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Abstract

The aim of this paper is to evaluate the liquefaction-induced ground deformations of sand-like
soils based on Cone Penetration Tests (CPT) at Semani site, Fieri prefecture in Albania. These tests
are performed during the process of investigation of this area, in which a Liquid Natural Gas Ter-
minal-Power Plant was supposed to be built. This paper presents the assessment of the liquefac-
tion and of the liquefaction-induced ground deformations such as lateral spreading displacement
and post-liquefaction reconsolidation settlement. The liquefaction-induced lateral spreading and
post-liquefaction reconsolidation settlement are estimated based on CPT data according to the
method in MNO-12 “soil liquefaction during earthquake”, presented by Idriss and Boulanger
(2008). This evaluation is very important and should be taken into consideration for the design of
engineering structures that will be constructed in this area. All the calculation’s results are shown
in graphs. At the end, there are highlighted some conclusions regarding the liquefaction-induced
ground deformations in this site.
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1. Introduction

The study area is located in the South Western part of the Hoxhara village, Fieri prefecture, near the Adriatic
Coastline as shown in Figure 1. A subsurface investigation, which includes 12 SPT borings and 12 CPT sound-
ings up to 25 m is performed in the site, where a Liquid Natural Gas Terminal-Power Plant is planned to be con-
structed. According to the geotechnical study, the deposits of quaternary present in the zone have a thickness of
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Figure 1. Geographic location of the study area.

more than 100 m. These deposits are represented by gravels, sands, silty sands, silty clays, and clays. The water
table is 0.5 m to 1.5 m from the ground surface [1].

Area of Semaniis included in the Periadriatic Depression, strongly affected by post-Pliocene compression
movements (here in after referred as PL-zone), wherein have been recorded numerous strong earthquakes. This
one is characterized by high seismic activity.

According to Albanian Earthquake-Resistant Design Regulation KTP-N.2-89, the soil conditions in this area
are classified as Category Il1. The Peak Ground Acceleration, a,, for soil Category Ill, according to Shkodra-
ni, etal. 2010 is 0.26 g [2].

The highest magnitude recorded up to date is Ms = 6.2 during the Fier earthquake of 18th of March 1962, ac-
cording to Sulstarova, et al., 2010. During this earthquake were seen the liquefaction phenomena and its conse-
quences including ground settlement, lateral spreading and sands boil [3].

Analysis of the factors that control the liquefaction indicates that the soils in this site are susceptible to lique-
faction. The design of engineering structures that will be constructed in this area requires evaluation of the li-
quefaction and after that evaluation of the liquefaction-induced ground deformations. Different authors, such as
Robertson and Wride 1998, Idriss and Boulanger 2008, Andrus and Stokoe 2000, have evaluated the liquefac-
tion resistance of soil based on Standard Penetration Tests (here in after referred as SPT), Cone Penetration
Tests (here in after referred as CPT), Shear Wave Velocity (here in after referred as Vs) data. The liquefaction-
induced ground deformations can be evaluated based on the methods presented by Ishihara and Yoshimine 1992
and improved by different authors such as Zhang et al., 2004, Yoshimine 2006; Idriss and Boulanger 2008; Fred
Yi 2010 for application to SPT, CPT, Vs data.

In this study these evaluations are conducted using 12 Cone Penetration Tests executed in this area by means
of the equations presented by Idriss and Boulanger 2008.

The procedure of calculation includes the following steps:

1) Evaluation of the liquefaction potential based on CPT method presented by Idriss and Boulanger 2008;
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2) Calculation of the maximum shear strain y,,, and the post-liquefaction reconsolidation strain &, based
on Ishihara and Yoshimine 1992, Yoshimine 2006 with the additional constraint of a limiting shear strain pre-
sented by Idriss and Boulanger 2008;

3) Calculation of the lateral spreading and of the post-liquefaction reconsolidation settlement according to
Idriss and Boulanger 2008.

Using the Simplified Procedure presented by Seed and Idriss 1971, the liquefaction is estimated based on the
factor of safety against the triggering of liquefaction. The lateral spreading displacement and post-liquefaction
reconsolidation settlement are calculated based on the maximum shear strain y,,, and post-liquefaction recon-
solidation strain ¢, , respectively using CPT results. All the results of calculation are presented in graphs.

2. Methodology

The liquefaction-induced lateral spreading and post-liquefaction reconsolidation settlement for saturated clean
sands and silty sands are estimated based on CPT data according to the presented method in MNO-12, “Soil li-
quefaction during earthquake”, Idriss and Boulanger, 2008 [4]. The soil behavior type index, Ic, as defined by
Robertson and Wride (1998) is used to identify the liquefiable layers of the area from the CPT data [5].

Primarily the liquefaction potential based on Idriss and Boulanger 2008, is evaluated using the factor of safety
against the triggering of liquefaction. Daja, et al., 2011 have also evaluated the potential of liquefaction in this
area by means of the liquefaction probability. Comparing the results of these two methods is one of the aims of
the paper.

Liquefaction estimation requires the evaluation of cyclic stress ratio and of cyclic resistance ratio. Cyclic
stress ratiois evaluated according to Seed-Idriss Simplified Procedure using the calculated stress reduction coef-
ficient based on the relation presented by Idriss, 1999 as a function of the depth and the highest earthquake rec-
orded to date in study area (Ms = 6.2). Cyclic Resistance Ratio is calculated as a function of three parameters: 1)
Equivalent clean-sand CPT penetration resistance that is used to account for the effects of nonplastic fines con-
tent on the liquefaction resistance; 2) Magnitude scaling factor MSF, calculated according to Idriss, 1999 based
on the number of equivalent uniform stress cycles and earthquake magnitude; 3) Over burden correction factor,
K, calculated according to Idriss and Boulanger 2004, as a function of the corrected penetration resistance.

After that the lateral spreading displacement and post-liquefaction reconsolidation settlement are calculated
based on the maximum shear strain y,,. and post-liquefaction reconsolidation strain ¢, , respectively. The
maximum shear strain is calculated based on Ishihara and Yoshimine 1992 and Yoshimine 2006, as a function
of the factor of safety against the triggering of liquefaction and of the limiting shear strain, expressed in terms of
CPT penetration resistance. The post-liquefaction reconsolidation strain is also calculated based on Ishihara and
Yoshimine 1992 and Yoshimine 2006, as a function of the maximum shear strain and of the CPT penetration re-
sistance. All the results of calculations for factor of safety, post-liquefaction reconsolidation strain, post-lique-
faction reconsolidation settlement, maximum shear strain and for lateral spreading displacement are shown in
graphs in the third section of the paper for 12 CPT executed in study area.

2.1. Evaluation of Factor of Safety against the Triggering of Liquefaction

The factor of safety against the triggering of liquefaction is defined as the ratio of cyclic resistance ratio
(CRRM%) that will cause liquefaction of the soil to cyclic stress ratio induced in the soil by the earthquake

(CSRM o ) .

2.1.1. Cyclic Stress Ratio (CSRM,% )
Cyclic Stress Ratio (CSRM%) is estimated via the Seed-Idriss simplified procedure from a formula that in-

corporates ground surface acceleration, total and effective stresses in the soil and nonrigidity of the soil column
[6]. The stress reduction coefficient r, is estimated as a function of the depth and earthquake magnitude based
on the relation proposed by Idriss (1999) [7] as follows:

r, =exp(a(z)+B(z)M) 1)

()
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a(z)=-1.012-1.126sin((z/11.73)+5.133) (1a)
B(2)=0.106+0.118sin((z/11.28) +5.142) (1b)

where z =depth <20 m; M = moment magnitude of the earthquake and the arguments inside the sine terms
are in radians.

2.1.2. Cyclic Resistance Ratio (CRRM,O'V’C )
Idriss and Boulanger (2004) derived the following correlation between CRR and penetration resistance for the
CPT. This correlation is used to evaluate the triggering of liquefaction in clean sands and silty sands.

2 3 4
qclNcs qclNcs qclNcs qclNcs
CRR,,_;c ., =€X + - + -3 2
M TSt p( 540 ( 67 j ( 80 j ( 114 j ] @
where: Gunes = represents the equivalent clean-sand CPT penetration resistance and is used to account for the
effects of non plastic fines content on the liquefaction resistance.

Ueanes = Gan chlN (3)

A,y =(5.4+0y /16)-exp (1.63+ (9.7/(FC +0.01)) - (15.7/(FC +0.01))° ) (3a)

where:

FC = fines content;

Oun = the overburden corrected penetration resistance and is calculated by using an overburden correction
factor C,.

The factor C, is calculated based on the relation proposed by Liao and Whitman (1986) and modified by
Idriss and Boulanger (2003b), expressed in terms of the overburden corrected penetration resistance [8]:

0.264
Cy =(P.,/oy, )1'338""2“9‘%1“) <1.7 4)
where: g, =21-254.

The above correlation for CRR is applicable to M =7.5 and an effective overburden stress of o,, =latm.
This is extended to other values of earthquake magnitude and effective overburden stress by using the correction
factors MSFand K_ [4].

CRR,, oy = CRR,, TSt MSF -K_ (5)
where:

MSF = magnitude scaling factor, given by Idriss (1999) based on the number of equivalent uniform stress
cycles and earthquake magnitude:

MSF =6.9exp(-M/4)-0.058<1.8 (6)
where:
K, = overburden correction factor and is used to account for the overburden pressures on the liquefaction
resistance.
It is calculated based on the relation given by Idriss and Boulanger (2004) [8], as follows:
K, =1-C,In(o,,/P,)<11 (7)
where:
The coefficient C_ is expressed in terms of the corrected penetration resistance as follow:
C, =1/ (37.3—82.7(qclN )°'26“) <0.3; gy <211 8)

2.2. Maximum Shear Strain

The maximum shear strain for a given factor of safety against liquefaction is estimated by combining expres-

()



A.Ndoj et al

sions given by Yoshimine et al. (2006) with the additional constraint of a limiting shear strain as follow [4]:
Voax =0 1f FS, . >2 9)

lig =

0.035(2-FS;, )(1-F,)

Vmax = MIN| Vi 5 if 2>FS;,, >F, (9a)
lig a
Vmax = Viim if FSqu <F, (9b)
where:
Vim = the limiting shear strain expressed as:
3
im =1.859(2.163-0.478(qype )™ ) 20 (10)
where:
F, =the limiting values of FS,, expressed as:
F, =—11.74+8.34(qune ) ~1.371(Qnes ) (11)

where: 0 ;. = 69.

Lateral Spreading Displacement
Lateral displacement index, LDI suggested by Zhang et al. 2004 is calculated by integrating the maximum shear
strains over the depth interval of concern.

The lateral displacement is calculated according to Zhang et al. 2004 [9].

LD =(S+0.2)*LDI (12)

where:
LD = lateral displacement;
LDI = lateral displacement index;
S = ground slope as a percentage.
2.3. Post-Liquefaction Reconsolidation Strain

Ishihara and Yoshimine (1992) observed that the volumetric strain that occurs during post-liquefaction reconso-
lidation of clean sands was related to y,.., developed during undrained cyclic loading and to relative density of
the sand. ¢, isestimated from the formulas expressed in terms of CPT penetration resistance as follow [4]:

e, :1.5exp(2.551—1.147(qcm )0'264)-min(0.08, Vo) (13)

where: Qe = 21.

Post-Liquefaction Reconsolidation Settlement
The ground surface settlement for one-dimensional reconsolidation is estimated by equating the vertical strains
to the volumetric strains and then integrating the vertical strains over the depth interval of concern [4].

3. Results

The results of the calculations are presented below in graphs for 12 CPT.

4. Discussions and Conclusions

Factor of safety against liquefaction, liquefaction-induced maximum shear strain, lateral displacement index,
lateral displacement, post-liquefaction reconsolidation strain and post-liquefaction reconsolidation settlement
were calculated based on CPT data following the procedures presented in the previous sections. All the results
are shown in Figures 2-5.

)
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Figure 2. Evaluation of the liquefaction-induced lateral spreading and settlement in CPT-1, CPT-2 and CPT-3.

The analysis based on the factor of safety indicates liquefaction potential in this site. By comparing the results
of this study with the results of the study of Daja et al. (2011) two intervals where the liquefaction is expected
are almost at the same depth. The small differences might be due to the considered value of I, = 2.8 by Daja et al.
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Figure 3. Evaluation of the liquefaction-induced lateral spreading and settlement in CPT-4, CPT-5 and CPT-6.

Lateral displacement index and post-liquefaction reconsolidation settlement are calculated as a function of the
maximum shear strains. According to Idriss and Boulanger 2008, the maximum shear strains that occurs at low
factor of safety against liquefaction tend toward limiting values that decrease as the relative density of the sand
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Figure 4. Evaluation of the liquefaction-induced lateral spreading and settlement in CPT-7, CPT-8 and CPT-9.
increases. The limiting shear strains are calculated as a function of the equivalent clean-sand CPT penetration

resistance and are limited to about 50% for computing LDI from individual soundings.
The calculated liquefaction-induced lateral spreading and settlement in this site are as follow:
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Figure 5. Evaluation of the liquefaction-induced lateral spreading and settlement in CPT-10, CPT-11and CPT-12.

Post-Liquefaction Reconsolidation Settlement: 0.15 m (CPT-7) up to 0.27 m (CPT-10);
Lateral displacement index: 1.42 m (CPT-7) up to 2.88 m (CPT-1);
Lateral displacement: 0.28 m (CPT-7) up to 0.57 m (CPT-1);
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These conclusions are very important for the design and construction of engineering structures in this site.
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Notation

The following symbols are used in this paper:
SPT = Standard Penetration Test

CPT = Cone Penetration Test

V, = Shear Wave Velocity

a,. = Peak ground acceleration
FS;, = factor of safety against the triggering of liquefaction

CSRy, ;. = cyclic stress ratio

CRRy, ., = cyclic resistance ratio at a given earthquake magnitude and effective overburden stress

CRRy 75,1 = cyclic resistance ratio for moment magnitude of the earthquake M = 7.5 and effective over-

burden stress o, =1atm
r, = shear stress reduction coefficient to account for flexibility in soil profile
M = moment magnitude of the earthquake
Oune = €quivalent clean-sand CPT penetration resistance

Qyn = hnormalized over burden corrected CPT penetration resistance
I = soil behavior type index

C
FC = fines content
C, = over burden correction factor

MSF = magnitude scaling factor

K, = correction factor for soils layers subjected to large static normal stresses
Ymax = Maximum amplitude of cyclic shear strain

Zim = limiting value of shear strain

F, = limiting values of FS,

LD = actuallateral displacement

LDI = lateral displacement index

g, = post-liquefaction reconsolidation strain

\

S = post-liquefaction reconsolidation settlement



www.scirp.org

Scientific
Research

Scientific Research Publishing (SCIRP) is one of the largest Open Access journal publishers. It is
currently publishing more than 200 open access, online, peer-reviewed journals covering a wide
range of academic disciplines. SCIRP serves the worldwide academic communities and

contributes to the progress and application of science with its publication.

Other selected journals from SCIRP are listed as below. Submit your manuscript to us via either

submit@scirp.org or Online Submission Portal.

American Journal of | i <
Plant Sciences ( Applied Mathematics

Special Issue on Experimental Design!

Advances in

Bioseience and Biotechnology

. & scand

Agricultural Sciences Food and Nutrition Sciences

Special Issue on Research on Rice

Journal of Computer
and Communications

Journal of
Modern Physics Natsuglaeln -

Editor-in-Chief
Kuo-Chen Chou
s arg e



http://www.scirp.org/
http://www.scirp.org/
http://papersubmission.scirp.org/paper/showAddPaper?journalID=478&utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ABB/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AM/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJPS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJAC/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/CE/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ENG/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/FNS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/Health/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JCC/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JCT/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JEP/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JMP/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ME/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/NS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/PSYCH/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
mailto:submit@scirp.org

	Liquefaction-Induced Ground Deformations Evaluation Based on Cone Penetration Tests (CPT)
	Abstract
	Keywords
	1. Introduction
	2. Methodology
	2.1. Evaluation of Factor of Safety against the Triggering of Liquefaction
	2.1.1. Cyclic Stress Ratio 
	2.1.2. Cyclic Resistance Ratio 

	2.2. Maximum Shear Strain
	Lateral Spreading Displacement

	2.3. Post-Liquefaction Reconsolidation Strain
	Post-Liquefaction Reconsolidation Settlement


	3. Results
	4. Discussions and Conclusions
	References
	Notation

