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Abstract. The paper presents an estimation of liquefaction susceptibility of some soils from the coast of the Marmara Sea, which was heavily
striken by the Kocaeli earthquake in 1999. Firstly, the results of field investigations are summarized. Then, the results of laboratory investigation
of physical and mechanical properties of the soils collated from the sites investigated are presented. The mechanical properties relate to tl
compaction/liqguefaction model of saturated soils. This model is briefly outlined, then respective experimental procedures dealing with its
calibration described, and values of material parameters listed. Liquefaction potential of investigated soils is analysed using standard procedure
based on the grain size distribution curves and SPTs. Finally, the simulation of pore-pressure generation and onset of liquefaction of Turkis
soils is carried out, using the compaction/liqguefaction model. Discussion of some standard empirical procedures of estimation of liquefactior
potential of saturated soils, conducted from the analytical point of view, is also presented.
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1. Introduction Research on soil liquefaction has been carried out for
nearly forty years, and there exists substantial literature on the
Soil mechanics is one of the most exciting specializations isubject, including books such as, for example [1-4]. One can
technical sciences, as it deals with the matter, which cannot bstinguish two main research directions, namely the empirical
classified easily using traditional criteria. Usually, students argpproach and theoretical modelling of the liquefaction related
taught that there are just three kinds of matter, namely gas@henomena. Extensive discussion of various approaches to this
liguids and solids. Students of theoretical physics are more irinteresting problem is presented in the state-of-the-art paper
tiated as they know that there is the fourth kind of matter, de$5]. In the paper, the historical development of the subject is
ignated as plasma. But almost nobody knows that there also e#so presented, and some 160 key references quoted.
ists the fifth kind of matter commonly known as sands, grains The results presented in the present paper deal with inves-
and other granular materials. Why is it so? Probably becauggations of liquefaction susceptibility of some soils from the
water saturated granular materials display properties which aggast of the Marmara Sea, which was heavily striken by the
characteristic for both solids and liquids, depending on apcocaeli earthquake on August 17. 1999. Ground failures and
plied forces and some other factors. Such knowledge canngdsociated large deformations were significant features of this
be found in traditional soil mechanics textbooks. earthquake, including damage to coastal structures due to soil
Saturated soils consist of a solid skeleton with pores filleiquefaction, cf. [6-8]. The impact of the Kocaeli earthquake
with water. A solid skeleton is built of mineral grains of vary-on the coastal area has been studied within the framework of
ing shapes and sizes, and different surface properties. Sugh research LIMAS programme (Liquefaction Around Ma-
a granular structure may be loose or dense, depending updme Structures), which includes investigations of some soils
the way in which the grains are packed together. Overall b&om the region.
haviour of such a mixture depends of the effective stresses in The aim of this paper is to present the results of these
the soil skeleton. If they are compressive and do not excegwvestigations, mainly from the point of view of liquefaction
failure criteria, the soil skeleton is able to support additionagusceptibility of soils taken from selected sites, located on
loads and behaves macroscopically like a solid body. Und#re coast of I1zmit Bay, which is part of the Marmara Sea.
certain conditions such as, for example, cyclic or shock load-he research programme included the field investigations, per-
ings, the pore water pressure may increase, reducing the tfrmed by the Turkish firm ZETAS, and laboratory investiga-
fective stresses, and consequently reducing the shearing retigas of soils collected from boreholes during the field cam-
tance of saturated soil. Under extreme conditions, the shearipgign, which were performed in the laboratory of the Institute
strength may reach its residual value, as it behaves macroscopHydro-Engineering.
ically as a liquid, which cannot support any load. Therefore, The field investigations included a total number of five
liquefaction is the process transforming saturated granular miaereholes accompanied by SPTs and five cone penetration CP-
terial from the macroscopically solid state to the macroscopiFUs. The laboratory investigations included the determina-
cally liquid state. tion of basic physical properties of soils, and their C/L (com-
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paction/liquefaction) characteristics, which is the most origindlave been limited to the following four sites located around
feature of the results presented. the Izmit Bay: Port of Derince, Seymen, Kavakli-Gélcik and

The compaction/liquefaction characteristics are the followkregli Fishery Harbour, see Fig. 1. A brief characteristic of
ing: compaction curves, compressibility and the cyclic shedhese sites with respect to the damage caused by liquefaction
stress-strain relations. These characteristics are the constitutigated phenomena is presented below.
ingredients of the compaction/liquefaction (C/L) model pro-
posed by Sawicki [9]. This model enables detailed studies @ferince Port. The total length of the waterfront structures in
particular problems in which the cyclic loading induced porethe Port of Derince is about 1.5 km. The earthquake caused
pressure accumulation and subsequent liquefaction take pladamage to some quay-walls, which were displaced seawards
cf. [10,11]. even up to 0.7 m. Large settlements of backfill occurred, even

After calibrating the C/L model for the Turkish conditions,down to 0.8 m, and sand boils were observed, which were signs
it was applied to simulate the pore-pressure generation an€lliquefaction. Also a large reclamation area settled below the
subsequent liquefaction for various cyclic shear stress histevater level, presumably due to liquefaction. Some cranes on
ries. Extensive discussion of liqguefaction susceptibility of infails tilted, and one crane was overturned.
vestigated soils is also presented.

The importance of the present paper is that we show ti#1. Seymen.Several apartment blocks of 6 to 7 storeys, lo-
results of very complex investigations of liquefaction suscepated some 40 to 50 m to the shoreline, suffered from liquefac-
tibility of saturated granular soils, which include the field andion, and some collapsed totally. Liquefaction-induced dam-
laboratory studies, application of empirical methods and the&ge was also characterised by large settlements of these blocks
oretical modelling. Such a complex approach to the problefpartial sinking), approaching 2 m.
of liquefaction is original, as there exists a large gap between
theoretical and practical soil mechanics. The aim of the presefavakli-Golcik. Large soil movements and subsidence oc-
paper is also to make this gap narrower, and to test the predaurred, probably triggered by soil liquefaction. As a result of
tion potential of the C/L theoretical model, elaborated in théhese movements, a large part of coastal area was flooded. Sand
Institute of Hydro-Engineering some years ago. boils were observed in many places, as well as large settle-

ments of backfill (of the order of 1 m).

2. Sites investigated

Extensive information about various aspects of the Kocae'1:1regII Fishery I_—|arbour. Seaward displacements of quay-
Earthquake have already been published in a special issuevqulls and backflll settlements were observed. The breakwater
“Earthquake Spectra” [6]. The damage caused by this eartﬁ@med approximately 1.5 m.

guake to marine and coastal structures was described in such . . .

other publications as, for example [7,8]. Therefore, in this pa3- Geotechnical characteristics of chosen sites

per only certain basic information will be summarized. Field investigations, performed by the Turkish firm ZETAS, in-

The Kocaeli Earthquake was one of the most destructiveuded a total number of five boreholes accompanied by SPTs
earthquakes ever to strike Turkey. Its magnitude was estimatadd five cone penetration CPTUs up to the depth of 20 m each.
asM,, = 7.4, and duration was 42 s. According to the officialSPTs were performed with regular intervals of 1.5 m, accord-
data, some 18000 people were killed and 44000 injured. Moieg to ASTM D-1586 standard. They served mostly for de-
than 500000 people were left homeless. 115000 buildings caérmination of in-situ relative density of non-cohesive soils.
lapsed or were damaged beyond repair, and the structural dafire cone penetration tests, with pore water pressure measure-
age was estimated as high as 40 billion USD. Non-structuraient, have provided additional information regarding the in-
damage adds greatly to this huge loss. situ shear strength of soils investigated and their compressibil-
ity characteristics. CPTUs were carried out using van den Berg
equipment.

In the Port of Derince two boreholes were made. The first
(BH-4) was located in the backfill area, 50 m from the sea-
wall of berth No 5. The second (BH-5), 270 m from this
berth. A single borehole (BH-1) in Seymen was made near
the block which significantly settled due to liquefaction. Also

Eregli ¥7 km west Seymen single boreholes were made in the other locations: BH-2 in
0O km 5 Kavakli-Golciik near the land scrap, and BH-3 in the backfill

— of the Erdli Fishery Harbour, close to the part of breakwater

Fig. 1. Location of selected sites which settled significantly. Respective borehole logs with SPT

diagrams are shown in Fig. 2.
Amongst many of the earthquake-induced phenomena, The borings were performed using conventional rotary
liquefaction-related problems played a significant role, indrilling method. The soil samples were taken, in the disturbed
cluding the coastal zone of Marmara Sea. The investigatiofisrm, from depths corresponding to SPTSs, in order to determi-
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Fig. 2. Borehole logs of chosen sites, after ZETAS
Table 1
Physical properties of chosen soils
Borehole No. of sample Run[m]b.s.l. Soil* Gs  €min  €max dio (MM) dgo (Mm) Cuy W [%]
BH1 SPT 2 1.56-1.95 MS 255 081 154 445
SPT4 6.00-6.45 2.77 62.6
BH2 SPT2 3.08-3.45 G-M (S-M)** 285 0.30 0.71 0.038 1.75 46.1 7.00
SPTS5 7.56-7.95 SM 278 064 144 0.006 0.135 22.5 22.6
SPT 2 3.06-3.45 S-M 268 061 121 0.04 0.11 275 240
SPT 3 4.56-4.95 G-M (S-M)** 269 0.39 0.84 0.02 0.40 19.8 129
BH3 SPT 4 6.08-6.45 S-M 266 056 1.06 0.08 0.18 2.25 20.6
SPT5 7.56-7.95 SM 271 063 1.49 0.003 0.096 320 231
SPT 7 10.5@-10.95 M 273 093 1.99 0.04 >40  29.1
SPT1 1.06-1.50 S-M+G 273 036 0.88 0.047 0.62 13.2 14.1
BH4 SPT3 4.56-4.95 SW+G 272 044 0.90 0.076 0.58 7.6 16.0
SPT 4 6.06-6.45 S-M+G 273 029 0.77 0.047 1.15 24.5 9.90
BH5 SPT 3 4.56-4.95 S-M+G 269 030 0.79 0.05 0.8 16.0 12.8
SPT5 7.56-7.95 S-M 269 037 094 0.064 0.32 5.0 15.2

* —according to BS 5930
** _ after removal of over 6.3 mm cobbles

ne the main parameters. The first group of parameters chardec- Empirical assessment of liquefaction potential
terizes the basic physical and strength properties such as natu-

ral moisture content, specific gravity, particle size distributiofExtensive empirical research carried out for almost forty years,
curves, the maximum and minimum void ratios, permeabilityollowing disastrous earthquakes in Alaska and in Niigata, has
coefficients, coefficients of earth pressures at rest, the angleg to elaboration of practical guidelines enabling assessment
of internal friction and cohesion. These parameters were dgf liquefaction potential of soils. Recent publications of [12]

termined using standard geotechnical methods. The strengfh[13] summarize these achievements, see also [14].
parameters were also investigated in direct shear and triaxial

apparatus. Table 1 collates the values of the above mentior\ﬁa
parameters.

The procedure suggested in [13] consists of two steps. Dur-
the first step, the grain size distribution curves and results
of SPTs are analysed. If the results of this analysis are close

Special attention was paid to silts which are significanto the borderline dividing the regions of liquefaction and non-
components of the near surface soil deposits. In order to déguefaction conditions, then the second step i.e. cyclic triaxial
termine their physical and model parameters, they were firssts, should be performed. Other approaches, based on CP-
well dried and crushed to a very fine structure, and then testédls, the Seismocone, etc., are also recommended in the above
as dry non-cohesive soil. cited publications.

Bull. Pol. Ac.: Tech. 54(4) 2006 407



A. Sawicki and W.Swidzihski

4.1. Analysis of the grain size distribution curves. Figures the upper parts of these curves are in the region of possible
3 and 4 show the grain size distribution curves collected fromiguefaction. The PIANC guidelines suggest that, in this case,
the boreholes BH3, BH4 and BH5, where the first number dhe second step of analysis should be performed, as the grain
respective curve corresponds to the number of the borehotgze distribution curves are close to the bounding curves. How-
whereas the second number represents the number of san®Mer, the PIANC recommendations are very general, as they do
taken from this borehole, (see Table 1). These curves shouldt specify precisely the liquefaction criteria. Interpretation of
be compared with the limits defining the zones of high possthe grain size distribution curves is also not precise. The Der-
bility of liquefaction and just a possibility of liquefaction, asince soils contain not so much fines, so from this point of view
recommended in [13], after official Japanese guidelines. Thbeese soils are susceptible to liquefaction. On the other hand,
curves bounding the regions of high possibility of liquefactiorthey contain too much gravel, which is very permeable and
and just a possibility of liqguefaction have been designated #iserefore prevents liquefaction. Interpretation of these results
Tsuchida’s curves, cf. [14]. is difficult, as it is strongly dependent on subjective judgement.
Anyway, a general conclusion is that the Derince soils have the
possibility to liquefy.

In the case of Eregli soils (Fig. 3), the conclusions are simi-
lar, and the difference is that these soils contain more fines than
those from Derince. It should be noted, that the above analy-
sis is very rough, as it is based on only a single characteristic,
which is the grain size distribution curve. An another impor-
tant information is missing, namely the initial relative density

100

[0}
o

(o2}
o

Percentage finer by weight

40 of a given soil. Recall, that particular soils, characterised by the
g - gi% ] same grain size distribution curves, may also be characterized
20 o> -SPT4 b_y different packing (dense or loose), n_ot to mentior_1 the fa_b-
- - SPT5 ric. These factors have not been taken into account in the first
- -SPT6 step of empirical analysis of liquefaction properties of granular
0 soils.
0.001 0.010 0.100 1.000 10.000 100.000

However, PIANC recommends a supplementary analysis
of SPTs, which have been designed mainly to estimate the rel-
Fig. 3. Grain size distribution curves of soils from Eregli Fishery Porative density of natural soil deposits. The relative density of
against Tsuchida’s curves. Region bounded by curves a and a&": zageanular soil is the other main factor, which informs about their
of high possibility of liquefaction. Zone of possibility of liquefaction liquefaction properties. Loose soils liquefy more easily than

is between curves b and b’ dense ones. Therefore, we have to supplement the grain size
distribution curves analysis, with the other examination deal-
ing with interpretation of SPTs results.

Grain size [mm]

N
o
o

4.2. Interpretation of SPTs. Figure 5 shows the empirical
interpretation of SPTs for soils from Eregli and Derince, elab-
orated according to standard geotechnical procedures, cf. Sec-
tion 9. On the vertical axis, there is the cyclic stress ratio (CSR)
defined as,, /0., wherer,, = estimated earthquake-induced
shear stressy!, = initial overburden vertical effective stress,
see Eq. (19). On the horizontal axis there is the corrected blow
count(Ny )go, calculated from the following formula:

[
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(Nl)GO = NmCNCECBCRCS7 (1)

where: N,, = measured standard penetration resistance (see
Fig. 2);Cn (see Eqg. 2) =factor normalizing the measured blow
counts to an effective overburden stress 100 kPa;= 1 =
correction for hammer energy;z = 1 = correction factor for
Fig. 4. Grain size distribution curves of soils from Derince Porborehole diameterC’z = correction factor for the rod length

against Tsuchida’s curves (calculated according to [12], see also Table@y; = correc-

tion for a standard sampling method = 1.
Consider, for example, the curves corresponding to the According to [15]:
backfill in the Port of Derince, collected from different depths
of BH4 and BH5. The largest parts of these curves are lo- o (100 0-5 @)
N = 0_;()) 5

0
0001

0010 0100 1000

Grain size [mm]
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cated within the zone of high possibility of liquefaction, but
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whereo?, is an effective overburden pressure in kPa. can-  shearing, and is formulated in the following differential form:
not be greater than 1.7. 1P
The respective empirical data, corresponding to the Eregli — = Dy Jexp(—D2®), (3)
. . L : ; dN
and Derince soils, are shown in Fig. 5, together with the lig- _ _ _ _ _
uefaction resistance curves (CRR), corresponding to variowdiere® denotes compaction, defined as irreversible porosity
fines contents, i.e. 5%, 15% and 35% or less. At each empifibange:

cal point, a corresponding value of fines content is shown. The 0" (4)
boundary curves correspond to the maximum horizontal accel- no
eration of ground surface of 0.25 g, which is roughly similar torhe other symbols are defined as follows:= initial porosity;
that recorded in analysed sites. n = current porosity;V = number of loading cycles treated as a
continuous variablep); and D, = material parameters charac-
0.6 terizing densification properties, atd= the second invariant
of the deviator of cyclic strains amplitudes tengeste:
0.5 5% 1 .
J = —tr(E%v)2, (5)
0.4 2
No liquefaction The second constitutive equation describes the dependence be-
tween the deviators of cyclic stress and strain amplitude ten-
0.3 P ﬁ'fg) sors:
Pdev fhdev
0.2 s O P T = 2GE™, (6)
o) 1) whereT v = deviator of the tensor of cyclic stress amplitudes;
0.1 O - Eregli (BH3) G = shear modulus which depends on the mean effective stress.
O -Derince (BH4)  (Ny)eo In the case of saturated sand in undrained conditions, the
0.0 following equation relates potential compaction to the pore
0 10 20 30 40 50 pressure accumulation:
Fig. 5. Empirical interpretation of SPTs for soils from Eregli and De-
rince du _ 142 (7)
dN  adN’

The results obtained are quite different from those obtain&tN€réw IS an excess pore pressure generated by cyclic load-

from the analysis of the grain size distribution curves. For eX9s; and

ample, most of the points corresponding to the Derince back- a= ﬂ,@s_ (8)

fill are located in the non-liquefiable region, contrary to the o

previous analysis. The points corresponding to the Eregli soilthe parametek, has a meaning of elastic compressibility of
are located non-uniquely. For example, consider circles in Fighe soil skeleton.

5 corresponding to Eregli soils, denoted as SPT3 and SPT4. There are four parameters defining the model, namigly

Both points correspond to gravely sand, collated from the sam®,, G anda, which should be determined experimentally.
layer (see Fig. 2). The fines contents do not differ greatly (8%

v. 13%), neither blow counts (14 v. 10). But according to th%
standard interpretation of SPTSs, liquefaction at point SPT4 IS
very likely, while the soil at point SPT3 is non-liquefiable.  In this Section, a method of determination of the parameters

The above discussion shows that the SPTs results do ndt, D-» appearing in Eq. (3) will be described, and values of
precisely inform about liquefaction properties of investigatethese parameters for the Turkish soils presented. The above pa-
soils. Recall, that it follows from the post-earthquake inspedameters were determined from experiments performed in the
tions, that both the Derince and Eregli soils had liquefied. ~ cyclic simple shear apparatus, specially constructed in the In-
stitute of Hydro-Engineering, see Fig. 6. The basic idea of this
apparatus is shown in Fig. 7.

The sample of soil, characterized by a given initial rela-
The second group of parameters is strictly related to the conive density D, is placed in the rectangular box with sides
paction/liquefaction model, which has already been presentatbving in one plane, in such a way that the sinusoidal cyclic
in other publications, cf. [9,16]. However, for the sake of selfshear strain at constant amplituggetakes place. The volumet-
consistency of this paper, a mathematical structure of the comie strainey, = Ah/hg, whereh, = initial height of the sample,
paction/liquefaction model will be briefly outlined in this Sec-is recorded as a function of the number of loading cyéles
tion. Several experiments, performed at different shear strain am-

The behaviour of dry sand (or fully saturated, but with freglitudes~y, lead to the determination of compaction curves,
drainage of pore water allowed) is described by two constitwhich illustrate the mean volumetric changes of sand due to
tive equations. The first describes the compaction due to cycligclic loading, see Fig. 7. The results of experiments can be

. Compaction properties

5. Compaction/liquefaction model
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presented by a common compaction curve in a new co-ordinate>0

systemz, ® defined as follows: @ [1079] -
1 — .‘.’»’» .
o = _noem (9) 40 .
no
1 - -
5= Z%N' (10) 30 @ =9.568In(1+0.3482)

20

10

2=7¢Ni4 [10°]

0 40 80 120 160 200

Fig. 8. Common compaction curve for data from Fig. 7

Table 2 shows the compaction coefficiems and D, de-
termined for soils taken from the boreholes shown in Fig. 2.
These numbers correspond to the strain w0it3. For exam-
ple if vp = 2 x 1073, and N = 8, we calculatez (Eq. 10)
as followsz = 1 x 22 x 8 = 8. Then we substitute this
value into Eq. (11) in order to calculate the compactidn=
9.57In(1 + 0.35 x 8) = 12.78, which means that actual com-

Fig. 6. Cyclic simple shear apparatus paction is12.78 x 1073,
60 7. Cyclic shear stress-strain relation
A general form of the relationship between cyclic shear stress
50 and strain amplitudes is given by Eq. (6), whéte= G(p’)
7o o (%] plays the role of shear modulus, apdis the mean effective
40 S stress. In the case of triaxial compression, Eq. (6) takes the
o -1.07 4 i i .
, e following simple form:
® -203 46
30 " 201 44 (01— 03) = 2G (61 — €3) , (13)
* -297 46
20 A whereo, = vertical cyclic stressy; = horizontal cyclic stress,
% ! gg? jg €1 = vertical cyclic strain ands = horizontal cyclic strain.
10 e e © -378 46 During a single experiment, the sample was first anisotrop-
S s oot & ically pre-consolidated to a certain stress level characterised by
0 e N p = p* andg = ¢*, where:
0 10 20 30 40 50 60 70 1 A
Fig. 7. Basic idea of cyclic simple shear apparatus and compaction p 3 (o1 +203), (14)
curves; compaction curves correspond to Derince gravelly sand
q= 01— 03. (15)

(BH5-SPT3)

] ) The values opx andg* are marked in Fig. 9. They correspond
Figure 8 shows the common compaction curve for the da{g the mean values of the mean and deviatoric stresses, around
from Fig. 7, which correspond to the Derince gravelly sandyhich the cyclic loading takes place.
characterized by the average, initial relative dendity = After anisotropic pre-consolidation, the pressure in the cell
0.45, similar to the measured density of the soil deposit in thg, 4o kept constant = const) and the vertical stress was cycli-

borehole BH5. This common compaction curve can be approXally changed. Respective stress paths injthe space are
imated by the following relation: shown in Fig. 9.

® = O In(1 + Cyz2), (11) Each stress path corresponds to a different experiment,
characterised by different mean stresgesindq*, as the de-
pendence of the shear modulus on the initial stress should be
found. A typical record of the stress-strain relation is shown in
1 Fig. 10. In the compaction/liquefaction model we neglect the

Dy =G0y, Dy = c, (12)  shear hysteresis, and only the mean slope of the stress-strain

whereC; = 9.57 andC> = 0.35 in this special case. The
parameterd); and D, can be calculated from the following
formulae:
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curves is of interest to us, excluding the first cycle, as we asand (borehole BH-3, SPT4 — at depth of 6 m). The follow-
interested in the cyclic shear stress-strain response. The cyélig formula, which is already well known in soil mechanics,
loading shear modulus was determined from the mean slopeapproximates the experimental results:

of the stress-strain curves, using Eq. (13). G = 0527 = G /7. (16)
4 . Here,p’ should be substituted in stress uti® N/m?, and

g (X 10° N/mz) G is obtained in modulus unit 20N/m?. For example, for
p’ =1 x 10° N/m?, we substitute into Eq. (1) = 1, and
obtainG = 0.52, which means that the true value of this mod-
ulus is0.52 x 108 N/m?. The values of7; for other soils are

shown in Table 3.

3r Coulomb-Mohr surface

2 -
g 8. Skeleton’s compressibility
1| LI & The elastic compressibility of the soil skeleton was determined
from the experiments performed in a specially constructed oe-
£ A p* p (X 10° N/mz) dometer which enables measurement of lateral stresses. The
0 0“/ : '1 ‘ '2 '3 ' ; ' S idea of the measurement and the method of determination of

elastic moduli is described in [17,18]. This method is based on

Fig. 9. Cyclic loading stress paths in the triaxial apparatus for detethe analysis of the soil behaviour during unloading.
mination of cyclic loading shear modulus

Derince BH4 - SPT4
1000

o1 [kPa]

500

Ioadi}( /
unloading

/

o3 [kPa]
0.4 1 n 1 L 1 1 L 1 " 1 L O
0 2 4 6 8 10 12 14 0 100 () 200
Fig. 10. Typical cyclic stress-strain relation 1000 Derince BH4 - SPT4
A
o1 [kPa]
1.2 T T T 800
G " O - experimental data
1 r - —experimental data b 600 —— - theoretical approximation
0.8 -
[ ]
400
06 [~ T /
G=0.52 x4
04 + " P . 200 B
02 b p- . of &1 [x107
0 , , , 0 10 (b) 20 30
0 1 2 3

Fig. 12. Piece-wise linear approximation of oedometric unloading for
Fig. 11. Dependence of the cyclic shear modulus on the mean stress BH4 SPT4 soil sample
for Eregli sand
The unloading branch of the vertical stress-strain diagram
Figure 11 shows the relationship between the cyclic sheaan be approximated by two sectors, as shown in Fig. 12a. Sim-
modulus and average mean stress determined for thgli Erdlar, piece-wise linear approximation of the vertical stress-
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Table 2

Compaction coefficients for soils taken from boreholes BH1-BH5, cf. Fig. 2

Borehole  No. of sample Soil D% Cy Cs D, D,
BH1 SPT 2 MS 33.7 6.53 0.154 1.01 0.153
SPT 2 G-M (S-M)** 34.3 9.50 0.266 2.53 0.105
SPT5 SM 48.3 9.00 0.225 2.03 0.111
BH2 SPT 4 S-M 27.73 10.68 0.150 1.60 0.094
SPT5 SM 38.53 857 0.187 1.60 0.116
SPT7 M 39.33 6.76 0.242 1.64 0.148
SPT1 S-M+G 42.59 7.88 0.258 2.03 0.127
BH4 SPT 3 SW+G 22.66 1093 0.141 154 0.091
SPT 4 S-M+G 54.14 9.00 0.219 1.97 0.111
BH5 SPT 3 S-M+G 44.79 9.57 0.348 3.33 0.104
SPT5 S-M 76.12 3.66 0.264 0.97 0.273

* —mean value of initial relative density from the series of several tests for each strain amplitude.
The density in the tests corresponds to the in-situ density measured by SPT

Table 3
Elastic and mechanical properties of investigated soils
Borehole No. of sample D} [%] E (x10% N/m?) v ks (1078 mM3IN) Ko Gy (x10% N/m?) ¢
BH1 SPT 2 31.8 0.25 0.184 7.58 0.295 0.37 37.96
BH2 SPT 2 34.3 3.02 0.204 0.59 0.320
SPT5 54.1 2.35 0.19 0.79 0.291 0.55 36.25
SPT 4 33.3 2.44 0.218 0.69 0.36 0.52 32.0
BH3 SPT5 43.0 2.65 0.205 0.67 0.34 0.51 31.52
SPT7 74.3 2.28 0.179 0.84 0.308 34.5
SPT1 33.0 2.50 0.203 0.71 0.333 0.77
BH4 SPT 3 13.6 2.99 0.199 0.60 0.312 0.67 38.6
SPT 4 83.7 3.32 0.173 0.59 0.28
BH5 SPT3 46.7 3.02 0.209 0.58 0.344
SPT5 42.5 2.54 0.209 0.69 0.317 0.88 35.6

* — mean value of initial relative density from the series of at least three tests. The density in the tests corresponds to the in-situ density
measured by SPT

horizontal stress; relation is shown in Fig. 12b. The sectorsresults of experimental tests together with the values of the an-
AB correspond to purely elastic response of the soil. Poissorgte of internal friction of investigated soils. For each soil sam-

ratio can be calculated from the following formula: ple, the series of minimum three tests were carried out. The

1 values given below are the averages obtained from these tests.

v=—), (17)
14+m o )

Where: i 9. Pridl_lctlo? of pore-pressure generation

—oB and liquefaction

m= %, (18) q
03 — 03

The most important problem in earthquake geotechnics is to
and the Young modulus is given by the following expression:predict liquefaction potential of a given site. The first step of
9 practically useful assessment of liquefaction potential is the
} , (19) analysis of some empirical data, as the grain size distribu-
tion curves and SPTs results, as discussed in Section 4. The
where E* = slope of the unloading sector AB in thg, e;  next step of analysis includes more detailed studies of the be-
space, cf. Fig. 12a. haviour of particular sites, based on both empirical and an-
Elastic compressibility of the soil skeleton is therefore: alytical methods. Some suggestions regarding these methods
are recommended in recent guidelines, see [12,13]. The most
Ky = M (20) recommended method is the simplified procedure proposed by
2 Seed and Idriss [19], and then perfected by generations of re-
Oedometric tests have also served to determine the coefiearchers [12]. The current shape of this procedure does not
cient of the earth pressure at rég§. Table 3 summarizes the differ essentially from the original, except for a variety of very

L

412 Bull. Pol. Ac.: Tech. 54(4) 2006



A study on liquefaction susceptibility of some soils from the coast of Marmara sea

detailed changes, dealing with the values of particular coeffbut with an accuracy of the order #0—!!. The Iwasaki for-
cients, etc. In this paper, we are not going to examine in detamrlula, after [14], would seem to be much more practical:
these achievements and the current state of empirical knowl-

edge about the assessment of liquefaction potential of soils, ra =1-0.015z, (22)

but we would like to follow this type of methodology. wherez = vertical co-ordinate in meters, see Fig. 13.

The basic problem is to assess the earthquake-induced 1he ghove described procedure has been verified empiri-
shear stresses at the site. In order to do this, one has to @ény, with various case history data, down to a depth of 15 m,

sume a design earthquake, which is certainly not the aim of th,ich seems to be most important for geotechnical engineers
geotechnical engineer, but rather seismologists. It is assum

in this paper, that the design earthquake is known. Therefore
as the first step of our analysis, we have to determine the sh
stresses in a given soil stratum for the assumed earthquake.
Then, for this input, we have to determine the number of equiv- | . .

. S : . horizontal acceleration T
alent loading cycles causing liquefaction of particular layers of — 0
the soil stratum. Such a procedure is very rough, as it affords <7 NN
only general information as to the behaviour of a saturated soil
stratum during the earthquake excitations.

It is probably impossible to work out a precise method
which would enable predictions of soil behaviour in seismic
areas, as we lack the basic information, including data con-
cerning the design earthquake, detailed properties of particu-
lar sites, etc. It is, however, possible to estimate the liquefac-
tion properties of soils, with sufficient accuracy for engineering
purposes.

In this paper, we are going to propose a certain alterna-
tive to the classic procedures of assessment of liquefaction po-
tential of soils. Classic procedures require laboratory investi-
gations on liquefaction of undrained soil samples, in order to
determine the number of equivalent cycles causing liquefac- _ ) o
tion of specimens subjected to a given confining stress. Instead Fig. 13. Maximum shear stresses in soil stratum
of these experiments, we propose an analytical estimation of
liguefaction potential, based on solving a simple differential Equation (21) has been derived on the basis of some simple
equation, which follows the C/L theory. Such a procedure isonsiderations regarding the behaviour of a soil stratum sub-
cheaper than costly experimental investigations, and also hasted to cyclic horizontal acceleration at ground surface level.
specific advantages, as different cyclic shear stress histor®sgnple analysis of equilibrium leads to the following expres-
can be analysed fairly easily. sion for the shear stresses:

' Equation (21) served to calculate CSR in interpretation of
Ts results presented in Section 4 of this paper.

rigid body solution
— (ry=1), see Eq. (20)

deformable stratum

z

9.1. Estimation of earthquake-induced shear stressedn 7o = Amaxpz, (23)
order to estimate the earthquake-induced shear stresses in agfiitre ) = density of the soil. Because = ~/g, wherey =

stratum, various procedures can be_applied. The mOSst COMM@Rlt weight of the soil, Eq. (21) can be obtained easily. Note
one was proposed by Seed and Idriss [19], and this procedyf@ the shear stress given by Eq. (23) does not depend on me-
is still recommended in recent guidelines [12,14]. The averag@ anical properties of the soil (mainly on the shear modulus),
earthquake-induced cyclic stress ratio (CSR) in a soil stratufnce the stress reduction coefficients were introduegttir

is given by the following relation: the soil “flexibility” and 0.65 for the average stress.
To Amax | [ 0w Such a method of estimation of earthquake-induced shear
E =0.65 g 07{] T'd, (21) stresses, although commonly accepted as geotechnical stan-

dard, provokes many questions from the point of view of

: applied mechanics. It should be noted first, that earthquake-

burden stressy, = total vertical overburden stressinax = jnduced shear stresses have never been measured in real field

peak horizontal acceleration at ground surfage; acceler- - conditions. Therefore, direct comparisons of procedures pro-

ation of gravity;rq = stress reduction coefficient, decreasing,oseq with real case history data is impossible. It is possible,

with depth. _ _ _ however, to find more realistic estimates of shear stresses than
The coefficientry was introduced in Eq. (19) in order to Eq. (23), using well known methods of mechanics.

take into account deformability of the soil stratum. Youd et al. For example, for the sinusoidal cyclic horizontal accelera-

[12] suggest extremely precise values of this coefficient, Witﬁon at ground surface level:

an accuracy of the order af)~5. Such accuracy seems rather

exaggerated, as geotechnical measurements are usually carried A = Apsinwt, (24)

where:ry = maximum shear stress; = effective vertical over-
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wherew = frequency of shaking, the governing equations foappear in the simplified procedure. Sawicki [10] and Sawicki
the problem of determination of shear stresses are the follo@ndSwidzinski [11] show how this can be done.

ing, (see Fig. 13):

9.2. Equivalent number of loading cycles.According to the

@ + LMQTO =0, (25)  simplified procedure, one has to compare the cyclic stress ratio,

dz? G given by Eq. (21), with the cyclic stress ratio inducing lique-
drmo faction at a given number of loading cycles, which has been
dz |, = pAo, 70 (2 =0) =0. (26) designated as the “equivalent number of cycles”. The equiva-

i i lent number of cycles, at given average shear stress amplitude,
The solution of the boundary-value problem, defined by Edgag heen related to the magnitude of design earthquake, after
(25) and (26), depends on the shape of function describing 8gme statistical analyses. For example, for the earthquake of
shear moduluer. _ the magnitude 7.5 (roughly the Kocaeli earthquake), the num-
In the most simple case @ = const, the solution of EGS. per of significant stress cycles is 20, according to [19]. More
(25) and (26) is the following: recent guidelines suggest some reduction of this number, to 15,
pAo po? cf. Foray (2002).
T =" sinkz, k= el (27) Very detailed prescriptions of how to calculate a number of
equivalent loading cycles is also presented in the textbook of
For small values okz, there issinkz ~ kz, and in this pas [21], after the works of Seed and his co-workers. He shows
case Eq. (27) reduces to Eq. (23). how to determine the equivalent number of uniform stress cy-
In a more realistic case, whe(@ = G(z), the analytical cles of the amplitud®.65mmax, ON the basis of known irreg-
solution of Egs. (25) and (26) is more difficult to obtain. If weylar stress-time history, whereg,., = maximum shear stress.

assumei = Goz, Eq. (25) can be rewritten in the form of a Such a procedure also provokes many doubts from the analyt-
Bessel type differential equation, the solution of which is builical point of view.

of Bessel functions. This solution can also be expressed as the Firstly, it is hard to evaluate a design seismic load, mainly

following infinite series: the history of horizontal cyclic acceleration on the ground sur-
252 face at specific sites. It follows from historical records that such

To = pAp {z - + o } , (28)  histories can be represented as random time series, with also

random location of the peak accelerations. Such a type of load-
wherek? = pw?/G. ing strongly influences the behaviour of particular soil sites, as

Note that for small values dfz, the second and higher or- the saturated soils react in a non-linear way, which means that
der terms can be neglected in Eqg. (28), which again reduct history of loading significantly influences the behaviour of
to Eq. (23). If we retain only the first terms of Eq. (28), andsuch sites. For example, consider two simplified histories of
neglect the other, the second term will give the stress reduide cyclic shear stresses at the given soil element, shown in
tion. This stress reduction does not depend solely,dike the  Fig. 14. These stress histories are characterized by the same
stress reduction factey;, but also depends anandG! mean cyclic stress amplitudg/2.

Similar procedure can be applied f6r = Gy+/z. Again,

Eg. (25) can be re-written as a Bessel type differential equa-,
tion, etc. Some exact solutions of this problem, but forr,
slightly different boundary conditions, are presented in [20],
see also [21].

The above discussion shows that Eq. (23) may really serve
as a reasonable estimate of the shear stresses induced by earth-
guake. This estimate has a meaning of the first term of infinite
series representing the more exact solution of the problem con-

sidered. However, the averaging factor 0.65 in Eq. (21) has . 14. Different cyclic loading stress histories characterized by the

rational meaning if we consider sinusoidal acceleration, as the same mean cyclic stress amplitude

average shear stresg = 7. IN this case, and there is no

necessity to reduce this value. The envelope of cyclic stress amplitudes, in the case shown

What is most important, in the case of pore-pressure gendi-Fig. 14a, is the following:

ation and liquefaction of a soil stratum, is that the shear mod- N

ulus G = G(p'), cf. Eq. (16). During the process of pore- T = £70 (1 - 5) J (29)
ressure generation, the mean effective styésdecreases, . . )

Eence thegshear modulus also decreases, which is not refleczilgt(il in the case from Fig. 14b:

in the simplified procedure. In order to take this phenomenon S imﬁ' (30)

into account, Eq. (25) witlix = G(p’), should be solved for 5
given site conditions. In such a case we have to know the equa- In both cases, the peridl of cyclic loading is constant.
tion describing the pore-pressure generation, which does npplication of the procedure described in Das [21], Section 8.8
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in the second edition of this textbook, gives the average number Figure 16 illustrates the corresponding increase of the
of equivalent loading cycles, @t657,,., = 0.6579, N = 4.  cyclic shear strain amplitudg (expressed in strain unio—3).
According to Das, the term “equivalent” means that the effedthe strain amplitude slowly increases up to approximately
of any irregular stress-time history should be the same as thé = 6 loading cycles, this increase then becoming more rapid.
effect caused by uniform equivalent stress cycles. In the ca$ais is a consequence of subsequent reduction of the mean ef-
considered, it means that 4 cycles of constant stress amplitugetive stress due to the pore-pressure accumulation, and re-
0.6579 should give the same effect as the effects caused kulting reduction of the shearing resistance of saturated soil
the cyclic stress histories shown in Fig. 14. Such a procedusample. At the onset of liquefactiotV(= 7.3), the shear strain

is controversial from the analytical point of view, as the berapidly increases.

haviour of saturated soils is history dependent, and therefore The other interesting example deals with the behaviour of
the sequence of loading cycles is of basic importance. It wilimilar soil samples subjected to different cyclic stress histo-
be shown in the next Section, that the cyclic stress historiegs, shown in Fig. 14. According to the simplified procedure,
shown in Fig. 14 give very different pore-pressure accumuldsoth stress histories should give the same result as they can be
tion histories, with the onsets of liquefaction also differing. replaced by 4 uniform cycles of the amplitudetos57.

9.3. Pore-pressure generation and onset of liquefactionlt 0.6
is suggested, in the simplified procedure, that cyclic loading u [x10°N/m”]
laboratory investigations be conducted on saturated soil samP-57 T
ples in order to determine shear stresses causing liquefaction,
for various confining pressures, and for the number of equiva-0.4
lent cycles. These stresses should be then compared with those
estimated in the field in order to determine liquefaction zones 0.3
in the soil stratum.

An alternative method is to predict the process of pore- 0.2
pressure generation and onset of liquefaction, using the C/L
model described in Section 5, for the soil parameters presenteg 4
in Sections 6-8. In the case of simple cyclic shearing of a satu-
rated soil sample in undrained conditions, Egs. (3)-(8) and (10)0 0
lead to the following differential equation for the pore-pressure 0 1 2 3 4 5 6 7 8
generation:

liquefaction

Fig. 15. Pore-pressure generation in the Derince soil sample sub-
du  Dq7? 1 D a1 jected to uniform cyclic shearing, at constant shear stress amplitude
TN T e Ty Xp— au), _ 5 2
dN ~ 1aG2 (p, — u) p (=Daau) (31) 70 = 0.15 x 10° N/m

where:u = excess pore pressure generated by cyclic Ioading;2 0
p, = initial mean effective stress. The initial condition is obvi- s
ouslyu(N = 0) = 0. 1o[x107]
Recall that Eq. (31) describes the pore-pressure generation
in a single soil element. This equation is an analytical equiva- 1.
lent of experimental simple cyclic shearing of soil in undrained
conditions, for the given history of cyclic loading= 7(N).
The simplest method of solving Eq. (31) is by numerical inte- 1.0 |
gration. !

9.4. Examples. Consider first the uniform cyclic loading, at ¢ 5
constant shear stress amplitude= 7, = 0.15 (in stress unit

10° N/m?) of the saturated soil sample, subjected to the initial
confining effective stresg;, = 0.5 (in stress unitl0> N/m?). P N

The other data, corresponding to the Derince sand, are the f0|9-00 1 2 3 4 5 6 7 8

Iovylng D; =1.97, Dy = 0.14; a = 1.044 (in compressibility Fig. 16. Development of cyclic shear strain amplitude corresponding

unit 10~ m*/N); Gy = 0.77. The excess pore-pressurgen- to the pore-pressure generation shown in Fig. 15

erated by cyclic loading, is expressed also in stress it

N/m2. The above numbers were substituted in Eq. (31) and Figure 17 shows the histories of pore-pressure generation

this equation then being numerically integrated. and the onset of liquefaction for the Derince soil (data as in the
Figure 15 illustrates the excess pore-pressure generatiprevious example) subjected to the stress histories, shown in

in the sample. Liquefaction corresponds A = 7.3, as Figure 14, and to 4 equivalent loading cycles. The other data

u = 0.5 = p{, which means that the effective mean stresare the following:ry = 0.5 andpj = 0.5 and 0.7, all in unit

p =py—u=0atN = 7.3 cycles. 105 N/m?2.
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In both cases presented, three different histories of thmore-pressure generation shown in Fig. 18b differ slightly from
pore-pressure generation were obtained. The cyclic shear stréws qualitative point of view. These histories correspond to
history shown in Fig. 14a gives the most rapid increase of ex{ = 1.5, and none of them leads to liquefaction. The stress
cess pore-pressure and the onset of liquefaction. In the cdsstories from Fig. 14 are qualitatively different, but acciden-
of p; = 0.5, liquefaction takes place in the first loading cy-tally produce the same excess pore-pressure after 5 cycles of
cle (N = 0.75), whilst the stress history shown in Fig. 14bloading.
produces liquefaction in th&® cycle (V = 3.7). Equivalent

uniform stress cycles of the amplitudeof= 0.657 = 0.325 12 i,
produce liquefaction within the 2nd cycl&(= 1.5). Results u[10"N/m*] qubfactan
shown in Fig. 17b correspond to a higher value of the initial [ Sttt Ml el Taliett ettt u=pg =10
mean effective stregs, =07 Qu_ahtatlvely, the cha_rac'Fer of Fig. 14a |\ equivalentstress | Fig. 14b
pore-pressure generation is similar to that shown in Fig. 17a., °8 4 ! history p
but the liquefaction is produced later, obviously because the i /:/ i
initial mean effective stress is bigger. 06 ! !
I I
] |
0.6 T | \
0.
u[10° N/m?] ¢ | i
05k-co__ P Liquefaction | 02 E i
u=py =05 _175: :
Fig. 14a A ! N
04t 1 0.0 '
| 0 1 2 3 4 5 6
: (a)
0.3} | 10
i U[105N/m?]
0.2f i O] e ) ottt
| | |
| |
] ) ! i
0.1} : 06 Fig. 14a : :
o}" N | I
= 0. | ,
0.0 ; oa i Fig.i14b
0 1 2 (a) 3 4 S equivalent stres :
/,— history : :
0.8 | |
0.2 ! :
5 2 |
0.7—-—8[—1(—)—Win—]—————————————I ———————————— Liquefaction 1 i N
| u=py =07 00 i ;
06| ! 0 1 2 3 4 5 6 7
| | (b)
sl &quivalent stres i Fig. 14b . . . - ;
: history Fig. 18. Histories of pore-pressure generation and onset of liquefac-
\ tion in Eregli soil, @ p=1;(b)p) = 1.5
04 1
I
\ Recall that the histories of pore-pressure generation, shown
oo | in Figs. 15, 17 and 18, were obtained from integration of Eq.
ool i (31). The solution of this equation depends on the following
! four parametersb, D,, a and&, which characterize the com-
0.1 ! paction/liquefaction properties of a given soil. It also depends
! N on the initial mean effective streg§, and the history of cyclic
0-00 y 5 . . ' . s loadingT = 7(N).
(b) It should be added that constards and D, depend on

the initial relative densityD,. of a soil sample. Therefore, the

Fig. 17. Histories of pore-pressure generation and onset of ”quefaﬁl'stories of pore-pressure generation also depeni,on

tion in Derince soil (@) = 0.5, py = 0.5; (b) py = 0.7
Similar results have been obtained for the Ereglisbil &  9.5. Discussion.The behaviour of actual saturated soils is
1.60, Dy = 0.105, a = 0.694, G; = 0.52). Fig. 18 illustrates highly complex, and there does not exist a general theory that
some histories of the pore-pressure generation and liquefatescribes all the features of this complex behaviour. However,
tion. there exist some formally simple theories which describe only
In the case ofpj, = 1 (in unit 10° N/m?), the behaviour some chosen features of the behaviour of granular media, ne-
of Eregli soil (see Fig. 18a) is qualitatively similar to thatglecting the effects which are not important from the point of
of Derince soil, shown in Fig. 17. However, the histories ofriew of a particular problem. The most pronounced example
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of such a partial theory is the model of limit states, which is approach proposed does not require laboratory investiga-
very well elaborated in soil mechanics, and is also useful from tions of liquefaction of saturated soil samples, but only in-
the practical point of view. Even the theory of elasticity has tegration of a simple differential equation describing pore-
found very wide applications in soil mechanics, although ac- pressure generation and onset of liquefaction for a given
tual soils are certainly not the elastic materials. In this context, cyclic shear stress history.
we have to analyse the existing approaches to the problem -efDiscussion of standard geotechnical procedures, from the
pore-pressure generation in granular soils subjected to cyclic analytical point of view, may be useful in further refinement
loadings. of these procedures. This discussion also displays some
The “Simplified Procedure” is based on extensive empir- links between purely empirical and analytical approaches
ical investigations, but it has not the status of a theory, al- to the problem of estimation of liquefaction susceptibility
though it can form some background for practically useful of saturated soils.
models (theories). The C/L model has the status of an engl_- , ) , , _
neering theory, formulated within the framework of applied' '® Main conclusions which follow from this paper are:

mechanics. This model is fairly simple from the point of view_ The first step of empirical assessment of liquefaction sus-
of applications, but this simplicity has been achieved at the ceptibility, based on the analysis of the grain size distribu-
expense of some approximations. One of the basic approxima-tion curves, shows that generally the investigated soils are
tions deals with the resolution of the stress and strain tensors ongsceptible to liquefaction. It should be noted, however, that

the “static” and “cyclic” parts. Such a resolution enables sim- the shape of the grain size distribution curves provides only
ple formulation of the C/L theory, but at the cost of preciseness. yery rough information as to the liquefaction potential, be-
The C/L model can be classified as a “low resolution” one, as cause many other important factors, such as the initial rel-

it displays only some basic features of the compaction and lig- ative density, cyclic loading history, etc., are not taken into
uefaction related phenomena, but may sometimes violate othergscount.
principles of soil mechanics. For example, the Coulomb-MONL The analysis of SPTs does not provide unigue information
failure criterion may be exceeded at the onset of liquefaction, a5 to the liquefaction potential of the sites investigated. Note
defined by the C/L theory. Therefore, the C/L theory gives that these tests were performed on sites after liquefaction
only some approximated picture of the behaviour of saturated had taken place. Interpretation of SPTs for Turkish soils dif-
soils subjected to cyclic loadings, similar to the classical mod- fers from that obtained from the analysis of grain size dis-
els of structural mechanics and strength of materials. It should tihytion curves and in some cases is inconsistent with post-
also be mentioned that the “Simplified Procedure” has similar garthquake observations with regard to liquefaction suscep-
shortcomings. tibility of investigated soils.

— Analytical procedure, based on the C/L theory, offers realis-
10. Discussion and conclusions tic predictions as to the liquefaction potential of the sites in-
In the present paper, a systematic analysis of liquefaction sus-vestigated, at least from the qualitative point of view. It was
ceptibility of some soils from the coast of the Marmara Sea is Shown that the soils investigated would liquefy when sub-

presented. The investigations presented include: jected to cyclic loading histories that probably had occurred
during the Kocaeli earthquake. The analysis presented in

— Field investigations; this paper supplements other analyses, based on solving ini-

— Laboratory determination of physical and mechanical prop- tjal/boundary value problems for the sites investigated, al-
erties of soils; ready presented in [10,11].

— Preliminary analysis of liquefaction susceptibility using_ |t is believed that the systematic approach to the problem
standard geotechnical methods of assessment of liquefaction potential of saturated soils,

— Analytical studies of the process of pore-pressure genera- presented in this paper, would supplement already existing
tion and onset of liquefaction. methods.

The main results presented in this paper are the following:
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