preparation techniques, various voitiaga, consolidation stresses as well as ax@rsolidation

ratios OCR), a different parameter range represents yet a further set of conditions for

consideration.
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3.2.5 Data Set 5 (El Ghoraiby and Manzari, 2018)

Ottawa F65 sand tested iretstudyof El Ghoraiby and ManzafR018 has essentially the same
characteristics as the one used in the study by Bastidas (2016), whesssgioftmonsolidation
stresses (40 to 100 kPa) and cyclic stress ratios were different. The tests usedHaptbiare
listed in Table3.6. More details on the testing program of El Ghoraiby and Manzari (2018) are
provided in the previous chapter.

3.3 Energy Dissipation and Damping Mechanism in Sands

In the damping of cohesionless soils, energy is assumed to lpathigsby hysteretic energy
dissipation due to friction between soil grains, and by viscous energy dissipation from friction
between pore water and soil grains. Stored strain energy is the portion of work from shear strain
energy that is stored during tleading phase and released during the unloading phase of a
loading cycle. Soil damping ratio reflects energy loss in the soil, which is expressed as the
dissipated energy to the stored strain energy.

Due to mathematical convenience, soil at small stiainsually modeled using simple

viscoelastic models such as the Kelvinigt model, with shear resistance approximated with the

use of springs and dashpots. Accordingly, soil resistance to shearing is assumed to be the sum of
an elastic part and a viscopart. However, real soils dissipate energy (even at small strains)
through irrecoverable mechanisms, such as through slippage of grains. This leads to hysteretic
stressstrain response during loading and unloading of cyclic tests. In general, eneigptidiss
characteristics are largely insensitive to frequency, at least at frequencies normally encountered
in practice. To eliminate frequency dependence while maintaining the convenience of the
viscoelastic model, often an equivalent viscosity is usddands which ensures that the damping

ratio is independent of frequency (Kramer, 1996). As an analysis method of viscoelastic material
response, the linear equivalent method is used, where the stored energy is assumed as the energy

in an elastic material king the same shear modulus as the viscoelastic material.
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The portion of the energy dissipated by frictional mechanisms increases with increasing shear
strains and becomes the dominant energy dissipation mechanism in both saturated and dry
specimens syécted to large strains, such as those of interest in earthquake engineering
(Whitman and Dobry, 1993). At very large shear strains (i.e. larger than 1%), soil behavior
cannot be explained accurately by viscoelastic models and use of the linear eqmegtent is

not recommended (Ishihara, 1996hapter Zhows that both hysteresis loops from the shear

data and the pore water pressure trends confirm that the ratio of stored strain energy to dissipated
energy in successive loading cycles keeps decretsiayd liquefaction, which explains the
increasing trend in damping ratio for all tests in Figud&2nstead of a decrease as reported in
previous studies (Matasovic and Vucetic, 1993, Kumar et al., 2017). Such a decrease in damping
ratio at high strais is deemed to be an erroneous result of application of linear equivalent

method at shear strains larger than Halready discussed in the previous chapter.

Damping ratio of an ideal elastic material is zero. Theoretically there is supposed to be no
hysteretic energy dissipation at strains smaller than the elastic cyclic threshold strain, as the
hysteresis loop behavior is reduced to a nearly straight line at these very small shear strains.
Elastic cyclic threshold strain is defined as the shear stairfich permanent volumetric

changes start to occur in a drained condition, or excess pore water pressures start to accumulate
in an undrained testing condition. Based on the drained and undrained experimental results from
previous researchers (i.e. Pyk&73, Dobry et al., 1982, among others), elastic cyclic threshold
strain for sands is estimated to occur at around 0.01% shear strain. However, experimental
evidence shows that there is always some energy dissipation even at very low strains, so the
dampng ratio is never quite zero. The mechanism of damping at these very small strains is not

well understood (Kramer, 1996).

With increasing shear strain, nonlinearity and inelastic behavior of soil increases, which results
in higher energy dissipation addmping ratio. Basic mechanisms that have an effect on the
nonlinear behavior of soils also have an effect on the damping behavior of soils. In cohesionless
soils, there is no significant particle bonding, which results in a highly discrete soil structure
where friction among grains is the main energy dissipation mechanism, resulting in nonlinear

behavior during cyclic loading. On the other hand, fine grained soils with high plasticity
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maintain not only particle friction but also cohesion. Significant glarbonding resulting from
electrical and chemical interactions in fine grained soils gives them a less discrete, more
continuous soil fabric (Towhata 2008). The more uniform fabric otdire@ned soils leads to

less nonlinear behavior and smaller enatggipation or damping ratio during cyclic loading.

This correlation between energy dissipation and soil type was first confirmed by the
experimental findings of Zen et al. (1978) and Kokusho et al. (1982). According to their results,
degradation of sheanodulus with increasing shear strains was slower for highly plastic soils
than that for lowplasticity soils. The findings of Imazu and Fukutake (1986) were also in
agreement with this trend. Similarly, the study of Vucetic and Dobry (1991) showed that the
energy dissipation and damping ratio of highly plastic soils are smaller than those of low
plasticity soils at the same cyclic strain. These results suggest that the effect of described discrete
structure of granular soils is significant. In contrastidarm and continuous fabric of clays, the
discrete structure of granular soils results in a faster modulus degradation andrarggr

dissipation (and damping) during cyclic shearing.

In the following, damping behavior of sands will be examined veipect to various parameters
at high strains (0.1% to 4%, or before the onset of liquefaction) by implementing the new method

on cyclic triaxial andDSStests from 5 different data sets.

3.4 Parameter Effects on the Damping Behavior of Sands at Hightrains

There are three important parameters in a-loaurolled cyclic test that influence the stress

strain and strength response: void ratio, consolidation stress and cyclic stre<SSBtid\é

there is also a direct coupling between the numbeyaés at liquefactionN;) and these three
parameters, this needs to be considered as well. In the analysis that follows, damping ratio was
calculated using the new method, which has been coded for use with both triaXis Saata

sets.

3.4.1 Effectof CSRand N,
At a constant confining stress and void ratio, a gréa8Rwill trigger liquefaction in fewer
loading cycles, whereas a smaller valu€8Rwill require more loading cycles to liquefy the

same soil specimen. Damping ratio calculationmftbe load controlled cyclic triaxial tests by
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Polito (1999) on clean Monterey sand show a correlation between the soil damping ratio, number
of cycles andCSR as illustrated in Figurd.1l.a. At a nearly constant confining stress and void

ratio, soil dampng ratio decreases with a decreas€8#Rand an increase in number of cycles to
liquefaction,N,. The same trend was also observed in the cyclic triaxial tests on Karlsruhe Sand
by Wichtmann and Triantafyllidis (2016) in FiguBel.b, in the cyclicDSStests on the loose

Ottawa sand specimens by Bastidas (2016) in Figdre, and in the cycli©SStests on the

dense Ottawa sand specimens by El Ghoraiby and Manzari (2018), as shown i3 Eigure

Similar trends with respect to the effect of number of cycles were also observed in small strain
studies in the past. The study of Hardin and Drnevich (1972) on clean dry sands at small shear
strains (smaller than 0.15%) showed that the damping ratm doven strain amplitude

decreases with number of cycles of loading. Their findings also indicate that damping ratio
decreases approximately with the logarithm of the number of cycles. In the case of an undrained
shearing to large shear strains, the pasiger pressure buddp in saturated sand is significant

due to cumulative dissipated and released strain energies, which makes the changes in damping
ratio with number of cycles quite remarkable. In Figi8dsa. througl8.1.d., larger energy

dissipation occurs in the specimens undergoing larger cyclic stresses EBggrwhich results

in relatively small number of cycles to liquefaction and a higher damping ratio. On the other
hand, the samples exposed to smaller cyclic stresses experience resatizidy and slower

energy dissipation with a much larger number of cycles to liquefaction, which results in smaller
damping ratio values. TH2SStest results by Roy (2010) indicate also a decreasing damping

ratio trend, however in a suppressed versiom, tda relatively high consolidation stress (500

kPa), as shown in Figu®l.e.

3.4.2 Effect of Consolidation and Confining Stress

Based on previous small strain damping ratio studies on sands, one of the most important
parameters affecting dampinghmvior is the confining or normal consolidation stress, which
will be examined in this section at high strains. Isotrolis=1) consolidation stress in cyclic
triaxial tests is at the same time the confining stress. A normally consolidated sand spleaimen
is onedimensionally consolidated in a simple shear device has a typical coefficient of lateral
earth pressure at regt, = 0.45 to 0.50 (Idriss and Boulanger, 2008).
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As the test results from two different types of tests will not be compared witho#iaer, and the
initial lateral confining stress is equal to a nearly constant proportion of treh@ae normal
(consolidation) stress in all sand samples, theshear normal consolidation stress will be used

as a means of confining stress for BféStest results.

In Figure3.2.a, damping ratio results from normally consolidadStests by Bastidas (2016)

are presented. At first glance, the damping ratio decreases in all samples with increasing
consolidation stress. In plots (i) through (iii), the cyclic strength of two specimens in each plot is
nearly the sameJSR N, numbers andoid ratios are nearly constant), so the damping ratio is
decreasing in these plots due only to the effect of increasing consolidation stress. I3 Bigure
(iv), sample 05062015 has slightly less cyclic strength than sample 05142015 at a nearly
constanvoid ratio. In fact, a decreasing cyclic strength has an increasing effect on the damping
ratio-shear strain curve, which will be discussed in the following section. Nonetheless,
consolidation stress dominates the soil behavior of sample 05062015 aesl itealamping

ratio value smaller than the sample with a lower consolidation stress. Similar results were also
observed in the damping ratio calculations fid®@Stests by El Ghoraiby and Manzari (2018)
conducted on the same type of sand (Ottowa santjyitiudifferent consolidation stresses, as

shown in Figure3.2.b.

Previous small strain studies on sands indicate similar trends. Cyclic simple shear tests up to
shear strains of around 0.5% on dry sands by Silver and Seed (1969) showed a decrease in
danping ratio with increasing vertical consolidation stress. Cyclic triaxial undrained tests up to a
shear strain of 1% on saturated Toyoura sand by Kokusho (1980) also indicated a decrease in
damping ratio with increasing isotropic confining stress in thgeaf 20 kPa to 300 kPa.

Combined resonant column and torsional shear tests up to shear strains of 1% on intact silty sand
samples (Darendereli et al., 2001) showed the same trend with increasing confining pressures
increasing from 25 kP@.25atm)to 1621 kPa(16atm) Resonant column tests on Monterey

No.0 sand by Chung et al. (1984), conducted up to shear strains of about 0.05%, similarly
displayed a decrease in damping ratio with increasing consolidation stresses from 50 kPa to 300
kPa. Resonant coluniasts on dry and saturated Toyoura sand by Kuribayashi et al. (1975), up

to shear strains close to 0.02%, also indicated a decrease in damping ratio with increasing mean
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principal stress in the range of 30 kPa to 400 kPa. Finally, undrained cyclic shmpletasts on
Santa Monica and Antelope Valley sands, up to shear strains of 0.02% by Vucetic et al. (1998),
also confirm the same trend with an increase in vertical consolidation stress from 30 kPa to 300
kPa.

High strain damping ratio calculations mg study, based on the cyclic triaxial tests on
Karlsruhe sand by Wichtmann and Triantafyllidis (2016), indicate the same trend with an
increase in confining stress at const@fRand void ratio, as shown in kige3.2.c (i). In this

figure, test TCUI1landicates a lower cyclic strength with smaller number of cycles at the same
CSR Although both the smaller cyclic strength and the smaller number of cycles has an
increasing effect on damping ratio, an increase in confining stress leads to a decreagpenig da
ratio. The comparison in FiguBe2.c (ii) shows that soil damping ratio decreases with an
increase in confining stress in spite of three increasing effects on the damping ratio of sample

TCUI16: 1) smaller number of cycles, 2) less cyclic strergth, 3) larger void ratio.

3.4.3 Effect of Void Ratio and Cyclic Strength

Resonant column tests by Hardin and Drnevich (1972) up to shear strains of 0.02% shows a
decreasing trend in damping ratio with increasing void ratio for cohesive soils (Virginia clay,
Rhodes Creek clay, San Francisco Bay mud, Nevada clay). Howevelatheheless cohesive

soils in the same database (San Francisco sand, Little River brown silt, Floyd Brown loam)
showed an increase in damping ratio with increasing void ratio at a confining stress of 50 kPa. At
a relatively higher confining stress of 2kPa, damping ratio was nearly constant among the less
cohesive soils despite increasing void ratios. Cyclic triaxial undrained tests up to a shear strain of
0.5% on saturated Toyoura Sand by Kokusho (1980) showed no difference in damping ratio at
variousvoid ratios and a constant confining stress of 100kPa. Resonant column tests on dry and
saturated Toyoura Sand by Kuribayashi et al. (1975) up to shear strains around 0.02% also

showed that the damping ratio is not affected by void ratio.
A change in thevoid ratio at constant confining pressure changes the structure of soil and

consequently its dynamic response. Previous studies (De Alba et al. (1976), among many others)

showed that cyclic strength at constant confining stress increases with a deckeadeatio.
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Hence, there is a direct correlation between void ratio and cyclic strength. Because damping ratio
relies on the dynamic response of a soil, there has to be some correlation between void ratio,
cyclic strength and damping ratio as well. ld@rto examine this effect, undrained cyclic

triaxial tests by Polito (1999) on clean Monterey sand were reevaluated in terms of high strain
damping ratio up to shear strains of near 4%, as shown in dliae At a constant confining
pressure an@SR a slight decrease in void ratio increases the cyclic strength of the same sand,
which results in a decrease in damping ratio. The same trend was also observed in the damping
ratio calculations from undrained cyclic triaxial tests on Karlsruhe sand bytmanin and
Triantafyllidis (2016), as illustrated in FiguBe3.b for strains up to 3%. The correlation between
void ratio and cyclic strength reveals another important connection between cyclic strength and
damping ratio, which could not be investigatedgimall strain studies in the past, for the tests in
small damping studies did not come close to failure (or liquefaction) to determine their cyclic
strength.This studymakes the contribution that an increase in cyclic strength of sands through a
decreasén void ratio results in a lowering of the damping ragitear strain curve at the same

confining stress (Figurd.3.a and Figur&.3.b).

A possible reason for a different trend in some small strain studies (i.e. slightly increasing
damping ratio with dereasing void ratio) might be due to following reason: Previous studies
were conducted mostly with stragontrolled tests at quite small strains in comparisahis

high strain study. The working mechanism of a staintrolled test at small strain is

significantly different than that of a loazbntrolled test at large strain. In a straomtrolled test

at small strain, the hysteretic strestgain loop response is not nearly as degraded as at high
strains. Nonetheless, dense specimens will genetatgea shear stress at the same strain due to
a higher stiffness, resulting in more energy dissipation and higher damping ratio compared to
loose specimens. On the other hand, in an undraineettoadolled test, the inner area of the
hysteresis loop foa loose sample will be larger than for a dense sample at equal high strain, as
the degradation mechanism is more pervasive for loose sand compared to dense sand under

constant load, resulting in more energy dissipation in the case of loose conditions.
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3.4.4 Effect of Gradation

Previous researchers have reported a relatively insignificant effect of gradation on the small
strain damping behavior of sands (Hardin and Drnevich, 1972). Cyclic triaxial shear tests on
crushed rock and Toyoura sand by Kokushd@®)®xplored the effect of particle size on

damping ratio up to shear strains of about 0.1%. His study showed that coarser crushed rock
material Dsc=30mm) has a greater damping ratio than finer Toyoura S24ad@.18mm), which
indicates a higher degreemdnlinearity for coarser rock material when compared to more

uniform sand. Resonant column test results by Senetakis et al. (2012) on quartz and volcanic
sands indicate that there is no clear trend in the small strain damping ratio behavior of sands with
regard to the effect of grain size distribution. However, they noted a decrease in shear modulus
as the coefficient of uniformityQ,) increases, which implies that the stiffness of sand degrades
and nonlinearity of sand increases with an increa€k.iim another resonant column test study

by Wichtmann and Triantafyllidis (2013) on uniform to wglhded quartz sand®esults

revealed that the small strain damping ratio of quartz sands are rather independent of mean grain
size Dsg) and uniformity coeffient (C,). Their study also showed that the soil stiffness (shear
modulus) decreases with an increase in uniformity coeffic@&ptywhereas it is not affected by

the mean grain siz&so.

There is a direct correlation between material degradation amngyedissipation with increasing
shear strains. Damping ratio of the solil increases with degradation of the material, as already
reported by previous researchers (i.e. Tatsuoka and Iwasaki (1978), among others). It is
physically not possible that one oetle two dynamic properties changes but the other remains
constant. The possible reason why there was a change in shear modulus but there seemed to be
no change in damping ratio in small strain studies in the past can be explained as follows. At
very smallstrains (less than 0.01%), damping ratio of materials is quite small and shear modulus
is very large. At such small strains, the trends in shear modulus are more easily to recognize as
the absolute values of shear modulus are quite high. The trends imdaatp at the same

small strains appear to be nearly the same, as the absolute values of damping ratios are quite
small. Another factor might be high confining stresses, which can suppress the tendencies in
damping behavior as already discussed in 8e&#4.2. The difficulties in system compliance

for very small strain measurements and effect of gradation being in general not very significant
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might be the further reasons. However, at large strains (larger than 0.1%) damping ratio values

increase and @rall trends are easier to recognize.

The liquefaction study by Roy (2010), conducted on undrained dy8#tests for clean silica

sand, indicated that there is no clear correlation between mean graiDsg)zeyclic strength

and shear wave velocity. However, cyclic strength and shear wave velocity decreased (while
small strain shear moduluGy,,, decreased) when the uniformity coefficie@t)(increased,

which is in line with the findings from previous singtkain studies mentioned above. A
micromechanical explanation to larger modulus degradation (stiffness decrease) with increasing
Cu was given by previous studies (Radjai et al.,1998, Radjai and Wolf, 1998). Their study
suggests that in a material withifamm grain size, interparticle force distributions are rather
equally distributed, making the average contact stress larger. In a material with varying grain
sizes on the other hand, interparticle force distributions are quite random, some weak and some
strong. While fewer contact points result in larger forces at such contacts, the majority of contact
pressures are low from the weak force chains. The resulting average contact stress among the
grains is therefore smaller. For this reason, the modulusatggra is presumably larger for

sands with higher uniformity coefficient, while material stiffness and cyclic strength are smaller.
Because it is easier to recognize damping ratio trends at large strains, our study will examine the

effect of gradation onaimping ratio with the help of the data set by Roy (2010).

In Figure3.4.a, there is no clear trend in the damping ratio of silica sand at large strains when the
parameteDso wasdecreasethy keepingC, constant. The three specimens in Figudsa (i)

and (ii) have nearly the same cyclic strength, which is also in agreement with the findings of Roy
(2010) in terms of cyclic strength and small strain shear modulus. Based on these results, mean
grain sizeDsp alone does not have a significant effect ke ¢yclic strength, and consequently on

the damping ratio at high strains at the same void ratio and confining stress.

However, Royds results (2010) had indicated
shear moduluéGnay) When the uniformity coefficient was increased. The same trend was
mirrored in the soil damping response at high strains, as illustrated in BigureAt a nearly

constantCSRand void ratio, the cyclic strength decreases slightly when the uniformity
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codficient increases, which is noticed in the smaller number of cycles to liquefaction of sample
W3/60, as shown in Figui@4.b (i). Because there is a direct correlation between cyclic strength
and damping ratio, a small decrease in cyclic strength sh&tdamping curve slightly upwards,
despite the suppressing effect of relatively high consolidation stress (500kPa). A similar
tendency was also observed in FigBrb (ii). However, the tendency in this figure is further
suppressed, as the relativelyadlar void ratio of sample W3/50 causes a downwards shift on
damping ratio.

These findings suggest that the effect of gradation on the damping ratio is rather small, but
nonetheless there is a consistent correspondence between degrading soil sitneasing
cyclic strength and increasing damping ratio, all due to an incre&e in

3.4.5 Effect of NorPlastic Fines Content

As already discussed, there is a correlation between the cyclic strength of sands and damping
ratio. In the literature, the fefct of nonplastic fines content on the cyclic strength behavior of
sands is controversial, which is not surprising given the complex fabric nature efikand

mixtures that combine a sand skeleton withsiie particles that can act to transmit angpsut
interparticle forces between larger sand grakssalready discussed in Chapter dne

researchers have shown that there is an increase in the liquefaction strength of sands with
increasing notplastic fines content. For example, Carraro et alD82@erformed undrained

cyclic triaxial tests on Ottawa sand with various amounts ofplastic fines over a wide range

of relative densities. Their results show that for a given relative density, cyclic resistance of sand
increases slightlyith an incrase in fines content up to 15%owever, at around 15% fines
content, cyclic strengtstarts tadecrease with further increase in fines. Research findings by
Doygun et al. (2019%om undrained cycli©SStest results on silica sand were in agreement

with these resultgs already discussed in detail (ChapteiQl) the other hand, some researchers
(i.e. Polito, 1999, Xenaki and Athanasopoulos, 2003) have indicated that cyclic strength of sand
first decreaes and then increases with an increase irptestic fines content, while at constant

void ratio (or relative density).
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A similar contradictory observation could be expected with regard to damping ratio as the
amount of nofplastic fines varies due tbe dependence of damping ratio on cyclic strength. For
instance, a small strain damping ratio study by Payan et al. (2017) showed that damping ratio of
clean sands increases in resonant column tests with addition-pfastic fines. The same trend

was dserved, albeit to a lesser extent, at higher confining stresses as well. On the other hand,
others (Wichtmann et al. 2015) have reported that an increase-coheaive fines results in a
decrease in the small strain damping ratio of sands by a fadédatdéw confining stresses

(50kPa). This trend was also observed in the same study, to a lesser extent, as confining stress
increases up to 400 kPa.

The contradictory findings in the literature for trends in cyclic strength and damping ratio as the
amount of nonplastic fines increases suggests a focus on cyclic strength behavior first, followed
by a comparison of the inferred cyclic strength trend with damping ratio. For this purpose,
undrained cyclic triaxial tests on Monterey sand by Polito (1999 wesvaluated in terms of

| arge strain damping ratio under the effect
study (1999), cyclic strength of Monterey sand first decreased up to a fines content of 35%.
Starting at a fines content of about 33%e&re was a reversal in the trend and cyclic strength
started to increase again. This very same trend was also observed in the large strain damping
behavior from the same tests, as shown in FigBifea through Figur@.5.c. In these figures, a
constantvoid ratio throughout all mixtures could not be maintained, whileCtBRvalues of the

two compared tests at a time were required to be kept similar to make a clear judgement on the
cyclic strength. A decrease in cyclic strength becomes clearly eviddr asmber of cycles to

liquefaction decreases, at a constant or decre &)

The comparisons in Figur&sh.a and Figure.5.b indicate that the damping ratio curve shifts
upwards due to cyclic strength decrease under the effect of increasingoinmest {ines content

in the range of 0% t85%), despite the downward shift effect of a slightly decreasing void ratio
on the sample with the larger fines content. On the other hand, the comparisons i bigure

show that cyclic strength seems to stabilize at around 35% fines content and starts to increase
with further addition of fines. An increase in cyclic strength can be recognized when the number

of cycles to liquefaction increases at a constant or iner@ &SR This trend is also mirrored in
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the damping ratio curve, which shifts downward with increasing fines content despite the upward
shift effectfrom a slightly increasing void ratio on the sample with larger fines content. Damping
ratio behavior of somof the specimens with fines content 35 % and larger are not in a good
agreement with the bounds proposed by Doygun and Brandes (2019), which of course are meant
for clean sands only.

3.4.6 Effect of OverConsolidation Ratio (OCR)

In some small strain daping studies, the effect @ICRon damping ratio was reported as

relatively unimportant for clean sands (i.e. Hardin and Drnevich, 1972). On the other hand, other
researchers have instead reported a significant decrease in damping ratio with an imcrease i
OCR(Vucetic et al. 1998). Undrained cyclic simple shear tests by Vucetic et al. (1998) on clean
Santa Monica sand and silty Antelope Valley sand wiCaf 13% showed a substantial

decrease in damping ratio with increasid@Rin the range of 1 to 5.

In order to reexamine the effect dCRon damping ratio of sands at high strains, undrained

cyclic DSStests by Bastidas (2016) on Ottawa Sand were reinterpreted in terms of damping
behavior. In the study of Bastidas (2016), cyclic strength increagefficantly (around 85%) as
OCRincreased from 1 to 4, at a vertical consolidation stress of 100kPa. The corresponding

changes in the damping ratio behavior are shown in Fg)gre Accor ding t o Basti
cyclic strength increased withCRat a nedy constant void ratio and vertical confining stress

for all the tests in Figurd.6. With an increasin@CR and consequently increasing cyclic

strength, the damping ratio curves moved downwards for all tests, which is in agreement with the

trend observegreviously with regard to cyclic strength.

The consistent correlation between cyclic strength and damping ratio, even in the case of silty
sand mixtures, provides a new means of cyclic behavior interpretation at large strains. Although
two damping curvesan take various positions in a damping ratiear strain diagram

depending on other parameters (confining stress, number of cycles, void ratio, etc.), a decrease in
the cyclic strength (i.e. due to increasing uniformity coeffici€gt, addition of norplastic fines

or decreasin@CR etc.) results in an upwards shift of the damping curve at the same confining

stress and void ratio, and vice versa.

91



3.4.7 Effect of Shear Strain

The damping ratio of sands has been observed to inondthsstrain amplitude in all previous
reported studies, up to a shear strain of about 1%. However, linear equivalent methods used in
these studies to compute damping lead to erroneous results as shear strains exceed about 0.1%
due to increased inelasticcanonlinear behavigas already discussed in the previous chapter.
particular, application of linear equivalent methods at shear strains larger than 1% leads to an
overestimation of stored strain energy, which in turn results in a decrease in daapingd his

had already been reported by Matasovic and Vucetic (1993) and Kumar et al. (2017). The study
in Chapter 2ntroduces a new calculation method that accounts for highly nonlinear and
irreversible stresstrain response and this method is ugdtlis chapteas well. All of the test

results on five different sands with various initial conditions with fines contents up to 25% are
plotted in Figure3.7. The results in Figurd.7 indicate two major findings: 1) Damping ratio

keeps increasing until¢honset of liquefaction with increasing shear strains in undrained load
controlled tests. This makes sense, as there is no conceivable reversal in the underlying
mechanism responsible for material damping while irreversible strains and pore pressures
continue to accumulate and the material degrades further. 2) The bounds which were
recommendeth the previous chaptdor cleans sandd-igure 2.16)re also applicable for sands
with nonplastic fines content up to about 25%. A fair amount of results platgag the lower

bound inFigure 3.7is because of the larger amount of tests indh@gpterwith higher number of

cycles, or higher consolidation stresses, or larger cyclic strengths.

3.4.8 Effects of Other Parameters
There are a number of other paeters that affect the damping of sand that are not addressed

here explicitly, but are worth considering nonetheless.

Initial shear stressThe small strain study on clean dry sands by Hardin and Drnevich (1972)
showed that shear modulus decreases angidgmatio increases when testing is started with a
finite initial shear stress. Although the changes were somewhat more significant at lower strain
amplitudes, the initial shear stress effect was much less important to the modulus and damping

responses #n the effective mean principal stress.
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Drainage and Degree of Saturatio@yclic triaxial drained and undrained tests up to a shear

strain of 0.5% on saturated Toyoura sand by Kokusho (1980) showed that the damping ratio was
essentially the same from Ihatype of tests. Resonant column tests by Kuribayashi et al. (1975)

on dry and saturated samples of Toyoura sand reported essentially the same values of damping
ratio up to shear strains of about 0.0Résonant column and cyclic torsion tests up to shear
strains of 0.1% by Bolton and Wilson (1990) showed that the tests on both dry and saturated

Leighton Buzzard sand (a quartz sand) resulted in essentially similar damping ratios.

Frequency of loadingStrain-rate effects being less pronounced in nonplastic soils is a well
known phenomenon in geotechnical engineering. Hardin and Black (1966, 1969) showed that
dynamic properties of dry cohesionless soils are essentially unaffected by frequency in the range
of zero to a few hundred cycles per second. Torsional shear and resonant column tests by
Darendereli (2001) on a nonplastic silty sand (SM) showed that increasing loading frequency
from 0.01 Hz to around 100 Hz caused essentially no change in the sealtaimping ratio

(from around 1% to 1.8%). At relatively larger strains (shear strains up to 0.1%), there was also
no significant change on damping ratio between the results from resonant column tests (with
frequencies between 10 to 100 Hz) and fronfitisé cycle of torsional shear tests at a frequency

of 1Hz on the same neplastic silty sand. Resonant column and cyclic torsion tests by Bolton
and Wilson (1990) showed that both fast and slow cyclic tests on quartz sands have essentially
the same dampgnratio and stiffness, independent of the rate of strain. They showed that water
saturated quartz sands behave purely hysteretically, insensitive to whether they have been
measured in quastatic or dynamic tests up to frequencies of 100 Hz, and whéihsatnples

are dry or saturated.
These previous findings with regard to saturation and frequency confirm the assumption that the

predominant energy dissipation mechanism in sands is hysteretic damping (energy dissipation

through friction between graings opposed to viscous drag between soil grains and pore water.
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Plastic fines contenCyclic undrained triaxial tests by Polito (1999) on Yatesville ssag

mixtures showed that the cyclic response of sands with plastic fines is rather dependent on th
plasticity of the soil mixture as a whole, not just the plasticity of the fines or fines content. His
study showed that cyclic resistance of sands with plastic fines appears to be relatively
independent of fines content, but it is dependent on the @ig<if the soil mixture. Because

there is a direct correlation between cyclic strength and damping behavior of sahdseasilts

from this chapternindicate, it is recommended to examine rather the effect of plasticity of sand
clay mixtures as a whofer the damping behavior, instead of evaluating the effect of plastic

fines content by dry weight. Based on their review of 16 publications on the cyclic testing of
saturated soils from clays to sands with shear strains up to 1%, Vucetic and Dobry (1991)
concluded that soil plasticity has a strong effect on the shear modulus and damping behavior of
soils. Asplasticity indexdecreases, modulus degradation accelerates, and damping ratio of the
soil increases. This is due to the fact that the soil becomesinedastic, nonlinear and more
discrete. These findings are also in a good agreement with the general damping behavior of
different soil types. While high plasticity clays maintain their rather linear and elastic behavior
up to relatively large strains thi higher modulus ratio${Gmay and lower energy dissipation
(smaller damping ratio), cohesionless soils such as sands or gravels start to behave nonlinearly
and inelastically at relatively small strains with lower modulus ratB&.,) and higher engy
dissipation (larger damping ratio). Due to their high modulus ratios, high cyclic strength and low
damping, clay layers in the field behave linearly to relatively high levels of shear strain without a
quick degradation in material stiffness, resultingriuch larger amplifications in ground motion.

In nonplastic subsoil strata like sands or gravels on the other hand, energy dissipation is already
large at small strains due to their relatively nonlinear behavior, smaller cyclic strength and
modulus ratiq(faster degradation in material stiffness), which results in lower amplification of

ground motions during earthquakes.
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3.5 Conclusions

A recently developed high strain damping ratio calculation method for sands from undrained
load controllectyclic tests is implemented on an extensive data base consisting of five different
sands at various void ratios, number of cycles, cyclic stress ratios, consolidation stresses,
frequency, fines content, gradation, shear strain andanresolidation ratiasAround 70

undrained cyclic triaxial and direct simple shdas§ test results were +evaluated to

determine various parameter effects on the high strain (0.1% to 4% shear strain) damping
behavior of sands. Triaxial test samples were consolidatedpsmily andDSSsamples were
consolidated unddf,-conditions. The highlights of thishaptercan be summarized as follows:

1) At a constant void ratio and consolidation stress, an increasing number of cycles

(decreasingCSR results in a decreasing dampiragio of clean sands.

2) At a constanCSRand void ratio, an increase in consolidation (or confining) stress results

in a decrease in damping ratio of clean sands.

3) At a constanCSRand consolidation (or confining) stress, a decrease in void ratio leads

to an increase in cyclic strength and a decrease in damping ratio of clean sands.

4) At a constanCSR void ratio and consolidation (or confining) stress, damping ratio of
clean sands appears to be independent of mean graldssi2éo change in cyclic
strength from the same tests confirms the correlation between cyclic strength and

damping ratio.

5) At a constanCSR void ratio and consolidation stress, damping ratio of clean sands
increases with an increase in uniformity coeffici€ht, A corresponding dzease in
cyclic strength and soil shear modulus in the same tests confirms the correlation between

cyclic strength and damping ratio.

6) The complex behavior of silty sands with Aplastic fines can also be evaluated with

respect to damping ratio behavid¥vhen the cyclic strength decreases due to an increase
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8)

9)

in nonplastic fines content, damping ratio increases. Similarly, when the cyclic strength
increases due to addition of nonplastic fines, damping ratio decreases.

At a constant void ratio and constdiion stress, an increasing ow@nsolidation ratio
results in a decrease in damping ratio. A corresponding increase in cyclic strength from
the same tests confirms the correlation between cyclic strength and damping ratio.

The new method of calculatiamping ratio from loadontrolled cyclic tests estimates

a realistic damping behavior at high strains and this follows from consideration of the

pore water pressure accumulation during undrained testing and following the natural

form of hysteresis loop#jstead of relying on inaccurate and misleading linear

equivalent methods. The plausibly of the proposed new calculation method was further
verified based on the results: a) consistent trends were observed under various parameter
effects, which were in good agreement with the trends from small strain studies, b) the
parameter effects on the damping ratio trends were larger compared tstsanall

damping studies, due to larger energy dissipation at higher strains, c) the significant

correlation betweenyclic strength and damping ratio trends.
Theproposed guideline on damping ratio bounds for a wide range of clean sands and test

conditions(Chapter 2)s also in good agreement with test results fromdhapterfor

sands with noiplastic fines conterup to 25%.
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Table 3.1Description of experimental data sets

Data| Data Source Sand Dso Sand Test Source
Set Name (mm) Mineralogy | Type | of the Data
1 Polito Yatesville 0.18 Silica Cyclic From
(1999) and (YatesvilleS)) triaxial author
Monterey 0.43
(MontereyS)
2 Roy Silica 0.081.11 Silica Cyclic | University
(2010) DSS of Hawaii
3 Wichtmann | Karlsruhe 0.14 Quartz Cyclic From
and triaxial website,
Triantafyllidis see
(2016) reference
4 Bastidas Ottawa 0.20 Silica Cyclic From
(2016) F65 DSS website,
see
reference
5 El Ghoraiby | Ottawa 0.22 Silica Cyclic From
and F65 DSS website,
Manzari see
(2018) reference
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Table 3.2 Description of Data Set 1, undrained cyclic triaxial tests
on Yatesville ad Monterey Sands$?olito (1999)

Test number NN CSR e Qaat Sc FC

liguefaction (kPa) (%)

(%)

MOE68C35 32 0.44 0.67 3.3 100 0
MOE72C27 75 0.36 0.70 2.9 100 0
MOE73C31 16 0.37 0.71 3.3 100 0
MOE73C37 6 044 0.71 3.6 100 0
MOE75C25 35 0.29 0.73 3.1 100 0
MOE76C25 36 0.30 0.74 2.2 100 0
YOE90C19 36 0.13 0.89 0.4 100 0
YOE90C22 14 0.16 0.89 1.0 100 0
YOE90C25 4 0.20 0.89 0.5 100 0
M10E53C30 111 0.35 0.51 1.9 100 10
M10E57C25 113 030 0.% 15 100 10
M10E68C22 21 0.8 0.67 1.8 100 10
M10E68C25 6 030 0.67 1.9 100 10
M20E36C35 59 0.49 0.35 19 100 20
M20E46C20 56 030 0.45 1.7 100 20
M20E46C25 15 0.32 0.46 2.0 100 20
M20E46C28 13 0.15 0.46 2.2 100 20
M25E35C30 50 049 0.34 2.1 100 25
M25E47C30 6 014 045 2.4 100 25
M25E68C09 156 0.11 0.63 1.1 100 25
M25E68C12 55 0.16 0.63 1.6 100 25
M35E61C11 42 0.08 0.52 0.3 100 35
M35E61C13 11 0.10 0.47 0.9 100 35
M35E68C15 11 0.11 0.46 0.4 100 35
M50E68C14 7 011 0.56 04 100 50
M50E68C16 8 012 05 04 100 50
M50E68C20 4 0.14 0.53 0.3 100 50
M75E68C16 12 0.13 0.62 1.1 100 75
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Table 3.3Description of Date Set 2, undrained cyd&i§Stests
on Silica Sand, Roy (2010)

Test N; CSR e Qaat Se FC
number liguefaction  (kPa) (%)
(%)

N1/50 41 0.10 0.69 3.0 500 0
N1/40 59 0.08 0.66 3.3 500 0
N2/70 14 0.14 0.66 3.8 500 0
N2/50 38 0.10 0.65 2.8 500 0
N2/40 61 0.08 0.68 2.7 500 0
N3/50 41 0.10 0.71 3.6 500 1
N3/40 62 0.08 0.71 2.5 500 1
W2/60 20 0.12 0.60 2.6 500 0
W2/50 31 0.10 0.59 3.5 500 0
W3/60 10 0.12 0.57 3.7 500 1
W3/50 19 0.10 0.54 2.5 500 1

Table 3.4 Description of Date Set 3, undrained cyclic triaxial tests
on Karlsruhe SandVichtmannandTriantafyllidis (2016)

Test N, CSR e Gaat Sc FC

number liquefaction (kPa) (%)
(%)

TCUI7 11 0.15 0.80 3 200 0
TCUI9 100 0.13 0.80 2.3 100 0
TCUI12 77 0.13 0.81 2.8 200 0
TCUI16 24 0.15 0.82 3.7 300 0
TCUI18 54 0.15 0.76 2.4 100 0
TCUIL19 11 0.20 0.76 1.9 100 0
TCUI21 61 0.15 0.75 2.7 200 0
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Table 3.5 Description of Date Set 4, undrained cyd&i§Stests

on Ottawa F65 Sand, Bastidas (2016)

Test \] CSR e Gaat Sc FC OCR
number liquefaction (kPa) (%)
(%)
04092015 32 0.09 0.71 0.2 102 0 1
05062015 8 0.10 0.70 3.4 402 0 1
05242015 25 0.08 0.71 1.2 52 0 1
02222016 18 0.16 0.56 2.0 103 0 1
04212015 5 0.10 0.68 3.1 103 0 1
05082015 4 0.10 0.70 1.0 101 0 1
05142015 14 0.11 0.72 5.0 104 0 1
05162015 6 0.09 0.71 2.2 50 0 1
05202015 12 0.09 0.68 2.3 50 0 1
05252015 6 0.19 0.56 2.7 100 0 1
06022015 17 0.17 0.54 3.3 401 0 1
06082015 5 0.19 0.57 3.8 403 0 1
10012015 8 0.16 0.68 3.9 102 0 4
10062015 25 0.15 0.74 2.7 101 0 4
10082015 12 0.16 0.71 4.0 100 0 4

Table 3.6 Description of Date Set 5, undrained cyd@i§Stests
on Ottawa F65 Sandt| GhoraibyandManzari(2018)

Test N,  CSR e Gaat Sc FC

number liquefaction (kPa) (%)
(%)

100/4 6 0.12 0.58 3.4 100 0
100/6 12 0.11 0.58 2.1 100 0
100/7 9 011 0.58 2.5 100 0
100/8 32 010 0.59 3.5 100 0
100/9 52 0.9 0.58 3.0 100 0
40/3 8 0.12 060 1.6 40 0
40/4 15 0.11 0.5 1.6 40 0
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Figure 3.1.aCorrelation betwee@SR N;, and damping ratio,

cyclic triaxial tests on clealonterey(i) and
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Figure 3.1.bCorrelation betwee@SR N;, and damping ratio,
cyclic triaxial tests on clean Karlsruhe Sand,
Wichtmann and Triantafyllidis (2016)
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Figure 3.1.cCorrelation betwee@SR N;, and damping ratio,
cyclic DSStests on clean Ottawa Sand,
Bastidas (2016)
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Figure 3.1.dCorrelation betwee@SR N;, and damping ratio,
cyclic DSStests on clean Ottawa Sand,
El Ghoraiby and Manzari (2018)
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Figure 3.1.eCorrelation betwee@SR N;, and damping ratio,
cyclic DSStests on clean Silica Sand, Roy (2010)
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Figure 3.2.bCorrelation between consolidation stress and damping ratio,

cyclic DSStests on clean Ottawa Sand,
El Ghoraiby and Manzari (2018)
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O Wichtmann et al.(2016),TCUI12,Karlsruhe S., ac=200kPa, CSR=0.13,N =77,6=0.81,cyclic triaxial
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Figure 3.2.cCorrelation between confining stress and damping ratio,
cyclic triaxial tests on clean Karlsruhe Sand,
Wichtmann and Triantafyllidis (2016)
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Figure 3.3.aCorrelation between void ratio, cyclic strength and dampartig,
cyclic triaxial tests on clean Monterey Sand, Polito (1999)

Figure 3.3b Correlation between void ratio, cyclic strength and damping ratio,
cyclic triaxial tests on clean Karlsruhe Sand,
Wichtmann and Triantafyllidis2016
























































































































































































































