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ABSTRACT

AN ASSESSMENT OF THE DYNAMIC PROPERTIES OF ADAPAZARI SOILS
BY CYCLIC DIRECT SIMPLE SHEAR TESTS

Hassan ZehtaliKaveh
M.Sc., Department of Engineering Sciences

SupervisorAssist.Prof. Dr. MustafaTolgaY € | ma z

July 2QL0, 142 pages

Among the haréit cities during 17 August 1999 Kocaeli Earthquake (Mw 7.4),
Adapazagis known for the prominent role of site conditions in damage distribution.
Since the strong ground motion during the event was recorded only on a rock site, it is
necessary to estimate the response of alluvium basin before any study on the
relationship between the damage and the parameters of ground motion. Therefore, a
series of site and laboratory tests were done on Adapaistiio order to decrease the
uncerginty in estimation of their dynamic properties. In downtown Ada@aaat18

m deep borehole was opened in the vicinity of heavily damaged buildings for sample
recovery and issitu testing. The stiffness of the soilssitu is first investigated by
standrd penetration tests (SPT) and by velocity measurements v8tisu3pension
logging technique. Disturbed samples were recovered bybeaorel and splibarrel
samplers. 18 Thiwalled tubes were successively used for recovering undisturbed
samples. A s#es of monotonic and cyclic direct simple shear tests were done on
specimens recovered from the TiWalled tubes. It is concluded that the secant shear
modulus and damping ratio of soils exposed to severe shaking during the 1999 event
are significantly maller than those estimated by using the empirical relationships in
literature. It is also observed that tteversedS shaped hysteresis loops are typical for

cyclic response of the samples.



Keywords: Cyclic direct simple shear,-8 suspension loggingtandard penetration

test, dynamic soil propertie8,d apaz ar €.



Oz

ADAPAZARI ZEMKNLERKNKN DKNAMKK ¥ZELLKKI
DKREKT BASKT KESME DENEYK KLE DEJERLE

Hassan ZehtaliKaveh
Yuksek Lisans, Mihendislik Bilimleri Bolumu
Tez Yoneticisi:Yrd. Do¢.Dr. Mustafa Tolgay € | ma z

Temmuz 2Q0, 142 sayfa

17 AJjust os 1999 Kocaeld Depremi nde ( Mw 7
Adapazaré saha kokull areénén hasar daj el ém
Kuvvetli yer hareket:i kaydénéen sadece bir k
hareketi parametrel eri araséndaki i i kKki yi
basenin tepkisi tahmin edil melidir. Bu doj
°zelliklerinin tahmininde belirsizli]i aze
deneyle i ger-eklexktirilmiktir. Numune al er
ger-eklexktirilebil mesi i -in, 118 m derinli

mer kezinde ajeér hasarl & yapeéelarén yakeéenl ar
zemi nl eri n s e randard penetrasybrk deneyli 6SPT ks s k € d a

aydetme y°ntemler.i ile tecr¢be edil mi Kt

=~

°rselenmi K numunel er el de edil mi ktir. 18 i
numunel er al enméxkt ér .elaborasnandehir seei tekdidze veu mune |
devirli direkt basi't k es me deneyi ger - ek
hareketine maruz kalan zeminlerin sekant k

l'iterat¢rde verilen ampirie&r dgdemkdlakejml as @an wgc

Vi



var él me-gst @aekl Tedeki hi steresis d°ng¢l erini
i -in tipik olduju g°zlemlenmi«ktir.
Anahtar Kelimeler: Devirli direkt basit kesme deneyi; as kéeéda kaydet me,

penetrasyon deneyi, dinamikezni n ° zel | i kl eri , Adapazar ée.
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CHAPTER 1

INTRODUCTION

1.1 General

Among the haréit cities during 17 August 1999 Kocaeli Earthquake (Mw 7.4),
Adapazagis known for the prominent relof site conditions in damage distribution.
Adapazar é, the central di strict of Sakarye
200,000 during the event. Lives of almost 2% of its population (3700 persons) were
lost during the event. The distance betwdengurface trace of fault rupture and the
central Adapaz& wa s a bAnuhe otter hiendihe overall damage level was
strikingly low in the southermartsof the city, situated over stiff and shallow soils
(Figure 1.1). As a general trend, concentration of damage over the city increased
rapidly to the north, underlain by the soft, thick alluvial soils, with midrise structures
receiving the greatest impact [Bakir et al., 2002]. The relationships between the
damage on buildings, the structural properties and the soil conditions have been topic
of several research studies that aim to improve the state of earthquake engineering
[e.g., Sancio et al., 2002; Bakir et al., 2005; Yakut et al., 2005].
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Characteristics of strong ground motion on a site are dictated by properties of seismic
source (e.g. amount of energy released and type of faulting), properties of path that
incident seismic waves travel between source and site (etgnahisbetween source

and site), and site conditions (e.g. shear wave velocity of soil deposits, and
topographic profile of bedrock beneath deposits) [Kramer, 1996; Darendeli, 2001;
Boore, 2004; Roca et al. 200&jigure 1.2 demonstrates the three factors, hamely the
source, path and site effects governing the frequency and amplitude contents of strong
ground motion on a site. Because the dama
alluvial basin, the site response was app#y responsible of the characteristics of
strong ground motion imposing excessive seismic demand on structures [Bakir et al.,
2002].
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Figure 1.2 Source, path and site effects on gmbunotion characteristics and

difference between accelerograms on rock and soil sites.



The research projediDevelopment of Performance Based Design and Evaluation
Method by Comparison Earthquake Performance of the Structures in Turkey
primarily aims to contribute for the performance based evaluation of existing
buildings in Chapter 7 of the new Turkish Earthquake Design Code [GDDA, 2007],
by examining the theoretical tmds on estimation of the reported damage on
structures, mostly | ocated on Adapazar e
in Adapazagare recorded on a rock site, it is crucial to estimate the characteristics of
strong motion on thick alluvial g@sits. This study is a part of the research project,
and comprises the gathering and evaluation of geotechnical and geophysical data on a
representative site downtown, which is useful for estimation of the seismic demand on
structures located on the allalbasin. A series of site and laboratory tests were done

in order to decrease uncertainty in soil parameters in-aesiponse analysis. The soil
specimens recovered from a borehole are tested by a cyclic simple shear test apparatus

for assessmentofdya mi ¢ properties of Adapazaré depo

is explained in the following through a criticism of the data presented in the literature

forsiter esponse analyses of Adapazaré basin.

1.2 Literature Survey

In the following, a surveyf literature is presented in order to explain briefly (i) the
significance of site response in strong ground motion and the available methods for
geotechnicakiteresponsanalyses(ii) the behavior of soils during seismic loading,

and (iii) data pres#ed in literature for computatianf si t e response |

1.2.1GeotechnicalSite-ResponseAnalysis

The siteresponse analysis is one of the key issireggeotechnicalearthquake

engineering. The effect of site conditions on strong ground motion is negligible for a
Ar ef er ekowoeop, sa that only source and path characteristics should be
studied. The modulation of frequency and amplitude contents of strong motion by site

conditions can be separately formulated for a site close to the reference, through a

n
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statistical assesant of differences between characteristics of strong ground motion
recorded on similar soil sites and those on reference rock sites, or by computing
dynamic response of a soil profile to strong motion presdrilbe a reference site
[Kramer, 1996; EPRI, 193]. Several methods exist for a dynamic -sitsponse

analysis, each having particular advantages and disadvantages.

The applicability of any method fatynamic siteresponse analysis depends on the
consistency between strain amplitudes encountered ih aml stresstrain
(constitutive) relationships representing behavior of soil under cyclic loads. An
equivalent linear method is suggested for small ®BxHhd medium (<18 amplitude

range of shear strain, such that the nonlinear response of sait iery severe
[Hryciw et al., 1991]. Hence, the soil is presumed to be an elastic or-elisstic
material with parameters averaged to reflect overall stiffness and damping properties
of soil through the duration of the strong excitation. The representatil parameters

are attributed to peak shear strain computed in a response analysis, the relationship
between cyclic shear strain amplitudes and nonlinear response of soils observed in lab
tests, and the frequency content of strong motion. The ligeasgumption allows
utilization of linear transformations and modal analysis technique for the solution of
dynamic response problem at hand [Seed and Idris, 1970; Schnabel and Idriss, 1972;
EPRI, 1993; Park and Hashash, 2004]. In contrast, an integratiomé domain for
tracing of nonlinear soil response is suggested for larger®j>dfiplitudes of shear

strain in order to follow nonlinear stressain path accurately [Ishihara, 1996; Park

and Hashdy 2004].

The geotechnicalsiteresponse analysis gqeires a solution of system of partial
differential equations expressing the propagation of seismic waves through the soil
layers with various mechanical properties. Due to the older age of deeper materials
and to the confining effect of increasing ovedmnm pressure, soil stiffness and
consequently wave propagation velocity tends to increase by depth [Darendeli, 2001].
Considering Snellds | aw, stating that wave:
to a lower velocity material are refracted closethe normal to the interfaces, waves
propagating upward through soft layers near earth surface will be refracted much
closer to a vertical path [Kramer, 1996]. So the actually tdneensional wave
propagation problem reduces to a -@mensional (1D) wee propagation problem

for softer deposits [Idriss, 1968; Roesset, 1977; Idriss, 18@¢iw et al., 1991;



Kramer, 1996; Williams et al., 2000]. Since only horizontal components of strong
ground motion are usually considered in seismic analysis of stegctthe partial
differential equation expressing the propagation of vertically incident-sveas (S
waves) among horizontal soil layers are to be sol¥gu(e 1.3). The efficiency of

1D model with equivalerinear method of analysis has been statistically validated for
estimation of spectral parameters on soft deposits, such as young (Holocefedake

or marine sediments [EPRI, 1993; Schindler et al.,, 1993; Silva et al.,, 1998].
Nonetheless, use of 1D modédbr stiff sites, and actually use of any method ignoring
path and source effects in a sigsponse analysis is not statistically beneficial with
respect to the empirical approaches employing crude definition (classes) of site
conditions,ors uicshofas rfosckiol d Baturay and Stew
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Figure 1.3 The vertical propagation of shear waves from bedrock to ground ¢

through soil layers.

1.2.2 Dynamic soil properties

The magnitude of nonlinearity of soil response to seismic excitation depends on
several parameters such as $gple, loading amplitude, number of loading cycles, in
situ confining pressure and loading frequency. Nonlinear hysteretic soil behavior

observed during cyclic loading tests in laboratory is usually summarized by plotting



degradation in secant shear moduénd a variation in damping ratio as functions of
amplitude of cyclic shear strain [Seed and Idris, 1970; Hardin and Drnevich 1972;
Hashash and Park, 200Higure 1.4 shows typical hysteretic loop observed dgri

symmetric cyclic loading test: The strestgain path begins at point A where shear

stressy and strain (2) are both zero. As the
follows the initial loading path to point B, namely the backbone curve follauedg

a monotonic loading test. On point B, the maximum shear st@@ss @ n d Jsater ai n (9
attained, which are simply equal to amplitudes of cyclic stress or cyclic strain in a
load-controlled or a displacemenobntrolled test respectively. The unlaagl stage of

load cycle begins at point B. Nonetheless, the soil responsg ndd follow the

backbone curve, but the path@Bpassing below it, and resulting in residual (inelastic)

shear strain at point C (i.eof 0 wl=e0). Following point C, the ngmitude of

shear stress increases in negative direction of loading to point D, defined as the
condition that eithetl= - or 2 = -9, for a loadcontrolled or displacemesmontrolled

test respectively. Afterwards load changes its direction once agairtteictine soil

response follows the path-BB, and closing the first hysteretic loop. The test
continues with the desired number of load cycles, so that the relationship between
number of load cycles and the shape of hysteretic loop can be observedrishih

1996].

The stiffnessstrain relationship can be practically expressed by reporting the variation
of calculated secant shear modulGs.{) with cyclic shear strain amplitude;) after a

set of cyclic loading tests. The secant shear modulus is simply the slope of the line A
B in Figurel.5:

G, =l [1.1]

Sec

9

The anount of dissipated energy during a load cycle is equal to the area of hysteretic
loop B-D-B (ALeop) in Figure 1.5. The maximum retained strain energy in a loading
cycle is equal to the area of triangleBAF in Figure1.5. Equivalent viscous damping
ratio @ is the ratio of dissipated energy to maximum retained energy in a single load
cycle [Kramer, 1996; Rollings et al. 1998; ASTM D 3988 Darendeli, 2001]:

/=L oo [1.2]
ap 1.9,
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Load or deformation controlled cyclic triaxial tests are often employed so as to
determine the relationship between secant shear modsdids amping ratiod and
amplitude of cyclic shear straincj for a wide strain range, [Kokusho, 1980; Kokusho

et al, 1982; Anderson et al., 1983; Seed et al., 1986]. A widely used alternative is the
resonant column test, which is particularly useful for measuring dynamic properties of

specimens at extremegmall strains [EPRI, 1993].

The direct simple shear testaso another widely used test procedure (e.g., Finn et al.,
1971; Ishibashi and Sherif, 1974; Peacock and Seed, 1968; and Seed and Peacock,
1971; Ladd and Edgar, 1972). The monotonic loading of specimen in a direct simple
shear test procedure is well déksed by the code ASTM D 65287. In a direct
simple shear test, the soil specimen is confined in a stack of rings or within-a wire
reinforced membrane, and is consolidated under a vertical load exerted by a load
piston. Being similar to a typical oedometest, the stressondition of the specimen

is presumed to be similar to thatsitu. The shear stress is applied through inducing a
lateral (shearing) load onto the specimen. The stresses induced by incidamesS

can be simulated by cyclic variatian lateral load. Although the shearing direction is
always horizontal in the cyclic simple shear test, the stiiségbution in a simple

shear test is not uniform, since no complementary s$tesssis imposed on the
vertical sites (i.e, by the stack oihgs or membrane). The uniformity in stress
distribution improves by increasing the diameter/height ratio of the specimen, [Airey
et al. 1985].

In order the express the severity of nonlinear respo@gg, has been always
normalized byGnaxin literature, the theoretical maximum value @f..that is equal to

the initial tangent modulus of the backbone loading curve. Hence, the relationship
betweenGs./Gnax @anda. can be employed for similar soils with differeBt, which

is dependent on several paetsrs such as the confining pressure on soil in situ, and
void ratio [Hardin and Black, 1969; Hardin 1978; Shibata and Soelarno, 1978; Zen et
al. 1987; Jamiolkowski et al. 1991; Shibuya and Tanaka, 1996; Kawaguchi and
Tanaka, 2008]. The damping ratio isially expressed as a functiondgfbut can also

be expressed as a function@f/Gnaxas well [Ishibashi and Zhang, 199B]gurel.6
demonstrates the degradation of normalized secant shear mo@dl¥6, £y and
increase in damping rati@)( with increasing cyclic strain amplitude)( [Ishibashi

and Zhang, 1993].
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Figurel.6 Typical curves showing (a) reduction in shearduus, and (b) increase

damping ratio by increasing cyclic strain amplitude [Ishibashi and Zhang, 199:

Several test results and empirical relationships are presented in literature for
estimation ofGs./Gnax @anda-for a givena,.. Seed and Idriss, 970, 1984) suggested
relationships for sands and gravels and showed that the modulus reduction and
damping ratio is also dependent on effective mean ssg8s The significance 0§,

for low-plasticity soils is also verified by Kokusho, (1980) andldakhi and Zhang
(1990) and (1993). On the other hand the influence of plasticity index (PI) on modulus
degradation and damping was first noticed by Zen et al., (1978) and then by Kokusho
et al. (1982). Vucetic and Dobry (1991) showed that the overconsofideatio
(OCR) of clays is a less significant parameter than PI. Ishibashi and Zhang (1993)
proposed empirical equations for estimatiorGgf/Gnma.xand/ for a given set obNj

Pl, anda.. The most recent study on estimation of modulus reduction amgidg in
different types of soils was presented by Darendeli, (2001). All those studies also

concluded thaGs./Gax decrease by increasing number of load cycles.

For normalization ofGs,, maximum shear modulu&y,,) is obtained in a particular
test n which the amplitude of shear strains is lower than the elastic limit. The elastic
limit of shear strains is as low as 0.0001% for typical soils [Dyvik and Madshus, 1985;
Doroudian and Vucetic, 1995; EPRI, 1993; Lanzo et al., 2009]. The experimental
equipments designed to measure lagfgin response of soils are usually incapable of

performing a test with very low strain amplitudes. Therefore, either special test

10



devices are implemented on those equipments, such as the bender elements, or
particular appeaatuses are designed for performing istrain tests, such as the
resonant column [Dyvik and Madshus, 1985, EPRI, 1993]. However, any of these
smalkstrain tests in lab can be very sensitive to the sample quality than thetlaige

tests. Nonetheless)-8itu measurements of lesirain modulus of soil can avoid the
complications due to sample disturbance. Hence, assuming that the soil is isotropic
elastic media, another option for determinatio®gixis to perform geophysical tests.

The relationship eveen sheawave velocity ¥s) and density () for an isotropic

elastic media isRichart et al., 1970

Gy =7 WS [1.3]

There are several 4situ measurement techniques to estimate shear wave velocity in
soil layers. One of themost widely used techniquestige $ectral Analysis of Surface
Waves (SASW) in which the propagation of Rayleigh waves is monitored on the
ground surface. Hence, no borehole is necessary for a SASW application. Uphole and
downhole Seismic techniques afgased on monitoring upward or downward
propagation of longitudinal or shear waves in soil near a borehole. Hence, a borehole
is necessary for lowering either the wave source (Uphole) or the receiver (Downhole).
An alternative is therosshole Seismic tenique, in which the geophone lowered in a
borehole receives waves generated by a source lowered in a second borehole.
crosshole technique is useful for measuring velocity in deep strata, since the length of
travel path for waves hinders the use of cheapéole ordownhole options in deep
investigations. 5 suspension logging is a feasible alternative for investigation of
deep strata [Ishihara, 1996; Kramer, 1996; EPRI, 1993]. In this technique a probe
consisting of a source and two receivers that ateteshfrom each other is suspended

by a tension cable in borehole filled by a suspension fluid. The travel time of a wave
between source and receiver is measured by monitoring the motion of the fluid. The
weakness of the technique is the sensitivity ofiltesto borehole quality. [EPRI,
1993].

In absence of any waweelocity or materiaktiffness measuremenG.x can be
estimated by empirical relationships, which are functions of several soil index
parameters, such as void ratie),(OCR, PI, and liquidimit (LL); and of stress

parameters, such a&hlj and vertical effective stresdlpn soil[e.g. Hardin and Black,

11



1969; Hardin 1978; Shibata and Soelarno, 1978; Zen et al. 1987; Jamiolkowski et al.
1991; Shibuya and Tanaka, 1996; Kawaguchi and Ta2ake).

1.2.3Significance of siter esponse i n Adapazar é

Because of its rapidly developing industry, Sakarya has been receiving large
immigration and sustaining fast urbanization before the 1999 Kocaeli earthquake.

Most of the residential structuresAnd a p a z a r &uciitee3rtee5 storg neinforced

concrete buildings. Most foundations were reinforced concrete shallow mat
foundations. Shallow depth of groumgiter table, low loathearing capacity of the

shallow soils, and deep alluvial basin were ttker remarkable characteristics of

most sites in downtown Adapazaré [ Bakeéer et

A strong motion station of General Directorate of Disaster Affairs, located on a stiff

site of southern Adapazaré, recoFigueed the pe
1.7Figure1.8). Due to malfunction the station could not gather an accelerogmaNS

direction, which is almost perpendicular to fault strike [Anderson et d@2]26leavy

damages and structur al coll apses were conc
deep alluvial basin, and were mostly due to structural weakness of 4ttyy6

buildings in resisting strong ground motion on the basin. Hence, the concenbfation

heavy damage on the downtown sites, and analyses performed thereafter the 1999

event were pointing out the amplification of low frequenew&es by deep alluvial

basin under downt own [ Bakeéer et al ., 200 2; !
2004].

12
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Figure 1.7 Strong motion recorded at the permanent Sakarya station during

August 1999 earthquake [DAPHNE, 2009].

Downt own Adapazaré is |l ocated on a former |
the west and Cark river on the east. The two water resoareeteeding the very

shallow groundvater table, usually not deeper than 3 m. It has a smooth topography

with an elevation of approximately 30 m. The alluvial basin is underlain by upper
Cretaceous flyschedrock in depths exceeding 300 m. The soil pradil downtown
Adapazaré is mostly formed by a thick | ayei
index (PI). Stiff clayey layers in deeper profiles are replaced by loose soils with low
penetration resistance in shallow depths. A dense dyaegkris encountered in the

range of depths between 40 and 50 m in southern basin, but it appears at depth of
about 80 m in the north [Bakeér et al ., 200

idealized soil profil e &iguetlt® wnt own Adapazar

13
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Figurel.8 Idealized soil profile in downtown AdapagdrBa k é r et

Kudo et al. (2002) applied the spatial autocorrelation method (SPAC) to array data of
microtemors for determination of\8ave velocity profile beneath the strong motion
station (SKR and beneath two points located on the alluvial basin (ADC and ADU in
Figure 1.1). The Swave velocity profiles presented in Table 1 show that the
relatively stiff layers Ys > 730 m/s) are located at depths ediag 135 m beneath
southern basin (i.e., near ADC) and at depths exceeding 413 m beneath sites located a
few kilometers farther on northeast of downtown (i.e., near ADU). Depth to
formations competent &s> 1500 m/s (i.e., the minimum limit for a typeclass site
according to NEHRP, 2003) is estimated as 377 m and 576 m for ADC and ADU sites
respectively. The 8vave vdocity profiles reported by Kudo et al. are in general
agreement with those estimated by Bakér
Bakér et al. (2002) estimated the depth
based on a previous geophysisaldy of Sakarya University. Beyen and Erdik (2004)
developed a twalimensional model of the basin by employing those aftershock
records recorded on the basin, and concluded that the depth to bedrock exceeds 300 m

in central locations of the city.

14
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Komazava et al . (2002) investigated bedrock s
Bouguer gravity anomaly. This study estimates depth to bedrock in downtown
Adapazaré around 1000 meters and more. The
aforementioned studiescane e xpl ai ned by the differences
among these studies, such that Komazawa et al. defined the bedrock in terms of the
contrast in density of formations, and stated that the definition is equival®gt=to

3500 m/s for bedrock.

Tablel.1 Vs profiles for ADC, ADU, and SKR sites (Kudo et al., 2002).

SKR ADC ADU

Latitude(®) Longitude(®) Latitude(®) Longitude(®) Latitude(®) Longitude(®)

40.737 30.381 40.753 30.411 40.787 30419
Thickness Thickness Thickness
Vs (m/sec) Vs (m/sec) Vs (m/sec)

(m) (m) (m)

1050 72 234 38 166 44
1500 56 441 97 331 88
2000 b 728 242 500 281

- - 1500 70 878 63
- - 2000 b 1050 100

- - - - 1500 b

The fundamental period of a central location in downtown Adap&zhich is rehted

to depth to bedrock, is estimated as a value around 1.5 s layédalt. (2002) using

spectr al acceleration ratios of aftershock
and at stiff site (SKR), whereas it is estimadsda value between 3 and 4 sdeeper

basin sites by Komazawa et al. (2002) using H/V ratios of microtremors. Fah et al.

(2004) estimated fundamental period as 2.0 s for ADC and more than 3.0 s for ADU

15



site by using peak H/V ratio of microtremors. The fundamental site period reported by
Fah et al. for the ADC site is not in agreement with the data provided in Table 1.1.
Hence, no apparerdongnsus onsi t e peri od of id seemin o wn

literature.

Large spatial variability in properties of the shallow deposits is reported in literature.
The deposits located in top 7 m of soil profile vary from-ptastic soils to highly

plastic silty clays.Similarly, the penetration resistances of those shallow deposits,
related to their shear strength, show exceptional spati@bility. Beneath 7 m,
generally stiff soils with high penetration resistance are encountered. Excessive
foundation displacementsvere observed on shallow soils with low penetration
resistancesga k é r et al ., 2005; Sdownbadle@andphole a | .

seismic tests, Sancio et al. reported theaSe velocity profiles on various sites where

excessive foundation displacements were observed. Besides, Rathje et al., (2002) used

the metlod of spectral analysis of surface waves (SASW) for several sites, in order to
estimate Swvave velocity profile for depths reaching 45 m. The data provided by
Sancio et al., 2002 and Rathje et alQQ2), plotted inFigure 1.9, also suggestthe

significant spatial dependencyoiwsa ve vel ocity in downt own

The significant differences in site characteristics reported in literature and the
significant spatialvariability of soil properties in the basin emphastze necessity of

a local siteinvestigation study for a reliable dynamic sigsponse analysis of
Adap aasmr é
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Figure 1.9 Velocity profiles of shallow deposits on several sites in Adapa &
et al., 2002; Rathje et al., 2002]

1.2.4 Scope

In this study, a siténvestigation and lakesting program isun in order to produce
geotechical data for a more reliable dynamic response analysis of Ada@pazixa s
Cyclic loading tests were done on undisturbed specimens recovered from Adapazar
in order to investigate the dynamic properties of those deposits. In Chapter 1, a
literature surey showing the necessity for a sitwestigation program prior to
dynamic siteresponse analyses of thasn is presented. In Chapter 2, the selected
site for investigation, the sampling technique and results-sitintests are presented.

In Chapter 3;the test program consisting of determination of index properties of
specimens and cyclic testing of specimens is presented. Particular emphasis is put on
the cyclic direct simple shear apparatus used for tests. In Chapter 4, the results of
cyclic loadingtests are compared with those of other studies on similar soils. Finally,

the summary and conclusions of the study are presented in Chapter 5.
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CHAPTER 2

SAMPLING AND IN -SITU TESTS

2.1 Introduction

Since the dynamic properties of shallow deposits can haveiqeat effect on the
characteristics of strong ground motion, assessment of them by a seriestwfand
laboratory tests is important [EPRI, 1993]. Therefore, in order to investigate the
relationship between shear modulus and strain, and to proviliigiceestimates for
energy dissipation capacity of soils, samples are recovered from a borehole on a
selected site in Adapazaré. The undistur bec
in lab, and both the undisturbed and disturbed specimens aréousetermination of

index parameters necessary for soil classification. On the other hand, since the
mechanical properties of soils at very small strains can be very sensitive to limited
disturbance induced during sampling, the shemre velocity measumeents are
performed in the borehole for reasonable estimations of shear moduli of soils at small
strains [Gazetas, 1991]. The geophysical tests are also useful in examination of

velocity profiles proposed for Adapazar é be

A vacant parking lot in Pabuccular district near Yeni Cami square in downtown
Adapazar & wadlingctle derehale. The site is located at coordinate
40.7719°N and 30.4009°E (Borehdl@8M303 in Figure 1.1). The reasons of
choosing the parking lot are its proximity to the buildings investigated within the
TUBITAK project 108M303, its central and easily accessible location, and the lack of
any observations regarding excessive foundation settlements in its vi€imityatter
reason is important for the scope of thEBITAK project with award number of
108M303, which excludes the effects of nonlinear -swilcture interaction on

structural response. Besides, the site is close to area where no or very limited
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excest/e foundation displacements have been reported despite the severity of
structural damage [Bakir et al., 2005]. Nonetheless, whenever consideration -of very

loose shallow deposits is necessary forponse analyses, the amply reported data
ontheshabw soils of Adapazare, reported in Ch
the theoretical models. Although the sole-goifile obtained in this study may not be
representative for all sites in the downtown, the geotechnical data gathered is useful

for devdoping theoretical models whenever supplementary information on soil
stratification is made available by local borings. On the other hand, the data is useful

in the investigation of variability of stee sponse on Adapazaré thr
uncertaintyin seismic excitation and variability in soil profiles shown by several deep
borings in Adapazaré (e.g., Bakir et al ., 2

2.2 Drilling and sampling

Drilling and sampling operation was made by Geoteknik Co. using a D500 type
drilling machine between 31.10.2009 and 21.11.2009. The drilling method was rotary
wash boring. The hole diameter was 88.9 mm down to the depth of 76 m, but then the
diameter was lowered to 76.2 mm because of gravels blocking the drilling apparatus.
No measurenmds were done on actual borehole diameter during and after drilling, but
attention was paid to keep it as constant as possible through the borehole. A wide hole
wasdug on the ground surface near the borehole as a pool for settling of particles in
mud, andas a secondary water reservdiigire 2.1.a). Drilling mud was pumped
down the drill stem to the borehole bottom, where it picks up soil cuttings and carries
them to the ground surface. The mud also servedpgpostithe borehole walls. The
drilling method was consistent with the procedure explained by Lowe and Zaccheo
(1975).

Boring was stopped at the final depth of 118 meters. The drilling and sampling
became very difficult in very dense gravelly soils encawtteit depths exceeding 76

m. Hence the boring was stopped at the final depth of 118 m after the last unsuccessful
attempt of sampling. First 9 meters of the borehole was supported by metal casings
(Figure 2.1.b). Disturbed samples were recovered from borehole by split barrel

sampler conventionally used for a Standard Penetration Test (SPT), and-bgrcete
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samplers. The undisturbed samples were recovered fromWalled tube samplers.
The disturbed saples were only used for soil classification. Also bloounts of SPT
(SPT-N) provided supplementary information about the density or stiffness of soils

encountered. The Thiwalled tube samples were used to prepare higher quality

(undisturbed) specimenrf laboratory tests. The sampling procedures implicitly
followed the standards ASTM D 158B and ASTM D 158®8. Detailed information
on the sampling equipment presented in the following sections.

3

Figure2.1 The drilling operation in Adapazai) drilling madine and the second:

S 4
S~ % 5 e ag A

water reservoir near borehole; b) metal casing supporting borehole walls.

The initial objective in boring was to obtain one disturbed and one undisturbed sample
per 1.5 meter through the borehole. However, no -Walled tube sample could be
recovered at depths exceeding 33.5 m due to the stiff soils encountered. Therefore, the
Thin-Walled tube sampling method was substituted by the-lcanel sampling
method for deeper layers. All disturbed samples were isolated with plastic bags in
order to prevent any loss of water content. At depths exceeding 78 m, no sample could
be recovead due to presence of gravelly layers blocking drilling heads anebeaorel
samplers. A total number of 18 ThWldalled tube samples, 7 core samples and 17 SPT

samples were recovereligure 2.2 shows distributin of depth of sample recovery.

20



Detailed information on samples, including depth of recovery along with recovery
percentage and soil classification is presented on the borehole log given in the
Appendix. The details of samplers which have prominent effecgtample quality are

presented in the following sections.

|:| -
? |
20 -
F Y
40 g
X
E >
= 60 -
%
80 -
100 - 4 Thin-Walled Tube
SPT
# Core Samples

Figure2.2 The depths of sample recovery.
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2.1.1 ThinWalled Tube Sampler

The ThinWalledoperd r i ve tube sampler, or 6Shel by Tu
widest community of geotechnical engineers since it was first introdacel$A in

the late 1930s. The reason that the sampler is preferred in most applications is its
simplicity in use, its ability to recover high quality samples (i.e., practically
undisturbed) when used with care in soft and stiff cohesive soils, and the low
probability of being damaged it possesses during operation. [USACE, 2000]. In order
to provide samples of least possible disturbance to cyclic loading tests in laboratory,
Thin-Walled tube samplers were ordered and manufactured following the
specificationson the standards ASTM D 158B and TS ENV 1993. According to

TS ENV 19973, the sample quality is dependent on two indices which are dependent
on their parameters:PD,, and I} defined as the inside diameter of cutting edge, the
outside diameter of he and the inside diameter of tube respectivieigure2.3). The

first index is the area ratio,Gvhich is defined as

D? - D}
C,(%)= 2D—23 100 [2.1]
1

The second index is the inside clearance ratipgd€fined as

_D3' D1

C,(%) 3100 [2.2]

1

In order to recover samples of class A quality from soft clayshGuld be less than
15%, G should be less than 1%; Bhould be at least 71.1 mm, angildbould be less
than D+0.7. Accordingto TS ENV 19973, the tube length should be less théh, 6

for all soils, but somewhat longer tubes are allowable for cohesive soils.

Hence, considering that the borehole diameter is 80 mm, manufacturing of 550 mm

long tubes with diameters;®D;=71.2 mm,and B=76.2 mm are ordered, mrder to

recover samples as large as possible, and to keep necessary room for mounting

hol es at tubedbds ending. Il n that <case, t
be 500 mm during samplingigure 2.3 schematically shows the Thivalled

tubes manufactured for this study.
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Length

25.4mm (min)
10
! o 9.25mmlDia%)%

Mounting Holes

92

Figure2.3 A schematic plan of the Thiwalled tube sampler according to ASTM D
1587i 08.

The ThinrWalled tubes were mounted to the end of drilling roBEgure 2.4.a).
Attention was paid to the lowering of the tube to the bottom of the hole in order to
avoid scrapping of borehole wall biyet cutting edge of sampler. After reaching to the
bottom of the hole, tubes were driven into the soil by the drilling rods. When sampling
procedure was finished drilling rods were detached from the drilling machine and
were pulled out of the hole by a cabtonnected to the end of drilling rods. Then,
tubes were sealed on both openings following the removal of drilling cuts remaining at
the top of the sample, and the material located at the last 2 cm of recBigme (
2.4.b). The tubes were identified according to sample no, date of sample, and depth of
sample; and they were tightly covered by plastic bags before the shiphigurte(
2.4.c).
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Figure 2.4 Preparation of an undisturbed sample for shipment: a)-Waled Tub:
sampler is mounted to drilling rod, bipper end of a Thitwalled Tube sampler
sealed with wax, ¢) Sealed and identified tvialled tube sample is ready for shipm

2.1.2 Split Barrel sampler (SPT samples)

In this method a SpliBarrel sampler, which is consisting of a sampler head, & Split
Barrel sampling tube, and a driving shoe, is driven to bottom of the borehole by a
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hammer falling at top of the diitlg rods, in order to recover disturbed samples for
determination of water content and class of séilgyre2.5). The procedure, namely

the Standard Penetration Test, SPT, follows the specifications of ASTM DOB586

Donut type metal hammer with 64 K40 Ib) weight was repeatedly dropped from
0.76m° 25mm height. Hence, the number of hammer blows negegsasampler
penetration through 30 cm of soil on the bottom of the borehole is also reported as the
results of Standard Penetration Test, or BRTwhich is related to soil stiffness.
Besides, relationships between several parameters of soils antl $B¥e been
proposed in literature. SPT is generally applicable to fairly clean medium to coarse
sands and fine gravels at different water contents, and to saturated cohesive soils.
However, significantly biased estimates of parameters can be obtaine@ iBR&SS
applied to unsaturated fine soils and to saturated silty sands [USACE, 2000].

Open shoe

Head Roll pin

B

)

E
_i_
ST . AV 3
—JF > e v : g \«%J\
G A Tube / I Ball / \M

5 (2 at 9.525 mm)

A =25t050 mm E =2.54° 0.25 mm \
B=0.457t00.762m F=50.8° 1.37 0.0 mm
C=3493013mm G=16.0t023.0

D =38.1° 1.31 0.0 mm

Figure2.5 The dimensions of spiltarrel sampler used in this study.

The high variability of SPAN is in agreement with the heterogeneity encountered in
soil profile (Figure2.7). Several disturbed samples were recovered during the standard
penetration tests, which were useful for soil classificatibigure 2.6 shows a
disturbed sample that is packed and identified. Detailed iafitom on sample
recoveries and SPN are presented on the borelpdUBITAK, 201J presentedn
AppendixA. In the borehole, loose to medium dense sands at very shallow depths are

replaced by dense and very dense sands at depths between 4 and 9 rayS#ffidl
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silts are encountered below those sandy layers. Layers of fine soils successively
continue to the depth of 57 m, where clayey gravel deposits first appear. The clayey
gravel layer that ends at depth of 71 m makes sampling extremely difficult. Last
sample is gathered from a 5 m thick stiff clay underlying the clayey gravel. Following
the clayey layer borehole pass through a second clayey gravel layer between 76 and 89
m. Finally, a very stiff gravel layer was encountered between 89 m and 118 nt so tha

the drilling is stopped at 118 m without breaching the stiff deposit.

Figure2.6 Disturbed sample recovered during SPT.
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Figure2.7 Results of standard penetration tests in the borehole.

2.1.3 Core Barrel samplers

Rotary core barrel samplers whialere originally designed for sampling in rock are
also able to recover samples from hard soils. In application, the drilling machine on
the ground surface rotates drilling rods that are connected to a cutting bit. A
downward force applied by drilling macta to drilling rods makes cutting bit advance

in formations encountered. The specimen enters into the sampling tube behind the bit,

as its cutting edge advances through the formations. Drilling fluid cools the bit,
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removes cuttings and carries the particle the ground surface [USACE, 2000]. A
singletube core barrel sampler recovers slightly disturbed samples that can be used
for classification.Figure 2.8 shows a schematic view of a singlde core barrel

samp er . I n the borehole opened in Adapazar é
at depths where use of THlalled tube samplers was not possible due to very stiff
layers encountered. The specimens were used in lab tests only for classification of
layersencountered. The depths of recovered t@meel samples are shown kigure

2.2. Detailed information on the core barrel samples are provided in the borelog
[TUBITAK, 2010Q] presented in Appendi&. Figure2.9 shows recovered sample from
Adapaz arbarrebsgmplero r e

ﬂ\ {Qi{@{ﬂ‘i{ﬂ'ﬁ/\ 7 /V \
Blank  Core  Reaming shell Tube
Bit Lifter

Figure2.8 Schematic view of a singleibe corebarrel sampler according to ASTV
211399.

Figure2.9 Recovered corbarrel sample.
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2.2 RS Suspension Logging

Following the end of drilling at depth of 118 m, borehole was left to rest for a duration
of 15 days before the seismic velocity measurements. A PVC pipe was placed inside
borehole and metal casing was removed. The diameter of PVC pipe is 76 mm which
providesthe necessary space foiSPsuspension logging. The PVC pipe could not be
advanced to levels deeper than 76 m because of the decrease in borehole diameter in
gravelly layers. The PVC pipe was filled with water afterwards. A mixture of water
and cement wamjected in the space between PVC pipe and borehole walls so that
adequate contact between the PVC pipe and the surround borehole walls was
achieved. A concrete cover with a metal cap was build on top of the borehole in order
to keep the borehole sealedr f15 days Figure 2.10). The RS suspension logging
technique has been widely in use in Japan since 1980 for soil profiles with low shear
wave velocities [Tanaka et al., 1985; Ng et al., 2000]. The method is the most feasible
technique in measuring shear wave velocitydepths exceeding 200 m [Ishihara,
1996; Chen and Wu, 2000; FHWA, 2008; EPRI, 1993]. This technique was
successfully used on different geological backgrounds, such as the silty and clayey
soil profiles of Texococo lake bed in Mexico and sediments of llam&an Taiwan
[Mayoral et al., 2008; Kuo et al., 2009]-3° suspension logging method provides
more information on local variability in velocity profile than most other geophysical
techniques [Pecker, 2007; EPRI, 1993]. Thenar act er i sti cs of Adap
regards the low sheavave velocity and heterogeneity, and the initially unknown
exploration depth on the deep basin were the reasons of chocSnguspension

logging method for measurement of she@ve velocity inthe experienced layers.
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Figure 2.10 Preparation of the borehole forSPsuspension logging: a) installatior
PVC pipes inside the borehole, b) the sealing of borehole.

Figure2.11 shows a schematic diagram eBRsuspension logging. Approximately a 7

m long probe, consisting of an impulse source and two receivers theblated from

each other by flexible cylinders, is suspended by a conductor cable in borehole filled

with water. The source is |l ocated near pro
receiver is located 3 m above the source. The upper biaxial geophocatedl1 m

above the lower geophone. The impulsive pressure generated by the source is
horizontally transmitted to the soil adjacent to borehole walls byvau propagating

in the fluid inside the borehole. Thewwve arriving at the wall causes a horita

displacement in the adjacent soil. The disturbance on the boundary propagates
upwards with P and-&aves propagating in soil, finally resulting in disturbance on the

wall section just near to the receivers. The filter (rubber) tube between the andrce

the receivers is necessary for reducing the amplitudeswdves propagating from

the source to the receivers within the borehole fluid (i.e., for noise reduction). The

borehole fluid transmits the-Wave generated by the disturbance on the wall ¢o th
receivers. Shear waveds travel time and tl

monitoring motion of the fluid by geophones. Two impulses of opposite polarity are
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used in order to distinguish betweendhd Swave arrivals. The digitally recorded
signds of geophones then have to be analyzed by an experienced opdrafucks

the arrival times of both compression and shear waves at each geophoneafitle P
S-wave velocities are calculated by employing the differences in arrival times between
the twogeophones that are 1 m apart [Ishihara, 1996; Kramer, 1996; EPRI, 1993].
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Figure2.11 A schematic diagram of-B suspension logging [EPRI, 1993].

Figure 2.12howsPS suspension |l ogging in Adapazar e
of PVC pipe is at depth of 76 m and thistdnce between the source and the lower
geophone is 3 m, the logging has ended at depth of 73 m. The logging interval is 0.5 m

for the top 50 m of borehole, and 1 m at depths between 50 and 73 m: ding B

wave profiles of the site are shownhkigure 2.13 and Figure 2.14 respectively.The
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sudden drop in #vave velocity at 64 mpossiblydepictsthe severe loss of integrity in

materials located at the periphery of borehole.

T 8 AR AT
Figure2.12 The equipment and stages eSPsuspension logging in Adapagaa) the
probe, b) the borehole with PVC pipe, c)lowering the probe inside the boreh
suspending the probe inside the borehole with a cable, e) the winch unit, and 1
used forrecording and analyzing data.
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Figure2.13 The variation of Svave velocity through the borehole.
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Figure2.14 The variation of Rvave velocity through the borele.

S-wave velocity V) is compared with SRN in Figure2.15. The low coefficient of
determination ¢=0.08) suggests that there is no correlation betwgeand SPTN.
However, both sets of data sets agrethat the site class is D according to the seismic
site classification system of NEHRP (2003).

33



1?=0.08 .

0 20 gpry 40 60

Figure2.15V versus SPN.

2.3 Comparisons with other studies

The log of a 200 m deep borehole opened by General Directorate of State Hydraulic

Wor ks 2DMnKar Teverler building, which is located approximately 750 m
eastnortheast of the parking loFigure 1.1), shows layering of deep deposits. The

two soil profiles are compared in Table 1.1. Despite thtamie between the two

boreholes, the soil profile on parking lot is reasonably consistent with the borelog of

DSK. On both sites, maj ority of the | ayer
materials. The stiff gravelly layer is first encountered at thehdefp57 on parking lot,

whereas stiff gravelly sand is encountered
of thegravellyl ayer i s 12.70 m on DSK borel og, whe
gravel was not reached at the end of boring at parkind het.comparison of ranges

of SPT-N achieved on two sitegrigure 2.16) shows that the soils experienced on

parking lot are stiffer than the soils experienced near Teverler building, provided that

the energy effi@ncy achieved in SPT is similar for both borings.
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Table 2.1 Comparison of soil profile on parking lot with that on site of Teverler

building.
Borelog of DSK Borelog of TUBITAK (2010)
Depth (m) Desgiption Depth (m) Description
0.00i 0.50 Avrtificial Fill 0.00i 2.00 Artificial Fill
0.507 6.70 Silt 2.001 8.00 Silty Sand, Sand
6.701 13.00 Silt-Clay 9.0071 11.00 Silt-Clay
13.50i 15.40 Sand 11.007 13.00 Sandy Silt
15.40i1 24.30 Clay 13.007 25.50 Silt-Clay
24.301 26.30 Sand
25.501 32.50 Silt
26.301 33.90 Clay
33.901 42.00 Sand 32.501 54.00 Silt-Clay
54.00i 57.00 Sand
42.001 74.30 Clay 57.007 72.00 Clayey Gravel
72.001 75.50 Clay
74.301 87.00 Gravelly Sand 78.001 88.50 Clayey Gravel
87.001 146.50 Clay 88.501 118.00 Gravel
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Figure2.16 Comparison of penetration resistances experienced at parking lot and near

Teverler building.

Figure2.17 compares the shearave profiles reported by several studies. The parking

lot is roughly located between ADC and ADU sites experienced by Kudo et al. (2002).
The results of 5 suspension logging are reasonably consistent withvVghpofile

given for ADC site at depths below 38 m. However, the rang¥saheasured in
deeper deposits of parking lot is smaller than 441 m/s, suggested by Kudo et al. as an
average value for a 97 m thick soil deposit (Table 1.1). On the other hand, the range
of Vs at depths exceeding 44 m is more consistent with that of ADU site. Three of the
velocity profiles (PEER Sites A, D, and Jkigure 1.1) presented by Rathje et al.
(2002) are also compared with the results & Buspension logging. However, none

of the velocity profiles is consistent with the others showkigire2.17.
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Figure 2.17 Comparison of velocity profiles reported in literature with the velocity

profile on parking lot.
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CHAPTER 3

CYCLIC LOADING TEST APPARATUS AND
PROCEDURES

3.1 Introduction

A series of cyclic direct simplshear (CDSS) tests were run in order to construct
modulusreduction and damping curves for all undisturbed soil specimens recovered
from Adapaza® When compared to that of cyclic triaxial tests (CTX), CDSS
apparently has three advantages: First, therstgedirection is similar to that of a
vertically incident Swvaves propagating on sif®uncan and Dunlop, 1969; Kramer,
1995. Second, saturation of specimen is not necessary since cerdtane
(undrained) soil response is achieved by instantaneousstamjnts of vertical
confining pressure on specimen [Taylor, 1952; Duncan and Dunlop, 1969; Airey et al.,
1985; Budhu and Britto, 1987]. Third, the likelihood that a soft CDSS specimen is
excessively disturbed during preparation for testing is less thainotha CTX
specimen, because the height of a CDSS specimen is much less than its diameter,
whereas the height of slender CTX specimens is approximately two times the
diameter. The last two advantages of CDSS tests are crucial for engineering studies
that have important time constraints. The CDSS test procedure is based on that of a
constartvolume direct simple shear testing of soils, whibhs beenstudied

extensively for half a century and is described in the standard ASTM Bl5528

The simple shear is¢ test condition that only normad,J and shear( stress acting
on top face of a prismatic specimen is defined, whereas the displacement constraints

exist for the other boundaries: The bottom face of specimen is theoretically fixed, and
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the radial strim (orthogonal to the known normal stress acting on top face) on

specimen is zerd~fgure3.1).

Sy

I S

Specimen a

< 1T =

i

Figure3.1 The simple shear condition, Dyvik et al., 1987.

In absence of any (horizontal) edr stress acting on top, the state of stress for the
horizontally confined specimen is similar to that in an oedometer. The horizontal
stress acting on top ideally imposes uniform shearing condition on a prismatic
specimen. The volumetric strain is eqtalthe axial strain, and the volume of the
specimen during shearing is proportional to its height. During a consime test,

the height of the prismatic specimen is constant whereas the vertical stress is variable.
Hence, in a constawblume direct Bnple shear test, the variation in total vertical load

on top face (instead of normal stress) that yields a constant height for specimen is
monitored, whereas the horizontal load on top face (instead of shear stress) is
controlled. For simple calculationi,is assumed that the normat,Y and shear(j

stress on specimen is uniformly distributed. Nevertheless, the assumption is valid in
the case that the diameter of specimen is considerably larger than its height [Duncan
and Dunlop, 1969; Airey et al., 1985; Budhu and Britto, 1987].

The first constantolume direct simple shear tests were ruMassachusetts Institute

of Technologyin 1948 [Taylor, 1953]. Kjellman [1951] employed a device with a
cylindrical specimen constrained by a rubber membrane reinforced with wire rings.
The wire rings ensure thepecimens to be sheared uniformly in horizontal direction.
The Norwegian Geotechnical Institute developed a direct simple shear device to test
sensitive Norwegian quick clays that became the standard research device for direct

simple shear testing [Bjenmuand Landva, 1966].
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A constantvolume shearing condition was achieved by adjusting the vertical load,
such that the height of laterally confined cylindrical specimen was consgtignoire
3.2.a). Besides, the chge in total vertical stress during shearing is assumed to be
equal to change in pore water pressure in a real undraine®ysdt. et al., (988
actually showed that the results of constasitime simple shear tests agree with those
of true undrained siple shear tests. An alternative to tests with wéiaforced
membrane is proposed by Ros¢d853, and is known as the Cambridge simple shear
apparatus. Instead of a cylindrical specimen, a rectangular specimen was used. Hence,
the specimen could be éatlly confined with rigid plates supported by hinges and
sliders Figure 3.2.b) in order to achieve simple shear conditions [Airey et al. 1985;
Budhu and Britto, 1987].

Hinge_ * . Wire binding * .

N\

(a) (b)

Figure 3.2 Basic mechanism of a) a Cambridge simple shear apparatus, ai

Norwegian simple shear apparatus [Airey et al., 1985].

By installation of a cyclic load unit that can successively reverse the direction of
shearing, the direct simple shear apparatus becomes a CDSS, which can be employed
for determination of fjuefaction susceptibility and cyclic shear strength of soils [e.g.,
Finn et al., 1971; Ishibashi and Sherif, 1974; Peacock and Seed, 1968; and Seed and
Peacock, 1971], and for investigation of nonlinear soil response to shearing [e.g.
Andersen, 1983; Andson et al., 1983; Vucetic and Dobry, 1986; Tan and Vucetic,
1989]. Some improvements on CDSS apparatus have been proposed so that lower
cyclic strain levels can be effectively tested for purpose of calculating dynamic soil
characteristic [Vucetic, 1984; Doudian and Vucetic, 1995, 1998].

Most of the CDSS apparatus used in the previous studies employ the reinforced
membrane for testing. On the other hand, the apparatus used in this study employs an
alternative design for achievement of simple shear camdifihe design consists of a

stack of aluminum rings around membrane, the use of which is allowed by ASTM
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D652807 for direct simple testing [ASTM D6528/]. Reinforcing the membrane
externally with aluminum rings provides a cheaper substitute for-reinéorced
membrane, since only the ordinary rubber membrane is to be replaced when it is
damaged during tests. The details of the apparatus are presented in the following.
Baxter et al. (2002) and (2010)presented test results depicting the consistency
between the two types of direct simple shear apparatus. Hence, the initial emphasis
was put on the calibration of CDSS apparatus and on the measurement of frictional
forces acting on the apparatus during a cyclic loading test, before running the CDSS
tests orundisturbed specimens from Adapazar

3.2 Cyclic direct simple shear apparatus

The CDSS test apparatus used in this study is a Ged¥dBmearTrac HDSS system

[Geocomp, 2007a] located in the Soil Mechanics Laboratory of General Directorate of

Highways in AnkaraKigure3.3).

Figure3.3 ShearTrac Il, the cyclic direct simple shear apparatus used for the tests.
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The device allows loadontrolled constantolume CDSS tests with a load frequency

up to 1 Hz on a consolidated soil specimen, as well as the conventional displacement
controlled slow monotonic loading (i.e., DSS) tests. The constdnme shearing of

soil is achieved by a clos¢dop computer controlling the vertical load on specimen
according to the feedback from vertical displacement sensors. A computer controls the

micro-stepper motors that apply vertical and horizontal loads on specimen.

Figure 3.4 shows a simplified diagram of the CDSS device: A soil specimen of
diameter 63.5 mm is confined by a rubber membrane supported by Teflon covered
aluminum rings instead of conventional reinforced membranes. The load capacity of
the device is 4.4 kN. Thallowed range of velocity for the load pistons is from
0.00003 to 15 mm/min. The peak displacement allowed for load units (i.e., travel
length of load pistons) is 24.45 mm in vertical direction ah@d.5 mm in horizontal
direction. The resolution (i.estepsize) in displacements allowed by migt@pper
motors is 0.0013 mm in both directions.

Vertical
Load
Direction _

Upper Frame

Vertical Displacement ransducer

Vertical Load Transducer

i \ Water Bath
Horizontal Top Platen []
Load Drainage - : :
Transducer Water 9 \ 77 Sall Speumgn
777 )% Covered with
L f membrane

Horizontal
Displacement
Transducer

RN

Bottom

Platen Base Plate

Porous Stone
Figure3.4 Simplified diagram of the CDSS device.
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3.2.1 Testing procedure

CDSS test in this study consists of three phases: Specimen preparation and setting up
the test apparatuspesolidation, and constamblume shearing. The phases of CDSS,
which are consistent with the standard ASTM D 6508, are explained in the

following.

3.2.1.1 Specimen preparation and setting up the test apparatus

A circular plate attached to an electiydraulic jack is used to drive soil samples out

of the Shelby tubed={gure3.5.a). The specially manufactured shadped rings with

the internal diameter of 63.5 mm and the height of 20 fkigu(e 3.5.b) are located

on the openings of tubes successively, such that the soil specithéms ffings one

after another with the least disturbance as they leave the tubes. After trimming the free
faces of specimens filling the ring&igure 3.5.c), the specimens are immediately

identified, stored imesiccators and are tested as soon as possible.

For a CDSS test, each trimmed specimen is carefully placed on the porous stone that is
mounted on the bottom platen of ShearTrabdS equipmentHigure3.6.a). Tg and

bottom faces of specimen are covered with filter papers to avoid contact between
those faces and the porous stones. Then, the sides of specimen are covered with a
rubber membrane with the help of a suction tUkgure3.6.b). The top porous stone

and platen are placed on the specimen and the membrane is fixed to the top and
bottom platens by @ings Figure 3.6.c). The Teflon covered aluminum rings are
placed around the menare Figure3.6.d). Then, the bottom platen is fixed inside the
water bath FFigure 3.6.e). Finally, the vertical load transducer connected to the upper

frame is fixed tahe top platen in order to complete the testugefFigure3.6.1).
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Figure3.5 Lab equipment used for specimen recovery: a) Shelby tube installec
electrehydraulic jack, b) specially manufactured small rings, c) knife trimmin

specimen.
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e Ra =¥ ;
Figure 3.6 Phases of specimen preparation for CDSS tests: a) placing specime
bottom plate, b) covering specimen with a membrane, c) fixing membrane to
plate by Qrings, d) installing Teflon @vered rings around specimen and fi
membrane to top and bottom plates, e) fixing base plate inside water |

connecting transducers to the system.
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3.2.1.2 Consolidation

After setting up the test, the consolidation phase of the test is initiated. The normal
stress for consolidationsf) is set to a prselected value that is larger than the
effective consolidation pressiin situ. According to Lambe and Whitm#h969) the
disturbance during sampling irreversibly changes the compressibility of soil, such that
the void ratio in siticannotbe replicated by simply applying effective stresses in situ
during consolidation pls# of an consolidate@dn dr ai ned For undorm, a |
normally consolidated clays, the best procedure is to consolidate samples to effective
stresses greater than twice those existing in situ, and then to correct the measured
undrained strength byne ratio of the effective stress in situ to the consolidation stress
used in the laboratory testhis procedure overcomes the errors caused by sampling

p r o c e dSinceehe maistrain shear modulusz., IS sensitive to void ratio
(Equation 4.pa simlar procedure is followed for CDSS tests.

Considering the shallowness of ground water table (at 6 m), the specimens are
systematically consolidated under the normal stress equal to total overburden pressure
in-situ, which is approximately 50% to 100% ater than the effective overburden
pressure at depths between 9 m to 33 m. Only two tubes were recovered from very
shallow layers above the ground water table. Hesgés only 20% higher than the
effective overburden pressure for specimens recoveredtifrose very shallow layers,
because a large reduction in void ratio can result in an inordinate change in response
of soils to cyclic loading. The density of each specimen is calculated by measuring the
specimen mass before setting up the test, so trexsty profile can be developed for
calculation of total and effective overburden pressure. The mean and standard
deviation of sample for soil density is 1.85 and 0.79.tNo significant relationship
between the density, soil type, depth, and&ve veleity is observed. Hence, it is
concluded that the dispersion in soil density through the profile is random and the
mean overburden pressure at deptban be reasonably estimated by the equation

s, =z@8.1(kPa/n).

During the consolidation phase of GDSS test, the normal consolidation
pressureis increased to the target value in steps. Then, the specimens are left to
consolidate for a day, which is longer than the duration necessary for completion of

primary consolidation. The consolidation procedigreonsistent with the standards
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ASTM D65281 07 and ASTM D2435% 04. In order to increase the number of cyclic
loading tests on the same specimen, the staged loading method is enjifgbifeata,

1994. Following a cyclic loading test the specimens amomeolidated under the
same vertical consolidation pressure, in order to dissipate excegsresseres before

the next cyclic loading stage. The staged loading procedure is similar to that for cyclic
triaxial (CTX) testing, which is explained by ASTM D3®391. In order to finalize a
consolidation phase, the degree of consolidation is continuously monitored by plotting
the displacement of vertical load piston versus square root of time, similar to the plot
proposed by Tayle1948) for estimation of coffient of consolidationKigure3.7).
Hence, the end of a (re)consolidation phase is not before the end of primary
consolidation, such that there is no significant increase in vertical displacement
readings.

0.1
(0.2
0.3 -

0.0
0.7 - -
0.8 T T T

0 10 20 30 40

Square root of time (mfr)

Vertical displacement (mm)
=
=y
1

Figure3.7 The chang in vertical displacement with square root of time during a

consolidation phase of test.

3.2.1.3 Cyclic shearing

After a (re)consolidadn phase, constawblume cyclic shearing of specimen begins.
The horizontal load history acting on specimen is considered as a sinusoidal

waveform. The frequency of cyclic loaidjs 1.0 Hz. Nonetheless, the form of the load
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applied by motors may notlfow the ideal sinusoidal waveform due to the quality of
load control system. The problem of achieving an ideal waveform is particularly
important for cyclic loaetontrolled tests on soils whose response is excessively
nonlinear, whereas the simple manuahtrol of strain (or, displacement) rate in a
cyclic displacementontrolled test provides very satisfactory results [Doroudian and
Vucetic, 1995]. The criteria of acceptable waveforms used in adoaiiolled CTX

test can also be considered for a sim@DSS test. Hence, the waveforms are
acceptable provided that the difference between the amplitudes and durations of
successive halfycles is less than 10%, the noise (ringing) in the waveform is not
significant, and there are not any prominent spikesr ibe peaks of waveform
[Silver, 1977; seeFigure 3.8. The unacceptable waveforms can cause abnormal
changes in pore water pressure resulting in significant deviations from the actual soil

response to an idedhsisoidal waveform.

The ShearTrac Il apparatus uses a cldsegd load control system in order to provide

a loadhistory consistent with that of an ideal sinusoidal waveform. For the best
results, the software controlling the loading unit requires thetinpthe parameter

cal Umddte A, which i s dependent on several
dimensions of soil specimen, frequency of loadif)gdnd calibration factors of the
apparatus [Geocomp, 2007a]. The parameter is used for autapaaitng of the load
increments in a closddop loading system during a cyclic loading test due to
nonlinear response of the material. A calculation toolUpdate Ais provided by the
manufacturer such that the factors necessary for calculatidpdste Aare entered in

cells of a spreadsheet file, on whitlpdate Ais computed by a series of biitt
functions. Among those factors, the material stiffness is the most difficult one to be
justified before a test. The material stiffness factulrj varies in range from 0.5 for a

very stiff material to 10 for a very soft material. Hence, the choice for material
stiffness factor requires experience on similar material tested with the ShearTrac Il
device. After several tests on reconstituted specimens wofiegies similar to those

of Adapazagdeposits and initial tests on the undisturbed specimens, it is concluded
that the factor to be used is between 2 and 2.5 for the soil samples recovered from
Adapazagé Figure 3.9shows the waveform generated wigh norappropriateGdr

value. Apparently, the waveform of applied load is far from the criteria stated by
Silver [1977]. In contraskigure3.10 shows an acceptable waveform that is generated

by an appropriate &ction of Gdr.
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Figure 3.8 Acceptability criteria for cyclic loadhistories: a) an ideal waveform, b)

limit for difference in amplitudes of successive haltles, c¢) the limit for difference
duration of successive halfcles, d) unacceptée waveform due to spikes at pei

and e) unacceptable riimg on waveform [Silver, 1977].
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30 - — Applied Load

Figure3.9 Unacceptable waveform generated by an inappropriate select#uir.of

100 - — Applied Load
Target Load

Figure3.10 Acceptable waveform generated by an appropriate selecti@drof

The other important parameter in the algorithm of cldse@ control is theP-Gain
[Geocomp, 2007a], because it is related to the response rate of load control to change
in materal stiffness. Parameters of the algorithm that instantaneously calculates the
load increments for the motors are dependent on the stiffness of the material. On the
other hand, the necessary information for determination of optimum parameters is
only avaibble after the first cycle of loading. In the case that the initial rate of
updating is too slow or too fast, the applied waveform can respectively undershoot or
overshoot the target amplitude of sinusoidal waveform during its first cycle. A careful
adjusment of the parametdP-Gain is particularly important to reduce the testing
error due to an inappropriate first load cycle. After several trials with reconstituted
specimens, it is concluded that the default val®eGéin=2.5) stated by the
manufacturer § the optimum value for the most satisfactory results. Hence,
considering the difficulty in achieving an acceptable form in the first load cycle, the

second load cycle is considered as being representative for the idealydiest
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response of specimenshd other closetbop control parameters,Gain andD-Gain,
that can be entered in the computer program building the elospdlgorithm; do
not significantly affect the test results. The latter conclusion is verified with tests on

reconstituted specimerand through personal communications with the manufacturer.

3.2.2 Estimation of frictional forces on the test apparatus

During a CDSS test with the ShearTrac Il apparatus, the horizontal load transducer
measures the load exerted on the water bath, whkiggual to the shear load on
specimen in the ideal case that the components of test apparatus (e.g., connection
between water bath and base plate, and the stacked Teflon covered faces of aluminum
rings) are frictionless. Besides, the membrane contriliatesaction of the specimen

to shearing. Hence, it is necessary to estimate the total resistance of testing apparatus
and the membrane to horizontal displacements induced during a cyclic loading test.
Then, the net shear force exerted on the specimerdsbewcalculated by eliminating

the contribution of friction forces and membrane reaction in total load applied on the
water bath, which is recorded by the horizontal load transducer, before any
interpretation of test results [ASTM D6528 07]. The test rsults are obviously
acceptable only in the case that the frictional forces and the membrane resistance to
shearing are very small than the reaction of specimen. In the other case, the test results
wi || be sensitive to t hehadg ofaalabducstiles ¢ ompl

parameters assumed for the calculation of net stress acting on specimen.

As a simple rheological model for calculation of the total frictional resistance of the
apparatus and the membrane reaction to horizontal displacementsmisie visce

elastic (Voigt) model shown iRigure3.11is consideredFung, 1994]

R c

0

§\ —> Fr(t)
VIV

§ k - u(t)

Figure3.11Voigt model of linear viscelasticity, [Fung, 1994].
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The total reactionHs) on the rigid support of Bnearly elastic spring witla viscous
dampeiin parallel is

F, (t) =k () + co"%t) [3.1]
wherek is thestiffness of springg is the viscous damping coefficieni}) is the nodal
displacement acting on spring and dashpot,tdaadime [Chopra, 1995] In the case
the spring behaves nonlineagriuch that theeaction force acting on springésjual to

ksedU)@(t), Equation 3.Xcan be restated as
Fro (1) = ke Qi) +C O—"d‘;f) [3.2]

whereks. is the secant stiffnessf nonlinear springFor a sinusoidal displacement

history with amplituday,, the variation of displacement witlis defined by
u(t) =u, Bin@o & &) [3.3]

When di(t)/dt=0, u(t) attains its maximum absolute valug,, and ks can be
calculated by Equation 3.4Supposing that maximum absolute value Faf is
approximately equal to its valugt u(t)=u, (i.e., Fx(Ug)) @F1)may When Dfclksec is
small,ksecCan be approximately calculated by the formula

F F

k = max ~ " min [3.4]

sec
Umax~ Umin

WhereF . andF,, are respectively the maximum and minimum reaction forces, and
Umax &Nd Up,in @are the maximum and minimum displacements recorded during a cyclic

loading test. For ideal test conditiof$,i= -Fmax @NdUmax= -Umin= Uo.

The pararaterc can be calculated by using the e@lént viscous damping concept

[Chopra, 199k The dissipated energlgp, in a single cycle is
Ep =2* O &g [3.5]

which is equal to the area enclosed by a hysteresis loop acedfsplacement plot.

Hence, the bedit of c to experimental data can be calculated by a le@sares
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analysis on the scattering Bf/(2" %) with u,?, such that the paired samplg,Ep) is
gathered by calculating the area enclosed by a hysterepigHg) with displacement
amplitude uy during a cyclic loading test. For acceptability of data, a sinusoidal
waveform for loaehistory should be achieved.

In order to determine the frictional loads acting on the apparatus and the membrane
reaction, Thin latex balloon filled with water is used as the specimen in CDSS tests.
The volume of water injected in balloon is 63000 inso that the volume of balloon

is approximately equal to that of a soil specimen prior to consolidation phase in CDSS
tests. Hence he balloon under pressure can completely fill the volume enclosed by

aluminum rings and porous stonégure3.12 shows a schematic view of these tests.

Verticd load

W

«—

platen

Stacked Teflon covere
Aluminumrings

Latex balloon < Water
Membrane———— . Bottomn
platen

Horizontal load
4—

Figure 3.12 Schematic diagram of cyclidnsple shear test on a Latex balloon fi

with water.

The range of confining presre applied by vertical load piston is from 50 kPa to 250
kPa, which is reasonably consistent with the range of normal stress considered in
testing undisturbed specimens. The lower and upper limits of the pressure range are
determined after a set of iratitests, in which the paramet&dr is justified for a

range of cyclic shear and vertical stress amplitudes. It is observed that the minimum

confining pressure to be considered in the balloon tests is about 50 kPa so that the
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closedloop loadcontrol systm can satisfactorily follow a sinusoidal waveform. On

the other hand, when the vertical pressure exceeds 250 kPa, a stiffer response to
shearing is observed, and any further increase in confining stress resulted in tearing of
the balloon before or duringyclic loading phase of the tests. By observation, the
behavior at stress levels exceeding 250 kPa is attributed to the penetration of the
balloon into the very thin gap between porous stones and aluminum rings. Seliting

to 2.5 provided satisfactory weforms for most tests; however, the value is slightly
increased for greater ranges of confining pressure and horizontal displacement
amplitudes. No change in the defaRiGain stated by the manufacturer of ShearTrac

Il apparatus is deemed necessary.

Figure3.13.a shows hysteresis loops of a cyclic simple shear test on a Latex balloon
filled with water.Figure 3.13.b depicts that tha(t) becomes consistent with an ideal
sinusoidal waveform following a number ofitial cycles. During the tests, it is
observed that the relative displacements of adjacent aluminum rings are very uniform,

consistent with those of a uniform strain field of a test with soil specimen.

The uniformity is achieved by the interaction betweéegs and the membrane, such

that the tensile force on membrane results in increased horizontal forces acting on
rings with larger relative displacementdure3.14), which consequently compel the
uniformity in ring displacements. Several tests on whlled balloons are done.
However, some of the results are rejected due to problems related to poor placement
of balloon, inconsisten&dr, and tearing of ballin. Those tests resulted in poor and
unacceptable waveforms in displacemkistories, and very soft or stiff response to

loading compared to tests with reasonably sinusoidal displacement histories.
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Figure 3.13 a) Hysteresis loops, and b) displacement history during a CDSS te:
watekfilled Latex balloon filled under vertical stress of 250 kPa.
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Tension on Tension on Rings
membrane membrane

A Rings
(a) (b)

Figure 3.14 a) nonuniform, b) uniform relative displacemenof adjacent aluminu

rings.

The dissipated energy in each lo@&p, due to friction in apparatus is plotted against
ug’ in Figure3.15 for a range of vertical confining stress (50, 100, 150, 200, and 250
kPa). The increase ifp with uy® follows a linear trend, which is consistent with
Equation 3. Through a leastquares analysis, the equivalent viscous damping
coefficient, ¢, for tests with 1.0 Hz of load frequency is computed as 3.€9r¥h
(r*=0.95). In contrast, a strong correlation betweenkigy@nd log(i) is observed in

Figure3.16, which proposes the relationship=®.93)
log(k...) =1.251- 0.549l0g(u,) [3.6]

where, the units oks, andu, are N/mm and mm respectivellence,substituting
Equation 36 and ¢=3.99 /mm into Equatio3.2, and dropping the superscriptug
theapproximatenonlinear relationsp betweerf(t) andu(t) is formulated as

F, (t) =17.8¢u(t))****+3.99¢ ‘(Jf) [3.7]

where, the units af, F;;, andt are mm, N, and s respectively.
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Figure 3.15 The dissipated energy in &@aloop Ep) versus squared displacement

amplitude (%) in balloon tests.
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Figure3.16 The relationship betwedg..andu,.

Figure 3.15 andrigure 3.16 depict thatc and ks are independent of the confining
pressure. In order to verify the independency, the nigeand the mealis for test
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groups with different confining pressures (i.e., 50, 100, 150, 200 and 250 fiePa) a
contrasted by the singfactor analysis of variance (ANOVA) tool in the software-Ms

Excel. The null and alternative hypotheses of the statistical te$Daneore, 2008
Ho: mo=mo=Mmse=Moc=Mso
H.: at least two of thess are not equal.

where g is the (population) mean of the property measured under the confining
pressurep. Since it is difficult to achieve a constamtin a loadcontrolled test, the
sample is gathered from the test results with displacement amplitudes in a narrow
range ofu,. The test results with 0.033 mm < €0.056 mm, corresponding to the
range of shear strains from 0.21% to 0.35%, are used for ANOVA. The sample is
presented in Table 3.1. The sample mean and the sample variabgeafutks.. are

given in Table 3.2 and T&b3.3 respectively. Since the test assumes constant variance
for each class, it is important that the magnitudes of individual sample variances for
compared classes should be simj@evore, 2008 Nonetheless, the sample variance

for Ep of the group 20kPa is very small compared to those of the others, and the
strength of statistical conclusions may be somewhat limited. On the other hand, an

increase in number of tests may also increase the dispersion for this group.

The computed ®alues, the obseed significance levels of statistical tests, are equal

to 0.17 and 0.10 foEp andks.. respectively. Therefore, the sample does not strongly
support the rejection of Hor any reasonable significance level, which is usually less
than 0.10. Besides, thaniations in individual sample means are apparently random,
because the sample mean for each group is not dependent on the vertical confining
stress (Tables 3.2 and 3.3). As a conclusion, the proposed relationship betkgen

andu, are presumed to bedependent of the vertical confining stress.
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Table3.1 Randomly selectelf, andks..values for ANOVA, for 4 between 0.033 and

0.056 mm under different vertical stresses.

Vertical Vertical

to Ksec Eo stress | 20 Ksec Eo stres
(mm) | (N/mm) | (N.mm.sec) (kPa) (mm) | (N/mm) | (N.mm.sec) (kPa)
0.038| 113.226| 0.038 50 0.053| 93.739 0.063 100
0.038| 95.944 0.234 50 0.054| 74.542 0.235 100
0.039| 106.292| 0.056 50 0.054| 93.328 0.180 100
0.040| 108.045, 0.027 50 0.055| 82.112 0.319 100
0.040| 101.275] 0.107 50 0.055| 88.780 0.026 100
0.043| 92.673 0.284 50 0.056| 75.661 0.369 100
0.043| 100.034| 0.130 50 0.056| 78.144 0.015 100
0.044| 94.183 0.228 50 0.056| 78.026 0.023 100
0.044| 96.230 0.185 50 0.056| 79.262 0.057 100
0.044| 92.898 0.303 50 0.033| 84.432 0.100 150
0.044| 97.946 0.238 50 0.035| 102.110 0.070 150
0.044| 95.927 0.170 50 0.044| 70.645 0.004 150
0.046| 93.412 0.191 50 0.056| 93.452 0.127 150
0.046| 95.043 0.304 50 0.056| 89.985 0.097 150
0.048| 79.315 0.003 50 0.056| 86.536 0.200 150
0.049| 91.220 0.312 50 0.037| 75.913 0.084 200
0.049| 78.265 0.3(8 50 0.045| 92.734 0.116 200
0.051| 75.466 0.017 50 0.046| 82.224 0.180 200
0.055| 81.003 0.235 50 0.048| 69.487 0.012 200
0.040| 101.634, 0.080 100 | 0.048| 82.825 0.186 200
0.044| 98.092 0.207 100 | 0.049| 92.014 0.234 200
0.046| 86.204 0.324 100 |0.049| 87.514 0.24%6 200
0.049| 90.123 0.244 100 | 0.052| 76.683 0.003 200
0.049| 87.729 0.074 100 |0.049| 84.596 0.335 250
0.051| 87.752 0.312 100 |0.052| 82.091 0.247 250
0.053| 79.048 0.048 100 |0.052| 83.663 0.318 250
0.055| 81.674 0.133 100 |0.053| 80.615 0.022 250
0.054| 76.199 0.306 250
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Table3.2 Anova analyses results f&p values under different vertical stresses.

Source of Variatior SS df MS F P-value F crit

Between Groups 0.078404 4 0.019601 1.660153 0.174003 2.557179
Within Groups 0.590335 50 0.011807

Total 0.668738 54

Table3.3 Anova analyses results fky..values under different vertical stresses.

Source of Variatior SS df MS F P-value F crit

Between Groups 736.3468 4 184.0867 2.07228 0.098437 2.557179
Within Groups 4441.972 50 88.83943

Total 5178.318 54

Figure 3.17 compares the hysteresis I6f recorded during three watballoon tests

with the hysteresis d¥; calaulated byequation 3.6. The displacement ratiei(()/dt) is
computed by a backward difference scheme, which allows instantaneous correction of
shear stress on specimen during a test. On the other hand, the substitedaatioh

3.3in equation 37 for consideration of an ideal sinusoidal variatioru{f) results in a

function smoother than the errakg(t) in Figure3.17.
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Figure 3.17 Measured and estimated reaction of test apparatus to cyclic loading
several vertical stressea) 100 kPa, b) 150 kPa, and c) 250 kPa.
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Finally, in order to investigate the significance of frictional forces in test results, the
records of horizontal load transducers are corrected by subtra&gtinglculated by
equation 3.7. Figure 3.18 compares the ranges G, and!| according to corrected

data with those according to raw data obtained by doing CDSS test on one of the soft

soi l speci mens r ec o ¥FigureglBdepictsahat thé ceacpoa afa r € .

test apparatus to cyclic displacements is not very significant, and do not significantly
affect the dispersion in test results presented in the following chapter. A statistical
study on the differences between all corrected and uncorrected test results showed that
the mean relative percent error in calculaBagtand/ is 2.3% and 3.2% respectively

when raw data is used. Hence, the results of CDSS tests presented in Chapter 5 are

simply based on raw data.
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Figure3.18 The effect of friction correction on a) secant shear modulus, b) dampin

of a soft specimen recovered from Ad:«
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CHAPTER 4

INTERPRETATION OF THE TEST RESULTS

4.1 Introduction

In order toinvestigatecyclic behaviorand dynamic propertiesf Adapazagdeposits
223 CDSStestsand 7 DSS testaere done on76 undisturbed specimerthat were
recovered froml8 Thin-Walled sample tubesviost CDSStests followed amulti-
staged loading procedure, which is useful for increasingitingber of cyclic loading
tests. Besidesseveralsinglestage cyclic loading testgere done inorder tocontrast
the results of multstaged and singistaged tes.

Table4.1 The distribution of CDSS and DSS tests between sevelalasses.

_ Type of test
Soil Class
CDSS| DSS
CH-Clay 32 4
Cl- Clay and Silty Clay 10 -
ML-Clayey Silt 5 1
ML -Silt 17 2
ML-Sandy Silt 7 -
SM-Silty Sand 5 -
Total No. 76 7

Table 4.1 presents the distribution of CDSS and DSS tests between sewviral
classesMost of thetestedmaterialis cohesivewhereas e number ofCDSStests

performed withcohesionlss silts and sands is sufficiently largéne DSS tests o
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cohesive specimens(clays and clayey silts) provided information on strength of
cohesive deposits under monotonic loading. In contrast, only 2 silt specimens were
tested monotonically in order to investigate the shear strength of cohesionless soils.
The number of CDSS tests is much larger than that of DSS tests, because the emphasis
was put on the response of soils to cyclic loadiAd. tests along withthe calibration
studies on apparatuses wstarted on 22.01.2010 and finished on0#72010 Hence

85 working dayswvere spent in order to test 83 specimens. Ability to recover a large
number of specimens from a limited number of tubestaedelatively low timecost

of a test wee the main reasons of preferring a simple slaggraratugo a cyclic
triaxial apparatuslf a triaxial apparatushad been used for cyclic loading tests, the
number of tests in 85 days would have been substantially lomastly because ofhe
duration necessary for saturation of fine materi®f®paration ofa cohesionless
specimerfor a CDSS test also easier tlmthatpreparedor a cyclic triaxial test.

Examplesof CDSStestresultsare presented in the following. The cyclic responses of
several specimens are alscomparedwith the monotonic responseof similar
materiab recorded during7 DSS test. In the light of information provided by
monotonic anccyclic tests, general conclusions the cyclic behavior of Adapazar
deposis are given Finally, the properties ohonlinearcyclic response opecimens

are compared with theredictions ofwidely-used empirical relationships

4.2 Characteristics of soils tested

Theindex propertie®f soil samplesecovered from thiwalled tubesresummarized
in Tables4.2 Table 4.3separatelypresents the index properties of specimesed for

DSS tests. Bothables provié the following information on soil samples
1) The identification number of sampigbe
2) The cepth ofsamplerecovery:.
3) The rumber of tesgpecimenssuccessively recoverdmbm the tube
4) The class of soil in the tube, according to the Unified Soil Classification

System (USCS)ASTM D-248798].
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5) The fnes contentFC, of sail (i.e., percentage of soil particlgmssing#200-
0.075mm sieveby weigh).

6) The clay content, CC, of soil (i.e., percentage of soil particles <0.002mm by

weight).

7) Atterberg limits of soils water conteniw;), liquid limit (LL), plastic limit
(PL), and fasticity index (Plof soils.

8) Specific graity (Gs) of soil particles
9) Wet unit weightof soils.

10) The sample means fomitial (&) and final void ratio (e,) at the end of

consolidatiorphase of test
11) Normal stres®n specimens during consolidatits).

The Atterberg limitsand particle size disbution wee determined byollowing the

procedures consistent withe standarddSTM D 431810, ASTM D 42263 and TS

ENV 19972 in Soil Mechanics Laboratory of General Directorate of Highways in

Ankara The wet unit weights and void ratios of specimere calculated by

measuring weiglstand heights of constadiameter specimens used in CDSS tests

Thecyclic loadingt e st s are identified according to
No _ Stage Noo. tFE0s04 snOBsrecegnizedas the3“tage af e s t

cyclic loading test (8 lowest cyclic stresamplitude) on % specimen recovered from

Tube 12.

Figure4.1 shows a histogram of specimens grouped according to the sampling depth.
At depths exceedm 35 m, no undisturbed sample was recovered because of
encountering stiff and gravelly soils. Besides, the sample recovery was limited at
depths less than 10 m, due to lack of adequate cohesion within those soils. The sample
size between the depths of 168da30 m were almost uniform. Hence, most of the

samples tested in this study are recovered from the depths between 10 and 30 m.
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Table4.2 Index properties of samples and applied consolidation stress before CDSS tests.

T,\‘IJ(E’_e D(‘;"np)th Sgg;‘;g csig!s Description| FC | CC | we | LL | PL | PI | Gs Wet(tg}:n‘é‘;e'ght & | s (ké/a)

9.0 4 CH Clay |100| 14 | 45| 68| 25| 43 2.63 1680 1.26] 0.61| 190
4 10.5 6 CH Clay | 94| 25|52 60]| 25/ 35266 1766 1.46| 055 220

16.5 4 CH Clay | 75| 27 | 45|56 | 24 | 32| 2.56 1767 1.09] 053 310
12 225 6 CH Clay | 98| 48|36/|56| 20]36]|257 1809 096|047 410
13 24.0 4 CH Clay | 99 |62]|34| 71| 2843257 1876 0.83] 0.49| 440
18 33.0 3 CH Clay | 933941 73] 32]41]249 1789 085/ 0.43| 610
1401 | 255 3 CH Clay |100| 47 | 35| 60| 23|37/ 258 1768 1.09| 0.58| 470
6 135 2 CH FatClay | 99 | 65 | 55| 86 | 31 | 55| 2.65 1639 123]0.87| 265
7 15.0 6 CL | SityClay | 60 | 24 | 38| 29 | 17 | 12| 2.61 1859 1.01]0.37| 290
16 28.5 3 CL | SityClay | 93 | 24 | 31| 44 | 27 | 18| 2.56 1885 0.86] 0.44| 530
1400 | 257 1 CL | sityClay | 100| 32 | 35| 47 | 26 | 21| 2.61 1768 098] 0.47| 470
9 18.0 5 ML | Clayey Silt| 100| 36 | 35 | 43 | 26 | 17| 2.6 1808 1.00] 0.61| 350
1 3.0 5 ML | SandysSit| 65| 8 | 35| - |[NP| - | 2.63 1869 0.90]035| 70
5 12.0 1 ML | SandySit| 55 | 20 | 34| - |NP| - | 2.61 1890 0.78] 039 240
17 30.0 1 ML | SandySit| 76 | 12| 35| - |NP| - | 2.65 1818 1.02] 058| 560
10 19.5 5 ML Sit | 100| 23 | 39| 40 | 27 | 13| 2.61 1843 0.91]050| 380
11 21.0 5 ML Silt 99 | 24 | 37 | 42| 28 | 13| 261 1819 0.99] 053] 390
15 27.0 4 ML Silt 87 | 13 [ 37| - | NP| - | 259 1877 092|051 500




Table4.2 continued.

. Wet unit
Tube | Depth No of Soll -~ ; Sy
No. (m) samples | Class Description | FC | CC We LL | PL | PI Gs weight & €os (kPa)
(kg/n)
1402 | 25.8 3 ML Silt 95 | 17 35 33| 28| 5 | 264 | 1862.66 | 0.94 | 0.48 | 470
2 2.0 5 SM Silty sand | 32 | 11 31 - NP | - 2.66 | 1828.76 | 0.84 | 0.52 | 55
Table4.3 Index properties of samples and applied consolidation stress before2§S
o
\l
_ Wet unit
Tube| Depth No of Soll o : Sy
No. m) samples| Class Description FC | CC | we | LL | PL | PI | Gs welgksmt & €os (kPa)
(kg/nT)
18 33.0 1 CH Clay 93 39 | 41| 73 | 32 | 41| 25 1789 085 | 0.43 | 610
8 16.5 1 CH Clay 75 27 | 45 | 56 | 24 | 32 | 2.6 1767 1.09 | 0.53 | 310
12 22.5 1 CH Clay 98 48 | 36 | 56 | 20 | 36 | 2.6 1809 096 | 0.47 | 410
13 24.0 1 CH Clay 99 62 | 34 | 71 | 28 | 43 | 2.6 1876 083 | 0.49 | 440
9 18.0 1 ML Clayey Silt 100 | 36 | 35| 43 | 26 | 17 | 2.6 1808 1.00 | 0.61 | 350
10 19.5 1 ML Silt 100 | 23 | 39 | 40 | 27 | 13 | 2.6 1843 0.91 | 0.50 | 380
11 21.0 1 ML Silt 99 24 | 37 | 42 | 28 | 13 | 2.6 1819 099 | 0.53 | 390
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Figure4.1 The distribution of specimens between bins of sampling depth.

Figure 4.2 shows the histogram of specimens grouped according to PIl. CDSS tests
were erformed on soils with a relatively wide range of Pl. 24% of samples used in
CDSS tests were either npiastic materials or lowplasticity materials. On the other

hand, most of the samples had PI greater than 30. The maximum Pl was determined as
55.
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Figure4.2 Thedistribution of specimens between bins of PI.

4.3 Hysteresis ofsoil behavior observed in CDSS ésts

A practicalrange of cyclic shear stress amplitus\ess considered for performing the
CDSS tests, such that the test range covers the possibles rahgevere stress
amplitudes exerted on those soils during the 1999 Kocaeli Earthquake.
Conventionally, the cyclic shear stress should be normalized with the normal stress
acting on specimen for comparisons of different cyclic loading test reldeltee the
cyclic-stress ratipCSR,is defined as

t
CSR= - [4.1]
S

Vv

where,ch is the amplitude of cyclic stress, asgis the normal consolidation stress.
The range ofCSRemployed by Bray et al., 2004 for cyclic loading tests on shallow
Adapazag soils wa from 0.3 to 0.5 wherea the range from0.15 to 0.53was
consideredoy Yilmaz et al., 2004or testing anisotropically consolidated specimens

recovered from shallow layers of Adapazar

69



Figure4.3 shows the ranges @fSRapplied in CDS tests on samples recovered from
different depths. The minimur@SRis 0.005 and the maximum is 0.5. TGSRIs
usually between 0.01 and 0.4. Representative tests results for different soil classes are

presented in the following.
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Figure 4.3 The variation of ranges ddSRapplied during CDSS tests with depth of

sample recovery.

4.3.1CH-class tays

Clay samples from theubes3, 4, 6, 8,12,13, 14_0land 18, which have the highest

Pl among the undisturbeshmplesareclassified asCH. Only the esultsof six tests
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which are representative fall CH-class soils testedare presented in this section
Those representativespecimenswere recovered from the depths of 165 m
(t08_s03 _sn02, and t08_s01 sn@2.5 m(t12_s04 sn03, t12 s02 sn03), and 24.0 m
(t13_s05 sn02, t13 s02_sn0B) of the specimens is between 30 and 40.

The variation of shear stress (kPa) with shear strain (%) recorded during CDSS and
DSS tests are plotted Figure4.4 for specimens recovered from the tubes 12, 13 and
18. The range of CSR considered in those tests is from 0.02 to 0.3. The hysteresis
loops of specimens from two different tubes are similar for both lower and higher
amplitudes of Bear strain. The similarity resulted in calculation of virtually the same
damping ratio for both specimens. One important observation is that the positive peaks
of the hysteresis loops converge to the monotonic loading curve during successive
load cycles,although the response of soil to the first load cycle is stiffer than its
response to the (slow) monotonic loading. In other words, degradatiag.lvecomes

more pronounced with increasing number of cycles,Gawultimately converges to

the value gien by a slow monotonic loading test. Hence the observediegendent
response of CHlass soils is consistent with the observed viscous behavior of silt and
clay mixtures observed during consolidateirained cyclic triaxial tests @maz et

al., 2004) Apparently, the ratelependent response of fine materials tested by a cyclic
triaxial equipment may not solely be attributed to the lack of uniformity of pore
pressure distribution in a saturated clay specimen, since the unsaturated CDSS

specimens showsimilar ratedependent response.

Figure 4.5 depicts the gradual increase in the ratio of excess pore presssie to
namely the excess poepeessure ratior(), and the decrease in effective normal stress
(sy) induced by successive load cycles applied on the two specimens. Although
significant increases in porpressures were observed in similar tests oncfads
specimens, none of those specimens could achieve the condi@®0%, when
amplitudes of cyclic shear stresses were significantly less than the monotonic shear

strength.
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4.32 CL-class dty clays

Specimensecovered from tubeg 14_00and16 are Cl-class silty clays thdtawe PI

of 12, 26 and 27 respectively The rangePI of CL-class specimenis lower thanthat

of CH-class specimens, but clapntens of the former are&comparable witlthoseof

the latter No DSS test was done on &lass specimend-igure 4.6 shows the
hysteresis loops afpecimens recovered from the tubed# 00, and 16 during CDSS

tests. Tests t07_s02 sn02, t07_s01 sn03, and t16_s03 sn0l1 show significant
Ar ev&sSns ed ap esuahtthat the mmmentialedr modulus about zero strain

is smaller than that about peak straline reverse® shapd loopswere typical of

most silty clayspecimensTest t07_s02_sn02 showed cyclic failure, such that the rate

of cyclic increase in peak strain is boosted when the cycle number exceeded 35.

Figure4.7 compares the pofgressure accumulation and effective stress paths of two
similar specimens tested with the sa@fR The rate of pore pressure accumulation in
test t07_s02_sn02 is higher than that of test t16_s03_sn0l. The former specimen
eventuallyliquefies withr,@0%, such that the increase in ppressure results in
significant increase in accumulation of cyclic strains. Since no DSS test result is
available for comparison, no further comments can be given. However, a similar

response is obsezd for silty specimens, as explained in the following.

74



74

150
0

CSR=0.2 CSR=0.2 60
< | 116_s03_sn01 100 - t07_s01 sn03
<
0
0
o
"(7') T T
3 -p -3 3 3 -B
]
e
n
-60
(@) 156 (©) 36
CSR=0.2 o CSR=0.2 -
‘s | t14_00_s04_sn01 100 - t07_$2 _sn02 '
o [ /
7 /
o
17
5 b 3 -lo
Q /
< {
(7p] I,f' ,’:‘
-100 [
|I _'/J('f
(b) LA (d) 86

Shear strain (%)

Figure4.6 CDSS and DSS test results for-€lass specimens: a) t16_s03_sn01, b) t14_00_s04_sn01, s)108n03, and d) t07_s02_sr

Shear strain (%)




9,

Cycle number

,\
&

Shear stress (kPa)

(b)

Figure 4.7 a)Excess pore pressure ratio, and b) effective stress path during the test t16_s03_sn01; asdpoyexpeessure ratio, anc

effective stress phatduring the test t07_s02_sn02.

=
=
=
§
=
=
=
=
=
=
=
5‘?
=
5':

CSR=0.2
t16_s03 sn0]

0

0 F

20 40

60

ry (%)

30 100

150
100
50

-50
-100
-150

CSR=0.2
t16_s03_sn01

sy (kPa)

——
40 - ==
30 | _ﬁégééigg_
20 - =
10 | = CSR=0.2
= t07_s02_sn0?
0 = T T T T
0 20 40 60 30 100
(c) ry (%)
100
CSR=0.2
50 t07_s02_sn02
S [
0 |I'III;|I';|| |'III Ii lllll | |I :
|
i xJ | ﬁ? || 390
50 AL AR R A
-100
(d) sy (kPa)



4.33 ML -class dts and clayey silts

The pecimens recovered fromhe tubes10, 11,15, and 14_02 are Miclass silts
thoserecovered fronthe tubes 1, 5, and 17 are Mlass sandy siltsand those
recovered fromhe tube %areclayey sils. Excluding the specimens from the tube 9,
the clay contents of those nplastic or lowplasticity materials are less than 25%.
Typical CDSS and DS$estresultsare presented ifigure 4.8. In some of the test,
hysteresis loops with significant revers@dshapes were observed. Most of the
hysteresis loops were similar to those of-€ass soils. Similar to the case of CH
class soils,a good agreement betwedghe secant shear moduli afyclic and
monotonic loading tests waobserved The accumulation of pore pressures and
effective stress path followed during CDSS tests are shown for two of the tests in
Figure4.9.

The response of specimen iest t10_s04 sn03F(gure 4.9.d) show important
similarities to that observed in test t07_s02_siigire4.7.d). However, a DSS test
result is available for an assessmef the cyclic response of specimen in test
t10_s04 sn03. It is observed that, although a significant increaseaimd rate of

cyclic strain accumulation occurs when the cycle number exceeds 30, the peak of

hysteresis loops follow the stressain cune determined by monotonic loading tests.
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4.34 SM-Class silty ainds

Only the tibe 2provided the noiplastic SM-class silty and specimens. Theube
containedthe shallowestsample recovered from the depth of 2 Rigure 4.10
presentghe hysteresis loops, the increase in goessure and in amplitude of strains,
and the effective stress path readduring the test t02_s03_sn@dthough the CSR
was as high as 0.3, the specimen of the test didiquafy, but showedsignificant
cyclic degradation inGg,, Consequently, thébehavior of the specimen in test
t02_s03_sn04 was typical for ntiguefying SM-class materialsn cyclic loading

tests.
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4.4 General cyclicresponsecharacteristics of soils tested

The result of each CDSS test is summarized as a pa@cahsshear modulu§g)

and damping ratiog§ corresponihg to the amplitude o€yclic shear stram measured

in test (Section 12.2, Equation1.3). Since significant cyclic degradation of soil
stiffness can occur especially during the tests with higher ranges of CSR, the response
of specimen tohte 2 load cycle is considered as being representative for each test.
The computed stiffness and damping characteristics of specimens are summarized and
compared with the empirical relationships given in literatlifee cyclic degradation

of material stifnessis also investigatetbr each specimehy comparingts response

to 40" load cyclewith its response to"2load cycle

4.41 Damping ratio ( &)

Figure 4.11 shows thescatterplot of a-according to the results of CDSS tedike
maximumof / is 18.92% and the minimum &73%.| is lower for specimens with
largerPl andnormal cosolidationstress,s,. In order to investigate the effect 8§ on

/ further, the testesultsaredividedinto 4 groupsaccording to the PI of specimens, so
that the effect of Pl oh can be roughly eliminated. The ranges of Pl are chosen as 0
10, 1030, 3040, and40-60 (Figure4.12).
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Figure4.11 The scatter plot of damping ratio against shear strain.

Apparently, the effect of, on/ is more pronounced for lower ranges of Pl, as stated

by several researchers [Seed et al., 1986; Ishibashi, 1991; Ishibashi and Zhang, 1993;
and Darendeli2001]. The range a$, for the group PI=14B0 is very limited for any
inference. Howeverkigure4.12.c andFigure4.12.d depict thats, has no significant

effect on/ when Pl is greater than 30, and the scatter plot for the range-B6=10
(Figure4.12b) weakly suggests that the upper bound for Pl is 10 for consideration

of a pronounced effect &f, on/.
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The ranges of determinedby CDSS tests are compared with the widetpwn
empirical relationships proposed by Vucetic and Dobry (1991), Ishibashi and Zhang
(1993), and Darendeli (2001). The modulus reduction and damping relationships that
are graphically presented bjucetic and Dobry (1991) omit the effect of effective
confining stres®n /, even for low Pl values. Nevertheless, thevessuggested by
Vucetic and Dobry (1991) are compared with the test reRuilta first evaluation of
damping ratiosletermined inhis study.Figure4.13 compares the scatter bfwith the
curves suggested by Vucetic and Dobry (1991). The treddwath increasing shear
strain is generally consistent with that of empirical curves. Althohghange of Pl is

from 0O to 55 for the specimens tested by CDSS equipment, all of the détéafbin

the range bounded by the curves given for PI=30 and PI1Fi00ré4.13).

====PI=30 (Vucetic and Dobry, 1991)
— -+ PI=200 (Vucetic and Dobry, 1991)
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Figure4.13 The comparison of with the curves recommended by Vuc
and Dobry (1991).
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Hence,/ for a given value of Pl and shear strain is lower than that is suggested by
Vucetic and Dobry. For a detailed comparison, the datd fir divided into four

groups according to the Pl of specimens.

In Figure4.14, each group isomparedwith the empirical curves given by Vucetic

and Dobry (1991). The test data for PI=3@ and PI1=4@0 are located between the
empirical curves given for PI=5000, and PI=10@00 respectivelyKigure 4.14.b

and 4.14.d). The scatter 6ffor the range of Pl from 30 to 40 is usually around the
curve given for PI=100Kigure4.14.c). In contrast, the data of the group RIEDis

more scatteredhan the data of other Pl groups due to the effects,obn /.
Nevertheless, the data points usually fall on the area bounded by the curves given for
PI=30 and PI=100Rigure4.14.a).
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The test data on danmg ratio is also compared with the empirical relationship
proposed byishibashi and Zhang (1998) Figure 4.15. The empirical relationship
employs PI, shear strain and mean effective stragdlpcting on specimp, as
parameters necessary for estimatiory oSince the radial stress acting on a CDSS
specimen is unknown, the mean effective stgdjt the beginning of a CDSS tests is
estimated by

2s

Sjp=—~ 4.2
h =73 [4.2]

assuming that the radial stress is approximately equal2auring consolidation.

The empirical relationship proposed by Ishibashi and Zhang overestimate the test
results for any given amplitude of cyclic strain. The differendevéen the data and

the empirical relationship is more pronounced for lower ranges of PI.

The test data is also compared the curves defined by Darendeli (2001), the most recent
one among the three comprehensive studies on the relationship between siidamp
and cycliestrain amplitude, ifrigure4.16. It is observed that the difference between

the test results and empirical curves are highest when the curves of Darendeli are
considered. Besides, the disagreenigrstronger for larger ranges of Pl, because the
ranges of damping ratio estimated by using the curves of Darendeli are higher than

those according to the other two studies.
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It is concluded that the soil specimens recovered from Adagdizaipatdess energy
during cyclic loadingwhen compared with thiypical rangeseported in literature.
Nonethelessthe conclusion is valid for cyclic shestrain amplitudes around 1%,
which are presumaplachievedby thelevels of CSRinduced on Adpaza € ds po s
duringthe 1999 Kocaeli earthquake. Lower energy dissipation capacity of Adagaza
sdls can be a consequence of reverSeshape of hysteresis loops, which may be a
characteristic ofnormally consolidated or lightly ovaonsolidated Adapaari
deposits. The reversetl shape is also reported by Yilmaz et(a003 and Sancio et

al. (2003 after cyclic triaxial tests with specimerscovered r o m A d(Riguez ar €
4.17.ab). Besides,the similar reponse of Fraser Silt in CDSS tests is reported by
Sanin and Wijewickreme (2005(Figure 4.17.c), andthat of normally-consolidated
reconstituted Keuper Marl silh cyclic triaxial tests is reportedybyasuhara eal.
(2003) (Figure4.17.d-e).

Figure 4.18 shows a schematic view of typical hysteresis loops reported after the
cyclic loading tests run by several researchers (élgtdin and Drnevich, 1972;
Puzrin et al., 1995; Vucetic et al., 1998; Lanzo and Vucetic, 1999; Darendeli, 2001),
and a typical reversef shaped loop recorded in this study. Both loops follow a
similar stressstrain path between A and B, and between @& Figure4.18.

On the other hand, t he tangentdecedsesar mo d u
sharply at point B and E, and is roughly constant thereafter. In contrast, the typical
hysteresis loops reported literature show a gradual reduction in tangent modulus

after point B and E. Consequently, the area enclosed by a rexrskdped

hysteresis loop (i.e., energy dissipated during a load cycle) is less than that enclosed

by a typical hysteresis loop witiradual change in tangent stiffness.
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Figure418Compari son of an ideal hystere

4.42 Shear modulus Gse

Figure 4.19 shows the scattielg of Gsecaccording to the results of CDSS tesEg..
decreases by shear strain with a similar trend for all saoigPI. For further details,

the tesresults are divided into the fogroups of Pl ifFigure4.20. It is observed that

Gsecincreases witlincreasings,, for all ranges of PI
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Figure4.19 Scatter 0fGs.versus shear strain for CDSS tests.

The relationship between Pl afid..is assessed iRigure4.21. In order b eliminate

the effect of confining pressure @y, the data is divided into 4 groups according to

Sy. Apparently there is no significant relationship betwedn. and Pl. Most

differences between test results with different Pl can be attributed to dhe m

prominent effect ofs,. As a conclusionGge. 0 f Adapazaré soils for
amplitudes about 1% is dependent on effective overburden pressure, whereas Pl has

no or negligible effect ofBse.0f those sails.

The rate of loading during a CDSS tesay have a pronounced effect on the soill
behavior. Therefore, the ranges@f.. calculated by using the results of CDSS tests

are compared with those obtained by DSS tests in order to validate the previous
conclusions aboubse, INstantaneous shear ssds divided by the instantaneous shear
strain in order to calculate the history @&f.. during a DSS test. The agreement
betweenGse.0btained by both types of tests is showirigure4.22 for the results of

seven DSS tests. Consequently, the relationship betvi&enand sheastrain for
Adapazag deposits can also be estimated by employing monotonic loading tests,
provided that the soil response to shearing does not show strong dependency on the
loading rate ad does not exhibit excessive stiffness degradation (e.g., liquefaction)

during cyclic loading.
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4.4.2.1 Estimation of Gna)

In order to extend theelationshi between shear mdulus and shear strain limver
amplitudes of loading, it is hecessaryestimateG,,a, the maximum sheanodulus of

soil that occur atextremely smallranges of shear strain.Gma. iS not a unique
charactestic of soil, since its relation with void ratie)(andmean effective confining
stress §n) is denoted byseveralresearchers (e.g. Hardin and Black, 1969; Hardin
1978; Jamiolkowski et al. 1991; Kawaguchi and Tanaka, 2@#ides, athe end of
eachstage of cyclic loading, the specimens are reconsolidated before the next stage
with larger amplitudes of load cyclé reconsolidation phaseesuls in a limited
decrease iwoid ratio €) of specimenwhich may result in a limited increase@g,ax
Therefore considering a singlealue ofGn. for normalization ofGs.c Obtainedafter a
stageccyclic loadng test may result in biased comparisons with other normalized test
results. Therefore, several empirical relationships to estin@ig, (e.g. Hardin ad

Black, 1969; Hardin 1978; Shibata and Soelarno, 1978; Zen et al. 1987; Jamiolkowski
et al. 1991; Shibuya and Tanaka, 1996; Kawaguchi and Tanaka, &@08ympared

with the range ofGy.x calculated byusing the results of PSuspension logging
(Equationl.3). The relationship suggested by Har(li®78 yields the bestagreement
between the empirical ranges@f..xbased on geotechnical properties of saitg] \L.

The empirical relationshipf Hardin isgiven as
Grax = 62507, (€)(OCR)" P (83, )" [4.3]

where P, is the atmospheric pressure, OCR is the overconsolidation saiis, the

mean effective stress on sdfl,andn are characteristic coefficients for different soil

classes, anB(e) is adimensionles$unction of void ratiovhich is suggested as

-1
F.(e)=(03+07¢?) [4.4]
The suggestedalues ofK are0.00, 0.18, 0.8, and 0.41 when PI of soil is 0, 240,
and 60respectivel [Hardin, 198]. Hence,the termOCR in equation 8. can be
omittedfor normally or lightly overconsolidated soils with low RYith the intention

of adoptingfunctional form of Equatio.2 to predictGna.xfor specimens recovered
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from Adapazag the terms , is substituted bys,, the effective overburden pressure in

situ, which is equivalent to normal consolidatgiress ora specimen

C 1- o n
G =—-—P "G 4.5
max= 2P () [45]
In order to determine the coeffisitsn, A, B, C, andD that minimize the total sum of
squared difference betwe&g,.xempirically predicted and that based ossitu V;, the
optimization tool of Microsoft Excel, namel§jolver,is used.Hence, he parameters
that are best in the leasiquares sense are givenn the following empirical

relationship:

_ 502 5
2959175230 @

max [4.6]
Hence, there is no significant relationship betwsgnand V. The conclusion is
meaningful since ands,. Hencee can be practically considered as fudeparameter
related toGnax (or, Vs when unit weight of soil is given) of soils recovered from
Adapazag The insitu void rati® (e,.siw,) aredetermined byackwardextrapolationof
the virgin compressiolines determined in the consolidation phasé CDSStess to
the logarithm of insitu effective overburden stressi\j,si) on thee-log(s,) plotsas

shown inFigure4.23.

—— Consolidation curve

\
\
\

Ein-situ |-
\ \
A

e \

Log(sV in-siw)
Log(a',)

Figure4.23 Determination of g, according to consolidation of specimen.
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Figure 4.24 compare Vs according to PSuspension logging witNs estimatedby
using equation 4.3 and&4and 13.

Vs, In-situ
““““““““ Vs, Hardin, 1978
50 4 T Vs, Equation 4.6
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—_
hn
|

Depth (1)
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e
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3 :-‘ . (} T T T
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Figure 4.24 Comparison of irsitu Vs with the estimated ¥ according to Hardi
(1978) empirical relationship and with according to equation 4.6.

Figure4.25 shows a similar comparison f@,,.« The reasonable agreement between
Gmax Obtained by two approaches points out that Equation 4.6 can be used for
normalizing Gse, Which is also useful in terpretation of bias in test results due to
void-ratio decrease in staged CDSS tests. By using equation 4.6 and void ratios
determined at the beginning of each shearing stage, the incre&gyithrough

successive shearing stages can be estimated.
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Figure 4.25 Comparison of irsitu Gna With the estimateds,,ox according to Hard

(1978) empirical relationship and wi@,.according to equation 4.6

Figure 4.26 compares the estimatés},,, with that of first stage. It is concluded that
the difference is usually less than 20%. Hence, ntagnitudes of change iGse.
among stages of hearing do not explain the difference between empirical

relationships on modulus reduction and the results of CDSS tests.
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Figure4.26 The estimated increase @Gy« in staged CDSS tests.

4.4.2.2 Normalization 0fGge. by Gnax

Gsec IS normalized byG,ax SO thatthe results can be compar with the strain
dependent modulus reduction curves for soils reported in literdEgreation 46 is
used for calculation o, Thetestresults are divided into four groups according to

Pl of specimensKigure4.27).

A comparison ofFigure 4.20 and Figure 4.27 reveals thatGeedGmax Shows less
dispersion tharss..for a given range of shear strain. On the other hand atigerof

Gsed Gmax fOor some of the specimens with larggis distinctly above from the others

with similar PI. Normalized results for a Mtlass specimen (Pl = 0) tested under
normal stress of 500 kP&igure4.27.a) is such an example. Hence, the test results
support thatGsd Gmax IS also dependent osy, especially for the low Pl range, as stated

by Ishibashi and Zhang (1993), and Yamada et al. (2008). Some of the results can be
inconsistent with that conclusiohpwever they can be explained by the uncertainty in

estimation 0iG .

It can be stated that the use of equation 4.6, instesgdméasured isitu, may result

in loss of precision in estimation @, Therefore, the situ Gyax sShown irFigure
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4.25 is also used for normalization @&, However, in that case the dispersion of
Gsed Gmax Shown inFigure 4.28, is larger than the dispersion showrFigure4.27.
Hence, the use of equation 4.6, which proposes a relationship beGygemd e,

provides more precise estimations &g,
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The relatimship between normalized shear modu{@./Gn.) and amplituce of
cyclic shear strais that is observed by CDSS testscmmpared withthe empirical
relationships proposed bjucetic and Dobry (1991), Ishibashi and Zhang (1993), and
Darendeli (2001)Equation 46 is used for calculation db.. Figure4.29 depicts that
the rangesof GgdGmax due to the results oEDSS testsare always considerably
smallerthan thosesuggested by Vucetic and Dol{y091).
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Figure 4.29 Comparison of lie ranges 0fGsed Grnax With the empirical modult

degradation curves suggested by Vucetic and Dobry (1991) curves.

The same conclusioon the differene between test results and empirical relationships
is obtainedvhenthe empirical relationships of Ishibashi and Zhang, and Daresdeli
considered The severe difference between the test results and the empirical
relaionshipscan be explained by possble subsantial error in estimation oBnax

which is based oPSs uspensi on | oggi ng HKowevdr,the me d
similarity between empirical equation of Hardin (1978) for estimatioGpf and in

situ Vs (Figure4.24 andFigure4.25) impairs the potential of a substantial error in the
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velocity log.Another explanatiofis that therate ofmodulusdegadat i on of Adapse
soils byincreasing mplitudes of sheartmsain is substantially highethan most fine

soils that are tested for similar studies.

For a final discussion orhe relationship betweefss./Gnax and shear strajnan
alternative procedure for estimation Qf.. is followed. It is assumed that the
relaionship betweeGs./Gnaxand shear strain is grossly consistent with the empirical
relationships given in literatur&he coefficienin in Equation 43 is assumed to be.5,
which is acceptable for most soils, and the term (CR)substituted by1.0
considering lightly overconsolidated lowplasticity soils (Yasuhara et al.2003).

Then substitution ofEquation 44 in 4.3 results in the following equation:

Gy = Ac'ﬁo.3+ 0.7€? ) " apoS ¢y, )°° [4.7]

The coefficent A in Equation 47 should be empirically determined by employing
Gmax determined inaboratorytests (Yasuhara et al., 2008)ere, the value oA that
minimizes the sum of squared difference (itke leasisquares) between test data on
Gsed Gmax @and the empirical relationship proposed by Ishibashi and Zhang (1993) is
computed. s, is calculated by Equatiomt.2 Consequently,A=70, which is
significantly less than the value of 625 suggested by Hardin (1978), provides the least
squared differenc@~igure4.30). Then, he range o5, calculated bysingEquation

4.7 is converted td/s. The backcalculatedvalues ofVs, which rangdrom 75 m/s to

100 m/s arecompared with the Hsitu measurements Figure4.31. It is concluded

that although such low ranges\éfarepossi bl e for shall ow | oose
basin (Figure 1.9) the shearwave velocity instiffer and deepedepositsshowing

considerably higipenetration resistance (SHly should be larger.
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Hence, supposing that the stiffness and strength characteristics of spetiateare
observed in DSS testeflect the actuatespmseof A d a p ademosit®o severe
shearing the conventional empirical models for estimation of modulus degradation
(GsedGmay With increasing strain may not be used fgrotechnicalsite response
analysis of Adapazar d itspQtherwise, estimate@s, for any soil layer can be
considerably larger than its actual-gitu value, when ra accelerograph that is
comparable to those recordedli®99 Kocaeli Earthquake is consideiednalysesA
practical approacfor equivalemtlinear siteresponse analysds to use equation 4.
with A=70in order to estimat&,x,and then to use a modulus reduction curve that is
consistent with the scattered data of all test results showigime4.32, whereverthe

shear strai exceeds the threshold of 0.1%.
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4.4.2.3Cyclic degradation of Gge,

In order to investigate the cyclic stiffness degradation of specimenG,dfa the last

load cycle Gseeutimatd IS cOmpared with that at the sedoaycle Gseeznd cycid for all

test stage#n Figure4.33. The ultimate cycle number is usually 4t some of the
tests were stoppedt a lower cycle number because of extreme cyldigradation of
Gsee It is observed that the cyclic degradation @f.. is more pronounced for
specimens with lower Pl. On the other hand, significant cyclic degradation of all
specimens occur when CSR is greater thanlOi8concluded thatyclic degradation

in Gsec Of soils $ould be taken into consideratidn siteresponse analyses for

A d a p awhenrC8R is greater tharB0The practical minimum limit can be reduced

to 0.2 for norplastic or lowplasticity soils.

111



AN

~—~
R Gseeultlmate/ Gsec2nd cycle

Gsec—ultimate/ Gseean cycle

(©)

- >

>

PEEER o> H O

sy(kPa), PI
A550
m 70,0
©240,0
A 470,5
0500,0

©560,0

0

sv'kPa), PI

A 220,35
m 290,38
310,32
A 410,36
0470,37

0

03

04
CSR

05 0606

0.7

(b)

(d)

. svkPa), PI
'L B | i 4350,17
1 . m 380,13
] 2 .t £ 470,21
0530,18
i ]
O
7 O
a 1)
0 01 02 03 04 05 06 07
5 o _s/'kPa), P!
A" 1y 190,45
1 4 m 265,55
] . 440,43
0610,41
]
T D M %
0 01 02 03 04 05 06 07
CSR

Figure4.33 Degradation of5s..after 40 cycles for specimens with Pl in the range H),() 1030, c) 3640, and d) 40.



4.4 Discussion

Severa CDSS tests were conducted by considering the range of cyclic stress
rati o (CSR) i mposed on Adapazar é deposi
The frequency of cyclic loads was chosen as 1 Hz, which is supposed to be
reasonably consistent with the freqagrontent of vertically incident-&aves

that propagated in the alluvium basin. All of the tests resulted in cyclic-shear
strain amplitudes that are greater than 0.1%, whereas most of the empirical
models presented in literature for estimation of std@pendent modulus
reduction and damping are generally based on test results for strain levels
lower than 0.1%. The energy dissipation capacities of specimens recovered
from Adapazaré were observed to be sigrt
by empiricalrelationships. The difference can be explained by the rev&sed
shaped hysteresis loops observed during CDSS tests. On the other hand,
regarding the relationship betwedBsdGmax and the cyclic sheastrain
amplitude, the difference between the resulfstios study and several
empirical relationships proposed in literature is substai@ial.determined by

a CDSS test is reasonably consistent with that determined by a monotonic DSS
test. The reasonable consistency between the results of monotonig et

and cyclic loading tests points out that the relatively low rangeGgf
experienced during cyclic loading tests can be attributed tostibimess
response of specimens to monotonic loading, but not to a severe problem in
cyclic loading test pradure. The stramdependent variation iGsedGmax could

be consistent with the empirical relationships proposed in literature if the
shearwave velocity measured in the borehole was around 90 m/s at depths of

sample recovery.

One possibility that explainghe discrepancy between the test results and
empirical relationships proposed in literature is that #& d&spension logging
techniqgue leaded to artificially high velocity measurements due to improper

quality of borehole, or due to misinterpretationre€ords. Unfortunately, no
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other seismic measurements in the close vicinity of site are available for
comparisons. Nevertheless, the rang&BTN is in good agreement with the
range of VS(Figure 2.15) accordingto NEHRP (2003), such that both data
confirms that the site is composed of stiff (NEHRP Class D) soils. However,
the downhole soundings reaching to the depth of 25 m on PEER sites J, G
(very close to J), and F (very close to D) with the seismic coneochdtee
Figure 1.1 for locations and~igure 1.9 for velocity ranges) reveal that shear
wave velocity measurements around 90 m/s are possible at the depths
experienced irthis study (Sancio et al., 2002). One important observation is
that the SASW technique applied on site J resulted in greater velocity ranges of
Vs than those measured by seismic cone (Sgere 2.17 for the resuk of
SASW on site J). At depths between 11 m and 26 m, the ratio between the two
sets ofVs is roughly between 2 and 3. No explanation for the discrepancy

between the two velocity logs is found in literature.

Another explanation could be the effect ofingde disturbance omay Since
advancing borehole in drilling operation, penetration of sampling tube and
sample retrieval to ground surface, water content redistribution in the tube,
transportation of tube from site to lab, extrusion of the sample fremube,
drying and/or changes in water pressure, trimming and other sample
preparation procedures in laboratory, and saturation and consolidation phases
prior to undrained shearing provide opportunities for sample disturbance
[Lambe and Whitman, 1969; Bgh et al., 1987; Hight et al., 1992; Cho et al.,
2007]. The sample disturbance is particularly important for sensitive and
structured soils, since the routine sampling methods and lab preparation for
testing can destroy the cementation bonds and condégulea soil fabric
[Lambe and Whitman, 1969, Raymond et al., 1971; Hagid Georgiannou,
1995; Lunne et al., 2006; Prasad et al.,, 2007]. The disturbance can result in
severe loss in undrained smsliain stiffness of sensitive soils, especially in
Gmax €ven for highquality samples. The reduction @y.x due to disturbance
tends to be more significant with increasing iM-situ [Baligh et al., 1987;
Ishihara, 1996; Hight et al., 1997; Santagata and Germaine, 2002; Tan et al.,
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2002; Chiara and Stokoe BQ06; Landon et al., 2007; Long and Menkit, 2007;
Long et al., 2010; Hosseini et al., 2010]. Hence, the sampling and particularly
specimen preparation procedures followed in this study may be a reason for
explaining the severe difference between &gy determined irsitu and that
estimated by using lab tests. No special very-$ébwain tests could be
performed in lab to determin®max in order to investigate the level of sample
disturbance, because of the lack of necessary equipment (e.g., bendersg2lement
for testing.

It is possible to estimate a reasonable valu&gf considering a Hyperbolic
stressstrain relationship by using the test results on stlajpendent variation

in Geec (€.9., Yasuhara et al., 2B0Song et al., 2004), or by using empitica
relationships that employ the index properties of specimens and confining
pressure on specimens (Section 1.2.2), so that empirical relationships between
Gsed Gmax and the shear strain can be obtained Eeare 4.32). Then,in-situ
Gsecfor a given shear strain can be calculated by multiplying&hs in-situ

(i.e., by seismic tests) by normalized shear modubds/Gmay that is based on
laboratory tests, as usual practice. Howetleg, assumption that relatiships
between Gsed Gmax and shear strain amplitudeletermined in lab tests are
consistent with thosm-situ is not verified [Kurtulus andtSkoe II, 2008]. The
following findings in literature provide evidence for the invalidity of the

assumption.

The ®vere effect of destructuring of soil on its undrained stiffness diminishes
with increasing shear strain amplitudes, and can be negligible at large shear
strain levels (i.e, exceeding 0.1%) [Hight et al., 1997; Santagata and Germaine,
2002]. Besides, Hightand Georgianno1995) provided test results showing
that the increase in undrained stiffness due to aging is partially removed at
small strains by sampling and reconsolidation, and that the effect of damage on
soil structure is compensated at largerisgrdy the reduction in void ratio
during the reconsolidation of specimen in lab. Hence it is possible that the

undrained ipsitu brittleness of soils may not be observed in lab tests. Similarly,
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Yamada et al(2008 reported test results supporting thhe teffect of soil
plasticity and fines content on soil structure and consequently on undrained
secant modulus vanishes at larger strains such that the undrained secant
modulus of remoulded and undisturbed specimens with different index
properties are appxanately equal at shear strain levels exceeding 0.5%. The
stiffness degradation is also strongly dependent on the rate and the form of
loading in lab tests, such that different test devices and stress paths can result in
different relationships betweeGs«/Gnax and induced strainHight et al.,

1997]. Although all those test results reported in literature may only be valid
for particular soil types and test procedures, they point out the likelihood of a
significant inconsistency between t6g./Gnaxin-situ and that observed in lab

for a given cyclic sheastrain amplitude.

Considering the data gathered by testing samples recoveredheoparking

| ot in Adapazar é, i {based gelatorsmps baiwkend t h a't
GsedGmax and shear strain shoulte cautiously used for the geotechnical site
response analyses, sinGg.ax determined (or, estimated) by lab tests can be
substantially lower than the valuesitu. Hence, the degree of soil nonlinearity
can be underestimated if empirical relationshipsell on laboratory tests are
used. On the other hanthe way the specimens are assembled in a DSS
apparatus causes sample disturbance to someas, because small clearances
along the sample perimeter existing before consolidation phase unavoidably
leacs to accumulation of radial strains during consolidation, before the
constamvolume shearing phase [Lunne et al., 2006]. No consideration to
initial radial strains before shearing is given by ASTM D 6528The issue is
apparently important for the spew@ns recovered from Adapagasince Bray

et al., (2001) reported sensitivity ratios (i.e., the ratio of peak to residual shear
strength) between 3 andddie to thevane shear tests in very shallow fine soils

experienced through a single borehole in Adapaz

The discussion above and the comments given are limited to the interpretation

of results provided by the CDSS tests and to samples recovered in this study.
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Hence, furtherstudies are necessary to explain why the stlapendent
modulus reduction detmined in this study is more pronounced than those
given by empirical relatisships presented in literatureFor stronger
conclusions, particular emphasis should be put on the effects of sample

disturbance and on the sensitivity of Adapazails.
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CHAPTER 5

SUMMARY AND CONCLUSION

5.1 Summery

I n order to investigate dynamic properties

undisturbed samples were recovered from a single borehole located in central
Adapazar é. The p each sheawave veloeity of sodsiirsitti are c e a
measured by standard penetration tests afdsBspension logging. The disturbed
samples were used for determination of index properties of soils. TheNdiied

tubes were used to recover undisturbed sampB& cfclic direct simple shear tests

and 7 (monotonic) direct simple shear tests were done on 76 undisturbed specimens in
85 days. Before the cyclic direct simple shear tests, several calibration studies were
carried out in order to optimize the parametinat control the cyclic load unit. A

simple method was developed in order to estimate mechanical friction in the Geocomp

model cyclic direct simple shear (CDSS) apparatus.

The load amplitudes applied in CDSS tests were consistent with the range of cyclic
ssress ratio (CSR) i mposed on Adapazar é
The frequency of cyclic loads was set to 1 Hz, which is supposed to be consistent with
the frequency content of vertically incidermv@ves that propagated in the alluvium

basn during the event. The secant shear modulus and damping ratio of soil response
were calculated for each CDSS test. The results were compared with the empirical
relationships given in literature. The response to cyclic loadingceaparedvith the
respone to slow monotonic loading. Finally, cyclic stiffness degradation
characteristics of specimens were investigated by comparing the secant shear modulus

in ultimate load cycle with that in second cycle.
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5.2Conclusion

The followingconclusions|imited to the specimens recovered frorsiagleborehole

(0]

pened i n c earddraan follcih@ gerez o labdratory and field tests:

The shear strain amplitudes measured during cyclic loading tests framg
0.02% to 10% under cyclic stresses cstagit with that of 1999 Kocaeli
Earthquake.

The hysteresis loops of most tests showed a rev&ssithpe, such that the

tangential shear modulus near zero strain is smaller than that near peak strain.

The range 0fGg, the secant shear modulus, determiiiy cyclic loading tests
was reasonably consistent with that determined by monotonic loading tests.

The cyclic degradation dbs.cis more pronounced for specimens with lower PI.
On the other hand, significant cyclic degradation of all specimens occur whe
CSR is greater than 0.3.

Excess porg@ressure ratio of specimens did not reach to 100%, in the cases that

the amplitude of cyclic shear stress was less than the monotonic shear strength.

Considering the tests that shear strain amplitudes are in theajrd@o, Gs. is
significantly dependent on effective overburden pressure, whereas the plasticity

index has no pronounced effect on the stiffness of material.

Efficiency of multistaged cyclic tests was shown by the observation that the
change ilfmaximumshear moduluswyhich is a function of void ratio, is less than

20% for all specimens when CSR of test is below 0.3.

The range of damping ratio calcul ated
significantly lower than those predicted by empirical ietethips presented in
literature. The difference can be explained by the reve®sedaped hysteresis

loops observed during CDSS tests.

The normal stress on specinfeas a more pronounced effect on damping ratio for
soils of low plasticity. Nonetheless etleffect diminishes when plasticity index is

greater than 30.
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i The relationship betwee®s./Gnax and the cyclic sheastrain amplitude (i.e.,
modulus reduction curve) was substantially different from several empirical
relationships proposed in literaturlowever, a reasonably good agreement is

obtained in case a lower range@,,is used for normalization.

i The best agreement between the test results and-kmmiin empirical
relationships on modulus reduction is obtained when the -sVeaar velocity of
soils sampled from Adapazs between 75 and 100 m/s, approximately one third

of the velocity measured-situ.

5.3 Future studies

The results of this study points out the necessity for research on the following issues:

i The conditions under which renaedS shaped hysteresis loops are observed in

cyclic loading tests should be investigated.

0 A constitutive model for cyclic response of Adap&zwils in the widestrain
range should be developed for more accurate computations of the nonlinear site

respmse.

0 Laboratory tests for completion of the modulus reduction curves of Ad&pazar
depo#ts on the smalktrain range are useful for an investigation of the
discrepancy between the test results presented in this study and empirical

relationships proposed iiterature.

0 Effects of sample disturbance on dynamisoil properties on ha to be
investigatedpar t i cul ar |y f oin orded t prevengpoténtiald e po s i t ¢

under/over estimation of isitu Gsecin geotechnical siteesponse analyses.

i Cyclic tests wth alternative apparatuses are necessary for understanding the

relationship between the dynamic properties measured in lab and the type of test.
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Figure A.1 Borelog of TUBITAK(2010).
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Figure A.1 Continued.
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Figure A.1 Continued.



