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Abstract
The study area is in a zone under the influence of the Lake Van water changes and the Van fault, which caused a destructive 
earthquake in 2011. Due to the level changes of Lake Van, sediments with different thicknesses as well as grain sizes were 
deposited in this region and the characteristics of these sediments were significantly affected by the morphology and lake 
water fluctuations in the past. A total of six boreholes were drilled along a 3-km line within the study area to determine the 
preconsolidation pressure (σpc) and the pressuremeter test values of the clayey levels of old lake deposits—which are known 
to have different physical and mechanical properties—with hopes to gain an insight on how they influence the mechanical 
tests performed in the field and in laboratory conditions. The relationship between these values was also statistically evalu-
ated. When both datasets were evaluated together, it was determined that the stresses in the area close to the Van Thrust Fault 
plane caused deformations in the soil, which in turn affected the hanging-wall block of the thrust fault in particular. The 
inspection of EM and σpc values for the area within the primary compression zone of the Van Fault revealed that both values 
of the boreholes on the footwall block were higher compared to other boreholes close to the lake (southwest). This finding 
indicates that the fault stresses at the footwall block of the fault plane enhance the mechanical characteristics of the soil. The 
data obtained were also evaluated using regression analysis. Relationships between all available data were investigated and 
a high coefficient of determination was derived between the Menard deformation modulus (EM) and the preconsolidation 
(σpc) pressure.

Keywords  Clay soil · Menard deformation modulus · Preconsolidation pressure · Thrust fault

Introduction

One of the most important geotechnical problems that nega-
tively affect a reinforced structure on clayey soil in long 
term is the phenomena known as the “consolidation settle-
ment”. Long-term settlements may cause deformations in 

the bearing elements of the structure, which is especially 
valid for the structures located on top of highly plastic soils. 
The damage on the bearing elements may lead to founda-
tional weaknesses, which in turn increase the loss of life and 
property in case of destructive earthquakes, as was experi-
enced in numerous cases. For this reason, the consolidation 
parameters of clayey soil layers should be determined and 
a structural design should be performed according to the 
determined parameters. One of the most significant con-
solidation parameters is the preconsolidation pressure (σpc), 
which represents the existence of past stresses that affected 
the ground, along with the maximum effective stress.

There are numerous methods and approaches used for 
determining the maximum effective stress in the memory of 
the soil. One of these methods is the consolidation experi-
ment, which is performed in laboratory conditions. In gen-
eral, the determination of σpc is known to be prone to errors 
that may occur in the disturbed samples taken for the test. In 
such a case, the experimental specimen cannot fully reflect 
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the in situ properties of the soil. Therefore, it is possible to 
overcome these errors by performing in situ experiments. 
The primary advantage of in situ tests is that the overall 
stress conditions of the soil are better reflected in the field. In 
addition, in the in situ tests, the parameters from the desired 
levels along the vertical profile of the soil can be retrieved 
easily and quickly. One of these in situ tests is the widely 
used Menard pressuremeter (PMT) that can be executed at 
the desired level of a borehole without the disturbance of 
soil.

Geologic deposits contain data in their histories, which 
are sometimes called the “memory” of the soil. An undis-
turbed soil sample has within it a record of the conditions 
under which it was formed, whether it happened underwa-
ter or on land, within in a volcano or deep in the Earth’s 
crust. Furthermore, it commonly “records” certain events 
that affected its features since its formation, such as bend-
ing, breaking, squeezing, partial recrystallization (Nagaraj 
1993). Casagrande (1932) was the first researcher who stated 
that soils have such a “memory”. In addition, Casagrande 
indicated that the stress and other changes are preserved or 
recorded in the soil structure that has occurred during the 
soil’s history. Casagrande (1932, 1936) was also the first to 
suggest the σpc value of clayey soils. Following these stud-
ies, Ward et al. (1959), Simons (1965), Tchalenko (1967), 
and Esu and Calabresi (1969) calculated the maximum past 
horizontal effective stresses that influenced the soil by apply-
ing consolidation experiments on the samples taken from 
the ground in horizontal directions as per the Casagrande 
method. Then, Voight (1974) stated that the dissipation of 
pore pressures “locks in” orogenic stresses in superjacent 
rocks. In the studies, Ingles and Lafeber (1966) and Holtz 
and Kovacs (1981) showed that the primary texture of the 
ground changes as a response to the stresses that are imposed 
on the ground.

Stress mechanics is commonly most effective in areas 
close to a fault plane. Fener (2006) stated that the grain size 
distribution is effective in σpc and that the recording of the 
ground memory gets shorter as the sand content increases. 
Günaydın (2007) excavated a number of trenches in differ-
ent sections on a segment of the Gerede fault (Bolu, Turkey) 
along with some undisturbed blocks, from which samples 
were collected to evaluate the theoretical principal stress 
causes that the fault has enforced its load on its direction. 
This loading in practice can be in any direction, and it can be 
the result of numerous types of activities, such as active fold-
ing, faulting and creeping, all of which tend to deform the 
soil deposit by stressing it (Voight 1966; Feda 1978; Hobbs 
et al. 1976). Even if the loading is transient (sudden), it still 
tends to consolidate the soil (Bishop and Henkel 1953).

In the researches regarding the PMT test itself, efforts 
were mostly directed towards determining the relationship 
between Standard Penetration Test (SPT) and PMT results. 

There are some studies carried out by different research-
ers that compare the SPT and PMT results (Chiang and Ho 
1980; Yağız et al. 2008; Bozbey and Togrol 2010; Kayabaşı 
2012; Aladağ et al. 2013; Cheshomi and Ghodrati 2015; 
Anwar 2016; Özvan et al. 2018). Some of these studies 
revealed a high coefficient of determination (R2) between 
SPT-N60 values and Menard modulus of elasticity (EM), and 
between SPT-N60 and limit pressure (PL) values for different 
soil classes. None of these studies, however, has investigated 
a possible statistical relationship between σpc and EM or PL 
values obtained from PMT. Similarly, no study in the lit-
erature has investigated the correlation between σpc and EM 
values at different levels of clay. On the contrary, numerous 
studies in the literature exist regarding the change of σpc 
values in the stress zones. Thus, the aim of this study is set 
as to establish a statistical comparison of σpc values with the 
deformation modulus (EM) value obtained by PMT. In this 
context, a region with clayey soil levels under different stress 
conditions was chosen as the study area. The clay soil levels 
of the deposits in the study were formed with water level 
changes in the Lake Van. These clay materials have differ-
ent thicknesses and characteristics (Fig. 1). The soils in this 
study area under different stress rates, consequently, the σpc 
values were affected by a thrust type fault as well as verti-
cal stresses caused by hydrostatic and overburden pressures.

Materials and methods

In this study, Bardakçı (Van, Turkey) region was chosen to 
investigate the soil conditions discussed in the first chap-
ter. The soils in this area are composed of old lacustrine 
deposits with varying soil classes and thicknesses caused 
by the water level fluctuations of the Lake Van. The soil 
layers of the area were exposed to different stress condi-
tions during their history. It is quite logical to assume that 
these deposits were affected by the stresses caused by Van 
Thrust Fault as well, which also caused a recent damaging 
earthquake on 23 October 2011 (Mw = 7.1), and they were 
almost assuredly affected by the vertical pressures exerted 
by the hydrostatic lake level and sediment loads during the 
formation process.

Geotechnical studies as a main part of this study were 
carried out both in the field and in the laboratory. During the 
field studies, undisturbed (UD) soil samples were retrieved 
by Shelby tubes. In addition, a pressuremeter device (Apa-
geo trademark GA model) and equipment were used for the 
PMT tests. In laboratory, a number of experiments were per-
formed on clay soil samples. The Casagrande device was 
used to test the liquid limit. Moreover, consolidation tests 
were performed using an odometer device. ASTM standards 
were practiced in all tests.
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Method

Geotechnical boreholes were drilled at six different locations 
on the clay soil levels determined in previous studies (Selçuk 
2003; Akın et al. 2015). A couple of borehole machines 
were used simultaneously at each location (Fig. 2). The 
pressuremeter test was performed in one of these boreholes 
while the UD sample from the same soil level was taken 
from the other one. The clay soil samples taken with Shelby 
tubes were covered with paraffin and wrapped in the stretch 
film to prevent contact with air before the laboratory tests.

Pressuremeter (PMT) test

This test technique includes the operation for drilling of the 
borehole and insertion of the probe, and then performing 

the pressuremeter tests in both granular and cohesive soils 
(ASTM D4719-00 2000). The pressuremeter is a cylindrical 
probe that has an expandable, flexible membrane designed 
to implement equal pressure to the walls of a borehole 
(Fig. 3a). The pressuremeter test originally consists of plac-
ing an inflatable cylindrical probe in a predrilled hole and 
expanding this probe while measuring the changes in volume 
and pressure in the probe. Two main parameters, namely the 
limit pressure (PL) and pressuremeter deformation modulus 
(EM) are obtained with this test method. PL is the pressure 
at which the probe volume reaches twice the original soil 
cavity volume. Pressuremeter modulus is the modulus cal-
culated from the slope of the pseudo-elastic portion of the 
corrected pressure–volume curve experiencing little to no 
creep (ASTM D4719-00 2000). These parameters are then 
used in the geotechnical analysis and foundation design.

Fig. 1   Location map of the study area

Fig. 2   A general view of drill-
ing in the study area
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The required calibrations specified in the standards 
were performed before each experiment. The test depth 
was measured as 60 cm, which is the distance from the 
center of the pressure gage to the center of the probe. The 
standard pressure was exerted and this pressure was added 
to the pressure readings obtained on the readout appara-
tus after the experimental phase. The PMT was contin-
ued approximately for 10–15 min, and the experiments 
were carried out immediately after the drilling of the well. 
30-s and 1-min readings were performed after pressure 
or volume increases were applied. Once the test reached 
the maximum predetermined step, the procedure was ter-
minated by deflating the probe to its original volume and 
removing it from the hole. EM and PL values were deter-
mined and calculated using pressure and volume value 
that obtained from PMT test according to standard (ASTM 
D4719-00 2000).

One‑dimensional consolidation test

This test process is generally performed on undisturbed 
samples of fine-grained soils. The changes in specimen 
height that take place during the consolidation process are 
measured, and these data are then used to determine the 
relationship between the effective stress and the void ratio 
or the strain (ASTM D 2435-09 2009). The experiment was 
performed on undisturbed samples extracted from Shelby 
tubes. The standard loading schedule was determined using 
the load increment ratio to one, which was obtained by dou-
bling the pressure on the soil to obtain values of approxi-
mately 12, 25, 50, 100, 200 kPa, etc. (Fig. 3b). If the slope 
and shape of a virgin compression curve or determination of 
the preconsolidation pressure are required, the final pressure 
was assumed equal to or greater than four times the precon-
solidation pressure (ASTM 2435-09 2009).

Fig. 3   A view of the PMT and consolidation tests
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50-mm-diameter and 20-mm-high samples were used in 
this study. If the experiment was carried out for the bottom 
part of groundwater table or the saturated soil, water was added 
to the consolidation cell shortly after applying the load. If the 
sample was taken from the top of the groundwater level, the 
consolidation cell was wrapped with moist cotton to prevent 
the variation in sample volume due to evaporation (Fig. 3b).

Determination of preconsolidation pressure (σpc)

The accurate determination of preconsolidation pressure 
(σpc) is crucially significant for settlement analysis in clay 
sediments. In this method, the maximum effective stress 
that the soil is under the influence of and that gives the 
final shape of the soil texture is defined as preconsolidation 
pressure. Many methods represent the findings as graphi-
cal outputs that were invented by researchers to determine 

the preconsolidation pressure history of soil samples (Casa-
grande 1936; Burmister 1951; Schmertmann 1955). Casa-
grande (1936) method is the most commonly used technique 
and was used in this study as well. The preconsolidation 
pressure value was calculated from the graph of the plotted 
ratio of the void (e) to effective stress (σ′).

In the final stage of this study, correlation analysis 
between EM and σpc values was performed and the varia-
tions in σpc values over time in the hanging-wall and footwall 
blocks near the thrust fault plane were interpreted.

Geology

The East Anatolian High Plateau was shaped as a result 
of the collision between the Arabian and Eurasian plates 
in the eastern Mediterranean region (Şengör and Yılmaz 

Fig. 4   Lake Van water level 
fluctuations in different periods 
(modified from Landmann et al. 
1996a, b)
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1981; Sengul et al. 2019). The study area is located at the 
southeastern part of this plateau, which is also known as 
the Lake Van Basin. Mesozoic metamorphic rocks, Trias-
sic limestones, Upper Cretaceous ophiolites, and Miocene 
turbidities constitute the basement rocks of the basin. These 
rocks are unconformably overlain by Quaternary units that 
are of volcanic, travertine and lacustrine sediments. The 
Late Quaternary aged lacustrine deposits are represented 
by a thick sequence, which is composed of consolidated or 
over-consolidated clay, medium to fine-bedded sand, and 
silt (Valeton 1978; Acarlar et al. 1991; Özvan et al. 2005; 
Erdoğan and Özvan 2015; Özvan and Erdoğan 2016; Üner 
2018).

Most of the researchers that performed studies on the 
region tried to quantify previous lake levels in lacustrine 
sediments in the basin (Landmann et al. 1996a, b; Kempe 
et al. 2002; Kuzucuoğlu et al. 2010; Litt et al. 2009). Fluc-
tuations of the lake water levels were based on the data of 
onshore terraces. According to these data, previous lake 
levels were elevated above the present water surface level 
of Lake Van, and reached up to a peak of 110 m (Fig. 4). 
Lake Van water levels have changed numerous times in 
the last century. The water level of the lake was measured 
to be at an average of 1646.5 m between 1944 and 1967. 
Later on, the lake level elevated to 1648.5 m in 1988, and 
1650.5 m in 1996, after which it dropped back to 1647 m 

between 1997 and 2006 (Kuzucuoğlu et al. 2010). The 
present lake level is 1648 m above sea level (Görür et al. 
2015).

The geology of the study area consists of old lake and 
stream sediments, which were deposited due to water level 
changes of Lake Van in different time periods. Lacustrine 
sediments can provide significant insights into a lake’s past 
water levels. The lacustrine sediments in the basin with dif-
ferent thicknesses and different soil properties are commonly 
observed in the study area and its vicinity (Acarlar et al. 
1991; Selçuk 2003; Özkaymak 2003; Özvan 2004; Akın 
et al. 2013, 2015; Akkaya et al. 2015, 2018; Akkaya and 
Özvan 2019). The units originating from old lake and stream 
sediments in the study area are defined as Pliocene–Quater-
nary aged units (Acarlar et al. 1991).

Many boreholes were drilled in previous years that went 
as deep as 15–20 m, and certain properties of geological 
units have been determined by previous studies (Selçuk 
2003; Akın et al. 2015). These studies commonly report 
that the units in the study area consist of clay, silt, sand 
and gravel with different thicknesses. In addition, it has 
been revealed that these lacustrine sediments have different 
spreads in lateral and vertical directions.

The units in the study area are cut by the Van Thrust 
Fault to the north of the study area, which ruptured dur-
ing the 2011 Van Earthquake (Mw = 7.1). The fault plane is 

Fig. 5   An image of the fault planes at the north of the study area (modified from Akkaya et al. 2015) (YK Yeni Köşk Thrust Fault, AF Alaköy 
Thrust Fault, VF Van Thrust Fault)
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dipping north. The surface rupture of the fault was traced 
along from the northeast region of the study area towards 
the Lake Van (Fig. 5) and the southwest hanging-wall block 
of the fault exerts pressure on the old lacustrine sediments. 
The eastern part of the fault, on the other hand, constitutes 
a tectonic boundary between these sediments and the Upper 
Pliocene unit.

Undisturbed soil samples (UD) were taken by drilling 
at six different locations, while the PMT tests were per-
formed at every 1.5 m in the old lake deposits that are of the 
Pleistocene–Holocene age (Fig. 6). In general, fine-grained 
soils were observed in these drillings, while at some levels, 

fine-grained sandy layers exist as well. According to pre-
vious studies, these clay layers reveal dissimilar physical 
and mechanical (Selçuk 2003; Akın et al. 2015) as well as 
mineralogical properties (Kılıçer 2009). The major reason of 
the mineralogical and physical variations is associated with 
the transgression and regression sequences of the Lake Van, 
while the mechanical differences are due to vertical (hydrau-
lic and/or overburden) and horizontal stresses originating 
from the stress zone of the fault.

Fig. 6   General geology map and a geological cross-section of the study area
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Physical properties of clay units in the study 
area

In the first stage of the laboratory studies, the physical 
properties of clay levels were determined (Table 1). It is 
determined that more than 80% of all the soil samples are 
represented by silt and clay size with respect to sieve and 
hydrometer analyses (ASTM D7928-17 2017). The water 
content of the same samples were subsequently examined, 
revealing the highest water content as 32.0% and the lowest 
water content as 11.6%. The water content of most of these 
samples is between 20 and 24%, and the average water con-
tent is calculated as 21.9%. Specific gravities of the same 
specimens are found to be between 2.60 and 2.87, while their 
densities are between 1.82 and 2.14 g/cm3.

Clay samples were tested to determine their liquid limits, 
plastic limits, and the plasticity indexes according to ASTM 
D4318-17e1 (2017). The consistency limits (i.e., the liquid, 
plastic, and shrinkage limits) are water contents that define 
the soil behavior. The liquid limit (LL) values of these sam-
ples are determined between 25 and 88%, while the plastic 
limit (PL) ranges from 15 to 32%. When these values are 
plotted on the plasticity chart, it is concluded that the soils 
in the study area consist of low (CL) and high (CH) plastic-
ity clay (Fig. 7).

According to the results of field and laboratory tests, the 
clay samples have different plasticities and water contents 
(Table 1). In addition, it was determined that these clays 
present different liquidity indexes (LI), consistency indexes 
(Ic), activities (A) and swelling potentials (Table 1). Based 
on the liquidity index (LI) and consistency index (Ic) values, 
it is evident that the clays close to the lake (BL-2) and at 
the northern (BL-6) section of the study area are generally 
plastic, while the clays are generally classified as firm at 
locations close to the fault scarp (BL-1, BL-4, and BL-5). 
Consistent with the study of Skempton (1953), clays in this 
study can be considered to be at “normal activity” levels. 
Furthermore, with respect to the study of Seed et al. (1962), 
the swelling potential of these clays can be considered as 
high (Table 1).

Results and discussion

The soil layers in the study area consist of soils with differ-
ent plasticities and swelling potentials, as well as varying 
water contents. The major aim of this study is to correlate 
the elasticity modulus of the soil obtained by the PMT test 
with the preconsolidation pressure of the clayey soils. For 
this purpose, σpc and PMT values of clayey units at the cor-
responding levels of a couple of boreholes were investigated, 

Ta
bl

e 
1  

(c
on

tin
ue

d)

B
L 

no
.

D
ep

th
 (m

)
A

tte
rb

er
g 

lim
its

W
at

er
 

co
nt

en
t 

(%
)

Sp
ec

ifi
c 

gr
av

ity
Sa

nd
 %

Si
lt 

%
C

la
y 

%
D

en
si

ty
 (g

/c
m

3 )
So

il 
cl

as
s

Li
qu

id
ity

 in
de

x 
(L

I)
 (H

ol
tz

 a
nd

 
K

ov
ac

s, 
19

81
)

A
ct

iv
ity

 
(S

ke
m

pt
on

, 
19

53
)

Sw
el

lin
g 

po
te

n-
tia

l (
Se

ed
 e

t a
l. 

19
62

)
LL

PL
PI

4
8.

25
74

26
48

19
.8

2.
76

12
.0

1
49

.8
38

.2
2.

08
C

H
−

 0
.1

3
So

lid
1.

26
A

ct
iv

e
17

.4
1

H
ig

h
4

9.
50

49
18

31
19

.4
2.

74
10

.9
36

.3
52

.8
2.

08
C

L
0.

05
Pl

as
tic

0.
59

Pa
ss

iv
e

8.
28

H
ig

h
4

11
.7

5
36

16
20

12
.1

C
L

−
 0

.2
So

lid
5

2.
50

26
15

11
19

.0
2.

70
43

.9
7

36
.7

9
16

.8
2

C
L

0.
36

Pl
as

tic
0.

65
Pa

ss
iv

e
0.

21
Lo

w
5

5.
50

34
20

14
15

.9
2.

76
38

.2
1

44
.4

7
17

.3
3

C
L

−
 0

.2
9

So
lid

0.
81

N
or

m
al

0.
39

Lo
w

5
6.

25
34

18
16

11
.6

2.
70

40
.5

4
40

.3
7

18
.8

5
2.

06
C

L
−

 0
.4

So
lid

0.
85

N
or

m
al

0.
59

Lo
w

5
7.

25
34

21
13

18
.0

2.
74

27
.3

5
52

.7
2

19
.0

3
C

L
−

 0
.2

3
So

lid
0.

68
Pa

ss
iv

e
0.

36
Lo

w
6

2.
25

48
18

30
26

.1
2.

69
19

.5
3.

5
42

.6
2.

06
C

L
0.

27
Pl

as
tic

0.
70

Pa
ss

iv
e

6.
17

H
ig

h
6

3.
25

48
18

30
1.

99
C

L
−

 0
.6

So
lid

6
5.

50
46

20
26

23
.6

2.
76

2.
6

45
52

.3
2.

01
C

L
0.

14
Pl

as
tic

0.
50

Pa
ss

iv
e

5.
35

H
ig

h
6

6.
50

53
24

29
27

.2
2.

73
3.

8
62

.4
33

.8
1.

96
C

H
0.

11
Pl

as
tic

0.
86

N
or

m
al

4.
5

M
ed

iu
m

6
8.

00
54

23
31

18
.7

C
H

−
 0

.1
4

So
lid

6
9.

00
45

20
25

22
.6

2.
75

5.
3

49
.1

45
.5

2.
04

C
L

0.
11

Pl
as

tic
0.

55
Pa

ss
iv

e
4.

22
M

ed
iu

m
6

10
.2

5
61

21
39

20
.6

2.
77

5.
4

42
52

.3
2.

09
C

H
−

 0
.0

1
So

lid
0.

75
Pa

ss
iv

e
14

.3
5

H
ig

h



	 Environmental Earth Sciences (2019) 78:596

1 3

596  Page 10 of 16

after which the statistical relations between these values 
were interpreted (Table 2).

The PMT tests in boreholes were performed at every 
1.5 m. The results of PMT tests can be influenced by many 
factors such as borehole yield and the groundwater. Thus, 
the Menard deformation modulus (EM) and net limit pres-
sure (PL) values could not be calculated at some levels. On 
the other hand, EM and PL values were obtained for a total 
of 33 different subsurface levels in the study area. When the 
calculated values are examined, it is determined that EM and 
PL values range between 5.76 and 64.62 MPa, and 0.85 and 
6.58 MPa, respectively. When these values ​​are compared 
with the typical EM and PL value ranges given by Menard 
(1975), it is determined that the investigated soils are classi-
fied as “very hard–hard clay”. Furthermore, the highest EM 
values are assigned to the locations close to the Van Fault 
zone. On the contrary, the lowest EM values are obtained 
from the spots nearby the lake, which is in the southwestern 
part of the study area (Fig. 8).

A total of 80 undisturbed soil samples (UD) were col-
lected from the boreholes at harmonious PMT levels. Some 
levels of UD samples were used in consolidation experi-
ments. In total, 35 samples suitable for the consolidation 
test were investigated in terms of their σpc values (Table 2). 
Overconsolidation ratio (OCR) of these samples was calcu-
lated from the ratio of current vertical effective stress (σv) 
to the σpc values.

Considering the σpc values obtained from the investigated 
soil levels, it is determined that the highest and lowest σpc 
values are 312 kPa and 88.3 kPa. For the OCR values, the 
maximum value is 7.80 whereas the minimum OCR value 
is 1.20. These OCR values indicate that the clayey soils in 
the study area are mostly over-consolidated (OC) (Table 2).

The inspection of variations of σpc values reveals that the 
σpc increases as the depth escalates in all boreholes, except 
for the borehole BL-1, which is the closest spot to the Van 
Thrust Fault (Fig. 8). The assessment of EM values reveal 
that the peak values are obtained from the samples taken 
from the borehole BL-4, which is on the footwall of the Van 
Thrust Fault (Fig. 8). Since the undisturbed samples could 
not be taken from the borehole BL-5, only a single consoli-
dation test could be performed in this borehole. Therefore, it 
is difficult to declare any idea for the borehole BL-5.

Considering the earthquake data available for the region, 
no earthquake record exists for the instrumental period until 
the 23 October 2011 earthquake. The long period of the com-
pression in the fault could have been the source of this rela-
tively large-magnitude earthquake, and no study in Turkey has 
reported compression due to thrust faults in that manner. This 
thrust fault exerts a noteworthy stress on the lacustrine sedi-
ments in the study area. These lacustrine sediments contain 
various deformational structures as an indicator of the effect 
of thrust fault on these soil layers. As a result of this stress, 
particularly due to the horizontal component, the sediments 

Fig. 7   The distribution of samples on the plasticity chart (modified from Cassagrande 1948; Howard 1977)
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present different engineering properties (Fig. 9). Stresses 
along the fault zone and orientation on the soil occur dur-
ing the compression period. The soil texture in some of the 
UD samples taken from the boreholes at the hanging-wall of 
this fault reveals significant variation (Fig. 9). In addition, the 
mechanical test results are influenced by this variation as well. 
For this reason, it can be stated that the tectonic stresses are 

more effective on σpc and EM values compared to the effect of 
σv in locations close to fault plane (Figs. 10, 11).

The relationship between σpc and EM values of clay 
levels

It is determined that the physical and mechanical proper-
ties of the examined specimens depict dissimilarities in the 

Table 2   PMT test results in the study area and the obtained preconsolidation (σpc) pressure and over-consolidation ratio (OCR)

BL Ground water 
level (m)

Depth Soil class Pressuremeter modulus Effective 
stress (kPa)

Preconsolidation 
(σpc) (kPa)

OCR

EM (MPa) PL (MPa)

1 3.4 1.0 CH 18.94 0.85 20.70 125.60 6.10 Over-consolidated
1 2.0 CH 30.97 3.19 39.76 127.50 3.20 Over-consolidated
1 4.5 CL 34.74 2.49 83.10 147.20 1.80 Over-consolidated
1 5.5 CL 40.69 3.77 92.70 138.30 1.50 Over-consolidated
1 6.5 CL 38.02 3.76 95.60 137.30 1.40 Over-consolidated
1 8.8 CH 38.30 3.07 121.71 196.20 1.60 Over-consolidated
2 2.3 1.0 CL 14.66 1.75 18.89 147.20 7.80 Over-consolidated
2 3.5 CH 12.40 1.63 56.69 167.80 3.00 Over-consolidated
2 4.5 CH 25.40 3.46 59.44 177.60 3.00 Over-consolidated
2 6.5 CH 22.65 2.63 82.08 186.40 2.30 Over-consolidated
3 6.0 1.0 CH 19.71 2.10 18.15 135.40 7.50 Over-consolidated
3 2.5 CH 22.73 2.01 47.14 137.30 2.90 Over-consolidated
3 4.3 CH 32.21 4.14 86.25 206.00 2.40 Over-consolidated
3 5.5 CH 33.89 3.13 108.64 233.50 2.10 Over-consolidated
3 6.8 CL–CH 42.98 3.78 126.61 197.20 1.60 Over-consolidated
3 7.3 CL–CH – – 136.12 196.20 1.40 Over-consolidated
3 8.0 CH – – 139.26 212.90 1.50 Over-consolidated
3 8.3 CH 38.96 5.16 139.53 206.00 1.50 Over-consolidated
3 8.8 CH – – 147.10 215.80 1.50 Over-consolidated
3 9.8 CH – – 151.49 226.60 1.50 Over-consolidated
3 12.3 CH 40.29 3.61 190.45 230.50 1.20 Over-consolidated
3 13.8 CL 49.00 3.81 196.94 279.60 1.40 Over-consolidated
4 5.5 3.5 CH 28.22 3.04 73.38 225.60 3.10 Over-consolidated
4 5.8 CH 39.87 3.38 116.04 230.50 2.00 Over-consolidated
4 7.0 CH 46.98 3.99 128.74 269.80 2.10 Over-consolidated
4 8.3 CH 57.93 3.08 141.14 294.30 2.10 Over-consolidated
4 9.5 CH 64.62 3.79 154.44 312.00 2.00 Over-consolidated
5 2.5 2.5 CL 13.01 1.64
5 6.3 CL 50.49 5.42 89.50 124.60 1.40 Over-consolidated
5 7.3 CL 60.80 5.05
6 2.1 2.3 CL 5.76 0.97 43.96 88.30 2.00 Over-consolidated
6 3.3 CL 9.25 1.05 52.19 112.80 2.20 Over-consolidated
6 5.5 CL 9.48 1.00 75.27 145.20 1.90 Over-consolidated
6 6.5 CL 17.03 2.31 81.94 196.20 2.40 Over-consolidated
6 9.0 CH 48.35 6.58 112.54 233.50 2.10 Over-consolidated
6 10.3 CL 54.14 5.30 130.44 235.40 1.80 Over-consolidated

Min 5.76 0.85 18.15 88.30 1.20
Max 64.62 6.58 196.94 312.00 7.80
Average 33.20 3.15 98.76 191.07 2.45
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Fig. 8   Variation of EM and σpc values with depth in the study area

Fig. 9   An image of geological evolution in the study area
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laboratory and in situ tests. These differences are also recog-
nized in the relationships between these parameters. Firstly, the 
data obtained from each borehole are correlated separately and 
the suitability of the data is evaluated. When the relationship 
between EM and σpc is statistically examined for each borehole 
location, it is determined that there is a high determination 
coefficient for all locations, except for the BL-1 (R2 = 0.19) 
data (Fig. 12a). According to all data, the coefficient of deter-
mination is obtained as R2 = 0.52 for the relationship between 
EM and σpc (Eq. 1) (Fig. 12b):

When the correctness between these values is evaluated, 
it can be realized that the σpc data nearest to the fault (BL-
1) affect the relationship using all data due to deformation 
structures in the soil at that particular location. The val-
ues of BL-1 are believed to be affected by the Van Thrust 
Fault. In the statistical regression analysis performed after 

(1)�pc = 0.2053
(

EM

)0.3863
R
2
= 0.52.

Fig. 10   Cross-section of the σpc values in the direction of NE–SW in the study area

Fig. 11   A drawing of effects of the stress conditions on soils in the study area
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removing the data of the borehole BL-1, the R2 value esca-
lates from 0.52 to 0.83 (Fig. 12c, d). The modified equation 
(2) is obtained without the data of BL-1:

The increase observed in the R2 value after omitting the 
BL-1 data indicates that the clayey soil at that particular 
location is different from other spots. This outcome points 
out that the deformation close to the fault plane in the hang-
ing wall is capable of influencing the test results and may 
cause errors.

Conclusions

When the liquidity index (LI) and consistency index (Ic) 
values of the clay levels are assessed, the clay layers near the 
Lake Van are in plastic character, while the clay levels are 
generally very stiff in the areas close to the Van Thrust Fault.

(2)�pc = 0.1711
(

EM

)0.4353
R
2
= 0.83.

When the OCR values are calculated, these clay deposits 
are found to be over-consolidated. The overconsolidation 
values of these clay levels indicate that these units were sub-
jected to considerable stress rates in the past compared to 
the current vertical effective stresses. Supposing the fact that 
the overconsolidation is due to the fluctuations in the water 
level of the Lake Van, the highest overconsolidation ratio 
should have been derived from the locations close to the 
lake, while the current results are the opposite. Therefore, it 
is concluded that the difference in preconsolidation pressure 
values of clay soils in the study area is mostly affected by the 
stresses derived from the Van Thrust Fault. The mechani-
cal soil properties of clay levels in and around the surface 
rupture have increased due to fault stresses.

When σpc and EM values are evaluated, it is determined 
that σpc and EM values increase as the elevation gets 
deeper. In this study, the outcomes of in situ (σpc and EM) 
and laboratory tests are assessed together to determine 
the relationship between σpc and EM, which are commonly 
being used to determine the characteristics of consolidated 

Fig. 12   Relationships between EM and σpc data in each borehole (a), EM − σpc relation of all data (b), EM − σpc relationship after removing the 
data of BL-1 (c), EM − σpc relation of all data except for BL-1 (d)
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clayey soils. High determination coefficients (R2) are 
obtained for the relationship between σpc and EM (Eq. 2).

Equation (2) can be used especially for the over-con-
solidated clayey soils. However, it is recommended to 
increase the experimental data for clays with different 
consistency and preconsolidation values.
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