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1. Introduction 
 

Soils and structures are subject to deformations due to 

repeated loads and they often control the design parameters. 

Therefore, evaluation of the dynamic behavior of soils 

under seismic loads is very crucial for geotechnical 

engineers. It has been widely studied in the literature and 

very recent ones focus on the dynamic behavior of different 

soils along with the liquefaction concept (Chattaraj and 

Sengupta 2016; Hussain and Sachan 2019; Thomas and 

Rangaswamy 2020). In order to estimate the stress-strain 

properties of in situ soils under cyclic loads, dynamic 

properties should be assessed first and then site-specific 

analyses can be conducted to predict the ground and 

superstructures’ behaviors. Initial dynamic shear modulus-

Gmax; normalized dynamic shear modulus (G/ Gmax); and 

damping ratio D values are needed to constitute the 

dynamic soil properties (Zhou et al. 2017, Bayat and 

Ghalandarzadeh 2018). These characteristics can be 

obtained both in the field and in the laboratory environment 

(Varghese et al. 2019). Various laboratory test sets are 

utilized to calculate the dynamic parameters of soils at 

different strain values. Dynamic triaxial (TRX) and 

resonant column (RC) experiments are used widely as 

recommended by ASTM D4015-15 and D4767-11 

Standards. Shear strain level is the key parameter which test 

to run. RC tests are good for shear strains lower than 0.01%,  
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whereas the TRX tests are for higher levels as presented in 

Fig. 1. 

Two different test systems were used to obtain shear 

modulus strain curves of soils at both medium and small 

deformation levels. Regarding the RC test system, which is 

one of these experiments, researchers have carried out so 

many studies on different samples, under different 

conditions (Sexena and Reddy 1989, Kim et al. 2018, 

Kweon and Kim 2000, Park et al. 2015, Subramaniam and 

Banerjee 2016, Li and Senetakis 2018). Likewise, the TRX 

test system has been used in in the literature a lot (Kokusho 

1980, Kumar and Krishna 2017, Sobolev and Ter-

Martirosyan 2018, Jamali et al. 2018, Salem et al. 2018, 

Shivaprakash and Dinesh 2018) to estimate the dynamic 

behavior at higher strain levels in terms of different soils, 

confining pressures, loads, etc.  

Another important point to obtain the dynamic 

properties of a soil is whether the sample is undisturbed or 

not. Since the parameters gathered from the site specific 

analyses will be used in the design of structures especially 

in earthquake zones, it is necessary to use undisturbed 

samples that reflect the site conditions the best. There are 

well known studies, such as Vucetic and Dobry (1991), 

Darendeli (2001), Amir-Faryar et al. (2016), that focused on 

the dynamic behavior of undisturbed samples and their 

reference models have been used in the practice extensively. 

Experiments carried out to determine the behavior of 

soils under dynamic loads determine the shear modulus and 

damping ratio values of the soil at different deformation 

levels. Initial or maximum shear modulus can be calculated 

at very low strain levels and it may not be accurate depend 

on the sensitivity of the equipment. Measurement of shear 

wave velocity (Vs), one of the data reflecting the properties 

of the site, plays an important role in determining this value.  
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They are directly related to each other and maximum 

shear modulus can be calculated from the field shear wave 

velocity (Gmax=ρ.Vs
2) across the soil layers of the studied 

area. 

There are two main specifications to understand the 

behavior of soils under repeated loads: 1) stress-strain 

behavior over a wide range, 2) the soil rigidity. Stress-strain 

properties of soils are defined as changes in shear modulus 

and damping ratio values due to cyclic loading for different 

unit shear deformation levels. As a result of dynamic 

loading, a conventional loop that shows the stress-strain 

behavior change of the soil sample is presented in Fig. 2 

(taken from Stewart et al. 2014) and it is basically called as 

the ‘hysteresis loop’. These loops combine together and 

establish the backbone curve (Güler and Afacan 2021). 

In order to carry out all these studies, it is necessary to 

carry out both field tests and laboratory tests in earthquake 

zones and to obtain important parameters in the design by 

combining the obtained data. 

This study concentrates on the undisturbed soil samples 

taken from the Sakarya province located on the North 

Anatolian Fault Zone (NAFZ) and the area has been 

devastatingly affected by Kocaeli and Adapazari 

Earthquakes in 1999. The purpose of the research is to 

determine the dynamic properties of the undisturbed 

samples taken from different points close to the fault line  

 

 

 

employing the TRX and RC tests at every 5m. In addition, 

the shear wave velocity values from the in situ and 

laboratory will be compared. Finally, the obtained dynamic 

behavior of borings will be examined with the models 

widely used in the literature and new models will be 

proposed to the literature. 

 

 
2. Geology and seismicity of the studied area 

 

Turkey is one of most seismic region in Europe and 

surrounded by the North Anatolian Fault in the north and 

the East Anatolian Fault in the southeast region. Both active 

fault lines cause earthquakes today. Earthquakes of different 

depths and magnitude on and around fault lines are shown 

in Fig. 3. The North Anatolian fault does not have a single 

slip plane and consists of many parts. The fault line is in the 

state of a 'fault zone' with a width of 500-1000 m and it is a 

strike-slip and right-sided fault. Right-sided horizontal 

sliding movements prevail in all parts of the fault. At the 

same time, to a lesser extent, vertical movements were also 

manifested. It is known that the land to the north of the fault 

slides to the right and downwards. There is no exact 

information about when the North Anatolian fault formed 

geologically and how much sliding movement it has 

happened since its beginning to our time (Ketin 1991). 

 

Fig. 1 A typical example of the modulus reduction and damping ratio curves 

 

Fig. 2 Stress-strain curve of the soils (Stewart et al. 2014) 

244



 

Combined resonant column and cyclic triaxial tests to estimate the dynamic behavior 

 

 

 

 

Adapazari, which is the center of Sakarya province, has 

suffered great damage and loss of life in earthquakes in the 

past.  Due to the presence of water-saturated deep alluvial 

layers in the region, it was observed that the damages 

increased with the effect of liquefaction and soil 

amplification during the earthquake. The region has 

 

 

 

attracted the attention of many researchers for academic 

research because it receives heavy rainfall throughout the 

year, has streams with deep alluvial layers, and is close to 

the active fault line (Kaya and Erken 2015, Harman 2016, 

Sakarya Governorship Provincial Directorate Of 

Environment And Urbanization 2018). Adapazarı plain is  

 
Fig. 3 Seismicity of the Turkey and study area (Boğaziçi University Kandilli Observatory and Earthquake Research 

Institute Regional Earthquake 2020) 

 

Fig. 4 Geology maps of study area (Akbaş et al. 2002). 
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represented by Quaternary (Q) widely in the area. A large 

part of the region is located on this alluvium and there are 

formations at different heights in the surrounding area (Fig. 

4). During the borings performed by the General 

Directorate of State Water Works (DSI) at different times, 

bedrock was not found even at 200-300 m depths 

(Komazawa 2002, Bol 2003). Major damages and casualties 

occurred during the 1999 Kocaeli (M: 7.4) and Duzce (M: 

7.2) earthquakes, and studies have showed that the main 

reasons were the soil amplification and the liquefaction. 

The studied area is located on the North Anatolian Fault 

line, was severely damaged by previous earthquakes in the 

last century such as 1943 Hendek (M:6.6), 1957 Abant 

(M:7.1), 1967 Akyazı (M: 6.0), 1999 Adapazarı (M:7.2) 

Earthquakes (Komazawa 2002; Bol 2003; Harman 2016). 

The strike-slip segments of Sapanca-Gölcük, İzmit-

Karamürsel and Yarımca-Yalova of the NAF zone played an 

important role in recent earthquakes (Ketin 1991). It is 

important to determine the dynamic properties of the soil 

for safer design of the buildings, as the region has advanced 

in the industry and is located in an active earthquake zone.  

The borings and the geology of the area is presented in 

Fig. 4. 

 

 

 
 
3. Field tests and taking of undisturbed samples 

 

After examining the seismicity and geological situation 

of the region, studies were carried out at the drilling points 

in the Adapazarı district of Sakarya province shown in Fig. 

3. Undisturbed samples were taken at every 5 m of 

boreholes and they were obtained at the depths determined 

with the help of UD tubes. Fig. 5 shows the field testing and 

Fig. 6(a) presents an example of UD tubes for undisturbed 

samples from 2.5, 7.5, 12.5 and 17.5 m depths. In addition, 

the samples between these UD tubes were taken with 

sample boxes and used for identification purposes. 

Moreover, SPT tests were carried out at every 1.5 m at 

the drilling points, and the variation along the depth was 

obtained and samples were taken (Fig. 6(b)). Shear wave 

velocity was also measured at the points determined in the 

field, and its variation along the depth was obtained (Fig. 

6(c)). 

 

 

4. Test apparatuses and program 
 

Dynamic Cyclic Triaxial Test (TRX), and Resonant  

 

Fig. 5 Drilling work at the BH-1 point 

 

Fig. 6 (a) UD sample, (b) SPT tests and (c) Vs tests 
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Column Test (RC) were performed on the undisturbed fine 

grained soil samples. Experiments in this study were carried 

out with the CTX and RC test systems in the Soil 

Mechanics Laboratory of Eskişehir Osmangazi University. 

The most important differences between laboratory 

experiments is the deformation levels that one can reach 

and Fig. 7 underlines these levels for varying dynamic tests. 

As seen in the figure, resonant column and cyclic triaxial 

tests are solely not enough to establish a dynamic behavior 

of soil at varying strains. The idea of the study is to obtain a 

data sets that combine the test results to get the behavior in 

a wider range. 

The experiments in this study were performed according 

to ASTM D 4015 and ASTM D 3999 standards. The target 

shear strain for the resonant column was between 0.001% - 

0.1% (small to medium shear strains) and the TRX 

experiments focused on the higher strains that was between 

0.01% -10%. 

The resonant column test equipment has a torsional 

drive that vibrates the top of the soil specimen in first mode 

resonance at different frequencies up to 250 Hz whereas the 

 

 

 

bottom is locked for any movement. The top platen monitor 

has some seonsor and transducer to apply and measure a 

torsional motion and torque. The sensor has no contact to 

the top platen and is able to measure rotational deformation 

in the sense of 10-6. Fig. 8 shows the system and the 

resonance frequency and amplitude of the vibration are 

observed, and the rate of the wave propagation along with 

the size of the strain are reckoned with the direction of 

elasticity theory (Cavallari 2016). Finally, maximum shear 

modulus, Gmax, can be estimated using the shear wave 

velocity in the laboratory in order to constitute the soil 

behavior (linear or nonlinear). 

The TRX test equipment consists of servo valves that 

provide closed-loop, electro-hydraulic and vertical motion 

control. With the dynamic triaxial test system, vertical load, 

vertical displacement, pore water pressure and volume 

changes can be measured. The test system is presented in 

Fig. 9. In order to determine the behavior of soils under 

dynamic loads, experiments are carried out under different 

ambient pressures and loadings. With the help of this test 

system, shear modulus and unit deformation values are  

 

Fig. 7 Deformation range in dynamic laboratory tests (Houbrechts et al. 2011). 

 

Fig. 8 Resonant column test system 
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obtained with the behavior obtained at high deformation 

levels. Both test systems are widely used in modeling the 

behavior of soils in earthquake zones. 

 

4.1 Sample preparation and testing procedures 
 

As a result of the drilling works carried out in the 

studied area, undisturbed samples were obtained from 4 

borings (BH-1 to 4). The depth for the BH-1 and BH-4 was 

about 20 m, and BH-2 and BH-3 reached a depth of 25 m. 

Undisturbed samples taken at every 5m were removed from 

the tubes in the laboratory (Fig. 10). 

After removing the undisturbed samples from the tubes, 

samples of 70 mm x 140 mm for TRX experiments and 50 

mm x 100 mm for RC experiments were prepared. In 

addition, the natural water content value of the samples was 

measured. Identification experiments were conducted by 

separating a certain amount from each tube and the results 

are presented in Table 1. 

As seen in the table, fine content is very high being more 

than 89% for all the samples. The soil type can be defined 

as low to high plasticity silts and clays. Figure 11 shows the 

variation of the plasticity of the samples in the plasticity 

chart.   

 

 

 

It is interesting to underline that most of the samples fell 

on the A-line with some outliers. The amount of the 

different soil types was found to be similar, each being 4 or 

5 and half of the samples were being low plasticity and the 

other half high plasticity. 

The undisturbed samples were placed in the cyclic 

triaxial experiment at the in-situ water content. A membrane 

was prepared with the sample placement apparatus and the 

sample was put inside. Filter paper and porous stone were 

set on the upper and lower parts of the sample. The top cap 

was located and then the outer cell of the experimental 

system was settled and filled with water. The first stage is 

the saturation stage that it was executed with the help of 

CO2 gas and controlled by the B value being at least 0.96. 

Then, confining pressure was applied to the cell with the 

help of air pressure in the system. The confining pressure 

was applied differently for each depth. The consolidation 

process was initiated by giving the sample the confining 

pressure at its in-situ conditions. Finally, the samples were 

cyclically loaded by strain controlled tests and continued 

until high shear strains were recorded. The tests were 

conducted as strain controlled. These operations were done 

on all samples (Fig. 12). 

 

Fig. 9 Cyclic triaxial test system 

 

Fig. 10 Undisturbed sample removed from tube 
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The shear modulus was obtained at the calculated speed 

and density of the sample. In the test system, the angle of 

rotation at the top of the sample was measured with a 

proximeter. Placement of the sample and the equipment are 

shown in Fig. 13. 

The samples to be used in the resonant column 

experiment were first trimmed to be 50 mmx100 mm in 

size. After the placement of the membrane, the sample was 

placed into the system with the help of the sample 

placement apparatus. The motor and proximeter were set at 

the top of the sample and the outer cell was installed. After 

the saturation and consolidation processes, shear strain 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
values were obtained at the target confining pressure 
depending on the depth of the sample. These procedures 
were repeated for all samples (RC/Torsional Shear Testing 
System). 

 
 

5. Results and discussion 
 
Undisturbed samples were tested under the conditions 

specified in the test program. Firstly, the data obtained from 
the dynamic triaxial experimental system were examined. In 
strain-controlled experiments, the deformation was 
increased at each stage and 10 cycles were obtained at each  

Table 1 Test program 

BH No 
Undisturbed 

Sample No 
Test No Test Type Size (mm) Depth (m) wn (%) FC (%) Soil Type 

BH-1 

UD-1 
1 RC-1 50*100 

2.50 41.48 92.00 ML 
2 TRX-1 70*140 

UD-2 
3 RC-2 50*100 

7.50 43.56 95.00 MH 
4 TRX-2 70*140 

UD-3 
5 RX-3 50*100 

12.50 44.53 89.00 CH 
6 TRX-3 70*140 

UD-4 
7 RC-4 50*100 

17.50 46.00 94.00 CH 
8 TRX-4 70*140 

BH-2 

UD-1 
9 RC-1 50*100 

2.50 43.95 94.00 CL 
10 TRX-1 70*140 

UD-2 
11 RC-2 50*100 

7.50 50.95 96.00 CL 
12 TRX-2 70*140 

UD-3 
13 RX-3 50*100 

12.50 50.35 92.00 MH 
14 TRX-3 70*140 

UD-4 
15 RC-4 

TRX-4 

50*100 

70*140 17.50 53.46 95.00 CH 
16 

UD-5 
17 RC-5 50*100 

22.50 58.13 96.00 CH 
18 TRX-5 70*140 

BH-3 

UD-1 
19 RC-1 50*100 

2.50 48.40 95.00 ML 
20 TRX-1 70*140 

UD-2 
21 RC-2 50*100 

7.50 45.92 98.00 CL 
22 TRX-2 70*140 

UD-3 
23 RX-3 50*100 

12.50 46.68 94.00 MH 
24 TRX-3 70*140 

UD-4 
25 RC-4 

TRX-4 

50*100 

70*140 17.50 50.52 97.00 MH 
26 

UD-5 
27 RC-5 50*100 

22.50 49.89 96.00 CH 
28 TRX-5 70*140 

BH-4 

UD-1 
29 RC-1 50*100 

2.50 42.24 94.00 ML 
30 TRX-1 70*140 

UD-2 
31 RC-2 50*100 

7.50 45.88 89.00 ML 
32 TRX-2 70*140 

UD-3 
33 RX-3 50*100 

12.50 45.30 92.00 CL 
34 TRX-3 70*140 

UD-4 
35 RC-4 

TRX-4 

50*100 

70*140 17.50 48.58 95.00 ML 
36 
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strain level.  
Hysteresis loops were plotted using the deviator axial 

stress-strain data after the cyclic testing were finished. As 

shown in Eq.(1), the slope of the axial stress-strain 

hysteresis loop was calculated to derive Young's modulus. 

𝐸 =
∆𝜎𝑑

∆𝜀𝑎
 (1) 

 

 

 

 

∆𝜎𝑑= amplitude of deviator stress; and ∆𝜀𝑎= amplitude 

of axial strain. 

The shear modulus for a wide strain rate may be 

determined from the Young's modulus using the following 

equation, according to Kokusho (1980), who carried out a 

series of cyclic triaxial experiments. 

  𝐺 =
𝐸

2 (1 + 𝜈)
     (2) 

 

Fig. 11 Display of undisturbed samples on the plasticity chart 

 

Fig. 12 Undisturbed sample and dynamic triaxial test system 

 

Fig. 13 Undisturbed sample and resonant column test system 
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E = Young’s modulus; and ν = Poisson’s ratio. 

Given that the shear modulus is defined as the ratio of 

shear stress to strain, G=∆/∆, the study used the following 

relationship to get the induced shear strain 

 ∆ = ∆𝜀𝑎 (1 + 𝜈)  (3) 

The experimental results were evaluated with these 

formulas (Ghayoomi et al. 2017, Song et al. 2022). 

An example set of the loops belonging to the test results 

between 1% -10% deformation performed at 1 Hz 

frequency of the undisturbed sample obtained at 7.5 m from 

the BH-1 boring is presented in Fig. 14. Shear modulus and 

damping values at different shear strains were obtained 

from the hysteresis loops obtained for each sample. 

Regarding the resonant column test system, the damping 

ratio values were obtained from two different methods  

 

 

 

whereas the shear modulus values were collected as a result 

of the torque force applied to the system. In this study, the 

damping ratio using half-power bandwidth method is used 

and the corresponding resonance frequency curve of the 

BH-2 boring is shown in Fig. 15. The resonance frequency 

was recorded as around 36 Hz for this case. 

 

5.1 Modulus reduction behavior  
 
As a result of dynamic experiments conducted with 

undisturbed samples in each borehole, the modulus 

reduction behavior was constructed from the loops obtained 

at different shear strain levels. Since the behavior consists 

of two different test results, it is necessary to define a 

transition region between being 0.1% strain. The idea of 

specifying this region is the to see the change in behavior  

 

Fig. 14 Stress-strain curves of the undisturbed soil 

 

Fig. 15 Typical plot of half-power bandwidth method for BH-2 at 75 kPa 
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through the soil column. The variation of the shear modulus 

over the shear strains will be presented in two parts: 1) BH-

1 values will be shown to interpret the behavior at different 

depths and 2) The data from all the points will be discussed 

together.  

Researchers have proposed many models that reflect the 

dynamic properties of soils. Among these models, Vucetic 

and Dobry (1991) produced a model depending on the PI 

value (Fig. 16), Darendeli (2001) offered a model regarding 

the PI, OCR, ’v and Ko values and finally Amir-Faryar et 

al. (2016) suggested a model related to fiber contribution in  

 

 

 

the soil sample. In order to verify the data, these models, 

which are widely used in the literature, were selected (Table 

2).  

Fig. 17 shows the behavior of the BH-1 at different 

depths. The initial rigidity of the soil rises as the depth 

increases. It is important to see that the capacity of the 

equipment is limited at the lower strains below 0.001%. As 

mentioned before, the effective stress and the PI are the 

prominent parameters to estimate the initial shear modulus. 

The resonant column tests can measure the shear 

modulus up to 0.2-0.3% of shear strain levels as seen in the  

 

Fig. 16 Vucetic and Dobry (1991) model of different PI values (Stewart et al. 2014) 

 

Fig. 17 Resonant column and dynamic triaxial experiment results of BH-1 
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figure. The threshold interval around 0.1% is also presented 

in the figure and the data signals that the shear modulus 

have a better consensus as the depth increases. At very 

shallow depths (2.5 and 7.5 m), there is a big gap for the 

shear modulus observed from the triaxial and resonant 

column tests; however, it closes down at deeper levels. 

Tests are customarily conducted at around 100 kPa (1 atm) 

and it may not be pointed out before that the shear modulus 

observed at this transition region is questionable at the 

depths close to the ground surface. On the other hand, two 

tests are in a harmony at the threshold strain interval at 

higher depths, especially over 1 atm. 

It was expected to see that the Gmax values increased 

depending on the depth. Regarding the BH-1 boring, there 

was a sudden rise after 10-15 m depth. The soil changes to 

ML-MH to CH at that depth along with the change in PI 

from 17-19% to 33-37%. The variation is not that high for 

other borings. Examining the results of the experiments on 

undisturbed samples at 15-20 m depth solely, it was seen 

that the Gmax of BH-1 with PI of 37% almost 4 times bigger 

than the rest with the PI value of 20% in average. The effect 

of PI value along with the effective stress on the change of 

Gmax values was clearly observed. 

Shear wave velocity measurement (Vs) was measured at 

the points where boreholes exist. Vs values obtained from 

resonant column experiments were compared with the 

seismic measurements performed in the field. The model 

has the R2 = 0.9158 given a good relation between the 

values and it is presented in Fig. 18.  

 

 

In addition, Gmax values obtained in the laboratory and 

Vs values obtained from the field were compared with the 

data obtained in the formula Gmax = ρ.Vs
2. Regarding the 

data, when in situ and laboratory measurements were 

compared, it was determined as R2=0.9475. 

Experiment results were compared with three reference 

models commonly used in the literature according to depths 

in order to evaluate and examine their accuracy. Vucetic 

and Dobry (1991), Darendeli (2001) and Amir-Faryar et al. 

(2016). The results were evaluated with the reference 

curves proposed. 

The observed normalized shear modulus data from the 

36 dynamic tests including the literature models are 

exhibited in Fig. 19. It should be noted that the PI value was 

averaged to calculate the reference curves. The TRX data 

falls in between the Vucetic and Dobry (1991) and 

Darendeli (2001) models whereas, the RC data follows 

Amir-Faryar et al. (2016) model mostly with some outliers 

at 0-5 m depth. For the higher depth of 5-10 m, the data at 

low strain levels have a very good match with the Amir-

Faryar et al. (2016) curve while it is obvious that the shear 

modulus data followed the Vucetic and Dobry curve at high 

strain levels. 

At the levels from 10m-20 m, the TRX results have a 

great agreement with Vucetic and Dobry (1991) and Amir-

Faryar et al. (2016) models as the Darendeli model stayed 

below being on the conservative side. The reason for that is 

the model offered from Darendeli (2001) is the average 

model constructed on a big data. The upper limit of the data  

Table 2 Reference model function 

Shear 

Modulus 

 

 
 

RC+TS 

experiments 

were carried 

out with 110 

samples from 

20 different 

areas. 

Darendeli 

(2001)  

Damping 

ratio 

 

 
 

Shear 

Modulus 

 

 
 

Two universal 

mathematical 

models are 

used.  

Amir-Faryar 

vd. (2016) 

Damping 

ratio 
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presented in his thesis have a good match with the data 

presented here. The RC data is a bit over the reference 

curves although it fairly tracks the Vucetic and Dobry and 

Amir-Faryar et al. (2016) models. It is interesting to see a  

 

 

 

good match on TRX data with the literature but 

overestimation of the RC data compared to the reference 

curves. 

There are only two undisturbed samples taken from the  

      

Fig. 18 Comparison of in-situ and laboratory measurements 

 

Fig. 19 Comparison of all shear modulus reduction values with reference curves 
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boring at 20-25 m depths therefore it is not that clear to 

come up some conclusions. However, both data showed that 

none of the reference curves are good to match with the test 

results. It is believed that none of the models were 

constructed for the high confining pressure levels therefore 

there is a bit difference between the models and the 

reference curves. 
 
5.2 Damping behavior  
 
Another important parameter underlying the dynamic 

behavior is the damping ratio over the shear strain. It shows 

the capacity of the absorbed energy to be able to finish the 

cycle. Damping values of the dynamic experiments were 

extracted from the loops and the variation over a wide strain 

range is presented in Fig. 20. It has been observed in the 

literature that the damping values are more scattered 

compared to the shear modulus values. As seen in the very 

shallow depths, the data is distributed over a larger range.  

The data showed similar behavior with reference curves 

between 0.001% and 0.01%, and results were lower than the 

reference curves for strain values greater than 0.01%. After 

the transition zone, the tendency follows the Amir-Faryar et 

al. (2016) model and falls on to the Vucetic and Dobry 

(2001) model at higher shear strains being over the 

reference curves.  

 

 
Investigating the depth of 5-10 m, it is seen that some 

points were a bit lower even though the data over all is 
close to the reference curve of Amir-Faryar et al. (2016) 
especially after the threshold interval. It is a clear point that 
the initial part overestimated by the models or at least the 
RC test data is not compatible with the curves as much. 

For the reference curves at the depth of 10-15 m and 
lower, it is seen that Vucetic and Dobry (1991) and Amir-
Faryar et al. (2016) show similar behavior. It is seen that 
RC and TRX test results are staying below compared to the 
reference curves and the difference increases with the rise 
in confining pressure. It can be seen that reference curves 
are generally observed at large deformation levels. 

The damping values are way dispersed in comparison to 
the lower depths for the data observed from 15-25 m levels. 
It is one obvious point is that a clear interpretation cannot 
be made due to the low values and the scattered data of the 
damping values at deeper levels. 

 
5.3 General normalised shear modulus and damping 

ratio models 
 
The data obtained as a result of the experiments were 

compared with the liter models and evaluations were made. 
Then all the data were combined. Data are limited to upper 
limit, lower limit and fitting curves and are shown in Figs. 
21 and 22. 

 

Fig. 20 Comparison of all damping ratio values with reference curves 
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For the reliability of the models, the correlation 

coefficient 'R' and the definition coefficient 'R2' are given. 

The closer this value is to 1.0, the higher the reliability of 

the model. If the R value is greater than 0.8, there is a good 

relationship between the two variables, whereas if it is less 

than 0.5, there is a weak relationship. After combining the 

data with the help of MATLAB®  software, the suggested 

models for these three limits were obtained.  

As a result of the analyzes made, the definition 

coefficient in the modulus reduction model recommended 

for clay samples between 0-50kPa for the lower limit is 

0.9966. The damping values of this curve are 0.9727. When 

examined as the upper limit, an identification coefficient of 

0.9968 was obtained in the modulus reduction model for 

samples between 200-250kPa, and 0.9261 in the damping 

value. 

 

 

 

After the experiments and evaluation of the data, the 

original proposed model was obtained as 0.944 in the 

modulus reduction model for ambient pressures between 

50-200kPa, and as 0.641 for the damping curve. The 

formulas and definition coefficients of these models are 

shown in Table 3. 

 
 

6. Conclusions 
 

The behavior of soils under dynamic loads is of great 

importance in the geotechnical and structural engineering 

fields. In order to design the structures both more safely and 

economically, the soil behavior at the ground surface should 

be estimated correctly as to take it into account for the.   

In this study, undisturbed soil samples were taken from 

 

Fig. 21 The model curve that best fitting the data for modulus reduction 

 

Fig. 22 The model curve that best fitting the data for damping ratio 
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different borings near one of the Turkey's major faults and 

resonant column dynamic characteristics (RC) and dynamic 

triaxial (TRX) tests were performed to determine the 

dynamic behavior of the soil. The obtained results are 

presented as follows: 

 

 

• The laboratory Vs values obtained from the RC 

experimental system and the values obtained from the field 

were compared and it was found that an R2 of 0.9158. The 

Gmax was calculated with the Vs values taken from the field 

and it was compared with values gained from the RC tests 

Table 3 General normalised shear modulus and damping ratio models 

Modulus Reduction 

(G/Gmax) 

 

RC+TRX 

experiments (36) 

were carried out with 

undisturbed samples 

under different 

confining pressure 

conditions. 

 

 

Lower 

 

(For clay PI:7-37, 

Confining Pres.:0-50kPa) 

 

General model: 

 

 
𝐺

𝐺𝑚𝑎𝑥
= 0.7296*exp(-52.01*) + 0.2743*exp(-2.894*)  

  

  Coefficients (with 95% confidence bounds): 

       

  R-square: 0.9966    

  Adjusted R-square: 0.9952    

     

 

 

Mean 

 

(For clay PI:7-37, 

Confining Pres.:50-

200kPa) 

General model: 

 

 
𝐺

𝐺𝑚𝑎𝑥
= 0.7911*exp(-6.776*)  +  0.2124*exp(-0.4891*) 

 

 Coefficients (with 95% confidence bounds): 

 

 R-square: 0.944 

 Adjusted R-square: 0.9437 

 

 

 

Upper 

 

(For clay PI:7-37, 

Confining Pres.:200-

250kPa) 

General model: 

    

  
𝐺

𝐺𝑚𝑎𝑥
= 0.7224*exp(-2.348*) + 0.2931*exp(-0.2406*) 

   

 Coefficients (with 95% confidence bounds):  

      

 R-square: 0.9968    

 Adjusted R-square: 0.9954    

     

Damping ratio (D,%) 

 

RC+TRX 

experiments (36) 

were carried out with 

undisturbed samples 

under different 

confining pressure 

conditions. 

Lower 

 

(For clay PI:7-37, 

Confining Pres.:0-50kPa) 

General model: 

    

 𝐷 =3.656*^(0.5002)   

   

Coefficients (with 95% confidence bounds):   

    

 R-square: 0.9727    

 Adjusted R-square: 0.9702    

     

Mean 

 

(For clay PI:7-37, 

Confining Pres.:50-

200kPa) 

General model: 

    

𝐷 =11.69 *^(0.3242)   

    

 Coefficients (with 95% confidence bounds):  

  

       

 R-square: 0.641    

 Adjusted R-square: 0.6405    

     

Upper 

 

(For clay PI:7-37, 

Confining Pres.:200-

250kPa) 

General model:  

   

𝐷 =19.89*^(0.1621) 

      

 Coefficients (with 95% confidence bounds):  

     

 R-square: 0.9261    

 Adjusted R-square: 0.922    
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in the laboratory. It was noted that an R2 of 0.9475. 

• A transition zone is defined around 0.1% where the results 

of the RC-TRX tests performed on the undisturbed samples 

are combined. It is seen that the shear modulus of the 

samples in this region do not match at shallow depths 

having a big gap whereas the differences between the TRX 

and RC shear modulus disappear as the confining pressure 

increases, especially over 100 kPa.  

• The tests were conducted at every 5m and the observed 

shear modulus and damping behavior are compared with the 

reference curves widely used in the literature. The results 

showed that the data is generally compatible with the 

reference curves but some difference was noticed at higher 

depths.  

• After evaluating the accuracy of the test results, three 

modulus reduction models and damping curves are 

proposed to be evaluated at different confined pressures. 

It is considered that these models can be used for similar 

soils due to the cost and time-consuming to find the 

dynamic parameters of the soils through the laboratory 

testing. 
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