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Abstract 

The dynamic behavior of sand samples in earthquake-prone regions must be thoroughly characterized and 
incorporated into building design processes. Seismic events induce significant changes in the stress-strain 
behavior and strength characteristics of soils, which in turn lead to ground deformations and potential 
structural damage. Therefore, it is essential to determine key dynamic soil properties such as the maximum 
shear modulus, the normalized shear modulus reduction curve, and the damping ratio curve, which are 
representative of the site conditions. However, the laboratory-based determination of the maximum shear 
modulus is both time-consuming and costly. To address this limitation, empirical models have been 
developed to provide practical alternatives for researchers. In this study, a series of resonant column tests 
were conducted on silty sand samples collected from a site located along the North Anatolian Fault Zone 
(NAFZ), one of the most active fault systems in Turkey. The tests were performed under varying confining 
pressures, void ratios, and water contents. Based on the experimental results, an empirical model with high 
predictive capability is proposed for engineering applications. The R2 (0.6537, 0.7683, 0.8312) and RMSE 
(1.88, 1.76, 1.91) values of these models have been obtained. 

Keywords: Shear modulus, Damping ratio, Resonant column, Empirical model 

Boşluk Oranı ve Su Muhtevasının Kumların Düşük Kayma Modülüne Etkisi 

Özet 

Deprem riski taşıyan bölgelerdeki kum numunelerinin dinamik davranışı ayrıntılı şekilde belirlenmeli ve yapı 
tasarım süreçlerinde dikkate alınmalıdır. Depremler, zeminlerin gerilme-şekil değiştirme ilişkisi ile dayanım 
özelliklerinde önemli değişikliklere yol açmakta, bu durum ise zemin deformasyonlarına ve yapısal 
hasarlara neden olmaktadır. Bu nedenle bölgeye özgü zemin özelliklerini yansıtan maksimum kayma 
modülü, normalize kayma modülü azalma eğrisi ve sönüm oranı eğrisi gibi dinamik zemin parametrelerinin 
belirlenmesi gerekmektedir. Ancak, maksimum kayma modülünün laboratuvar ortamında belirlenmesi hem 
zaman alıcı hem de maliyetlidir. Bu nedenle araştırmacıların kullanımına yönelik pratik çözümler sunan 
ampirik modeller geliştirilmiştir. Bu çalışmada, Türkiye’nin en aktif fay sistemlerinden biri olan Kuzey 
Anadolu Fay Zonu (KAFZ) üzerinde yer alan bir bölgeden alınan siltli kum numuneleri üzerinde farklı çevre 
basıncı, boşluk oranı ve su içeriği değerleri altında rezonant kolon deneyleri gerçekleştirilmiştir. Elde edilen 
deneysel veriler doğrultusunda mühendislik uygulamalarında kullanılabilecek yüksek öngörü gücüne sahip 
bir ampirik model önerilmiştir. Bu modellerin R2 (0.6537, 0.7683, 0.8312) ve RMSE (1.88, 1.76, 1.91) 
değerleri elde edilmiştir. 

Anahtar Kelimeler: Kayma modülü, Sönüm oranı, Rezonant kolon, Ampirik model 
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1. INTRODUCTION 

The seismic response of various soil types is governed by a multitude of interrelated factors, including soil 

composition, stratification, intrinsic dynamic properties, and soil-structure interaction mechanisms. A 

comprehensive understanding of these parameters is essential for developing of reliable seismic design 

methodologies and effective risk mitigation strategies, particularly in seismically active regions [1-3]. 

Under dynamic loading conditions, soils undergo stress-induced deformations that can significantly 

influence the seismic performance of overlying structures. Consequently, the characterization of soil 

behavior under cyclic or repeated loading becomes critical to accurately estimate the seismic demands 

imposed on structural systems [4-5]. 

As seismic waves propagate from the earthquake source toward the ground surface, their amplitude and 

frequency content are modulated by the intervening soil layers. This interaction can result in either 

amplification or attenuation of the wave energy, directly affecting the extent of surface-level damage. 

Therefore, detailed investigations into the dynamic behavior of subsurface soils are imperative to predict 

and mitigate potential seismic hazards [6-7]. In this regard, both laboratory and in-situ testing play a pivotal 

role in determining the stress-strain response of soils subjected to cyclic loading. The dynamic parameters 

derived from such testing particularly shear wave velocity, shear modulus, and damping ratio are essential 

inputs for numerical modeling of seismic wave propagation and for the rational design of earthquake-

resistant infrastructure [8-9]. 

Among the various laboratory techniques developed for dynamic soil characterization, the Resonant 

Column (RC) test remains one of the most extensively employed methods for evaluating small-strain 

behavior. This test, standardized under ASTM D4015, enables the determination of shear modulus (G) and 

damping ratio within a controlled shear strain range typically between 0.001% and 0.1%. Numerous studies 

have employed RC tests to investigate the small-strain stiffness of sands, clays, and silty soils, contributing 

valuable insights into their deformation characteristics under seismic loading [10-11]. However, the 

accurate determination of dynamic soil properties often requires high-precision instrumentation, significant 

laboratory effort, and considerable financial and time investments. Moreover, the limited availability of 

advanced testing facilities can restrict the routine implementation of such tests, particularly in regions 

lacking the required infrastructure. 

In response to these constraints, recent research has increasingly focused on developing of empirical models 

capable of predicting key dynamic parameters such as maximum shear modulus (Gₘₐₓ), based on more 

accessible geotechnical input data. These models offer a cost-effective and time-efficient alternative for 

large-scale seismic site characterization and are particularly valuable in situations where conventional 

laboratory testing is impractical or infeasible [12-15]. 

Within this research context, resonant column tests were conducted on silty sand specimens retrieved from 

a seismically active region to evaluate the influence of key variables such as void ratio, confining pressure, 

and water content on Gₘₐₓ. Based on the experimental findings and subsequent statistical analysis, a 

practical and robust empirical model has been proposed for estimating Gₘₐₓ, offering a high degree of 

applicability for engineering assessments in similar soil conditions. The primary aim of this study is to 

determine the shear modulus and damping ratio of sands at low strain levels. Considering certain 

limitations, a model has been proposed to serve as a practical tool for researchers in their studies or under 

laboratory conditions. This model is particularly recommended because the experimental setup is 

challenging to implement and time-consuming compared to other test series. 

The model developed by Darendeli (2001) constitutes a significant reference in the field of soil dynamics, 

particularly for examining the behavior of sandy soils at small to medium shear strain levels. Compared to 

other models in the literature, the Darendeli model successfully captures the general trends, although it 

tends to slightly underestimate G/Gₘₐₓ values for soils with high plasticity indices; therefore, the limitations 

and uncertainties of the model should be carefully considered in engineering applications. Within this 
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context, the Darendeli model is regarded as a critical tool for analyzing the dynamic properties of sandy 

soils and providing reliable predictions in geotechnical design. 

2. MATERIALS AND METHODS 

2.1 Resonant Column Test System 

One of dynamic parameters of soils, the maximum shear modulus (Gₘₐₓ), can be determined through both 

field and laboratory testing methods. In laboratory settings, the Resonant Column Test System (RCTS) is 

commonly used to calculate Gₘₐₓ by applying shear waves to the soil specimen. In this system, longitudinal 

or torsional vibrations are induced in the specimen, and the shear wave velocity is measured accordingly 

(Hardin and Richart, 1963). The connection mechanism and vertical cross-section of the Resonant Column 

Test System are illustrated in Figure 1. 

The testing apparatus operates by fixing the specimen at the base while exciting it with vertical or torsional 

vibrations. Once the fundamental resonant frequency is identified, the resonance frequency and vibration 

amplitude are measured. Using the principles of elasticity theory, shear strain and wave propagation 

velocity are calculated. The shear modulus is then derived from the measured wave velocity and the density 

of the specimen. Based on the determined resonant frequency, amplitude values and half-power bandwidth 

points are obtained, from which damping values are subsequently calculated. Through this testing 

procedure, both shear modulus (G) and damping ratio (D) values can be accurately determined within a 

strain range of approximately 0.001% to 0.1% [16]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Resonant column test system 

Initially, an experimental program was developed for the study, as presented in Table 1. Subsequently, 

Resonant Column (RC) tests were conducted in accordance with this program. The test setup, as illustrated 

in Figure 2, includes the soil specimen, motor, proximity sensor (proxiometer) and pressure valves. This 

configuration represents the general layout of the experimental system.  
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Figure 2. Experimental equipment and sample placement 

The confining pressure required during testing is supplied by a compressor unit. In the test system, a 

specimen placement apparatus was first used to position the membrane, and the sand sample was then 

placed under vacuum. Specimens were prepared at different void ratios (e = 0.70, 0.80) and varying water 

contents (w = 0.05, 0.10, 0.15), as shown in Figure 8. After sample preparation, the cell was assembled 

around the specimen, and the valve settings were adjusted accordingly. Confining pressures of 50, 100, and 

150 kPa were applied through the system during testing. Using the force generated by the motor, the 

required dynamic parameters were obtained. A total of 18 tests were performed throughout the study. As a 

result of these experiments, the maximum shear modulus (Gₘₐₓ) and damping ratio (D) values were 

determined [17]. The properties of the specimen used in the experiment are as follows: Soil index: SC, (Gₛ) 

= 2.60, LL: 49%, PL: 37%. 
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Table 1. Test programme 

Test 

No 

Sample 

No 

Test 

type 

Void 

ratio 

(e) 

Water 

content 

(w%) 

Confining 

Pressure 

(kPa) 

1 S-1 RC 0.70 0.05 50 

2 S-1 RC 0.70 0.05 100 

3 S-1 RC 0.70 0.05 150 

4 S-2 RC 0.70 0.1 50 

5 S-2 RC 0.70 0.1 100 

6 S-2 RC 0.70 0.1 150 

7 S-3 RC 0.70 0.15 50 

8 S-3 RC 0.70 0.15 100 

9 S-3 RC 0.70 0.15 150 

10 S-4 RC 0.80 0.05 50 

11 S-4 RC 0.80 0.05 100 

12 S-4 RC 0.80 0.05 150 

13 S-5 RC 0.80 0.1 50 

14 S-5 RC 0.80 0.1 100 

15 S-5 RC 0.80 0.1 150 

16 S-6 RC 0.80 0.15 50 

17 S-6 RC 0.80 0.15 100 

18 S-6 RC 0.80 0.15 150 

3. RESULTS AND DISCUSSION 

The determination of the dynamic parameters of sand specimens specifically the shear modulus and its 

variation with shear strain provides critical insight into the soil’s behavior under dynamic loading 

conditions. These parameters are particularly important for understanding how the soil responds during 

seismic events. Moreover, identifying the influence of various factors on dynamic parameters allows for a 

better assessment of how these factors alter soil response under such loading conditions. 

In the present study, a total of 18 different test sets were prepared. The experimental program can be 

evaluated in two stages. In the first stage, the effects of increasing water content and confining pressure 

were investigated. Water content values were systematically increased as w = 0.05, 0.10, and 0.15, while 

confining pressures were applied at 50, 100, and 150 kPa.  

 
Figure 3. Effects on damping ratio 

In the analysis of the test results, the influence of water content variation was first examined. The increase 

in water content exhibited a noticeable impact at all confining pressure levels. Additionally, it was found 

that void ratio also significantly influenced the dynamic parameters. As shown in Figure 3, damping ratio 
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values for two different void ratios were compared. For each of the three confining pressures (50, 100, and 

150 kPa), changes in damping ratio reached approximately 40%. This highlights the void ratio as a critical 

factor affecting dynamic soil behavior. 

According to the results, an increase in water content led to a reduction in shear modulus values. This 

behavior can be attributed to the fact that, although the sand samples were adequately compacted, the 

presence of water interfered with interparticle contacts, reducing the overall stiffness and strength of the 

specimens. This trend was consistently observed across all confining pressure levels. 

The results for Tests 1-9, focusing on shear modulus–shear strain behavior and damping ratio values, are 

presented in Figures 4 and 5. 

 
Figure 4. Effects of water content 
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Figure 5. Effects of water content 

Regarding the effect of water content, Figure 4 presents results obtained at a constant void ratio (e = 0.70). 

The initial tests conducted at w = 0.05 revealed a direct relationship between confining pressure and shear 

modulus. As water content increased to w = 0.10 and 0.15, a corresponding decrease in shear modulus was 

observed. Furthermore, additional experiments at a higher void ratio demonstrated that both water content 

and void ratio contributed to the reduction in shear modulus values. Specifically, increasing the void ratio 

resulted in a further decline in shear stiffness. 

To evaluate the experimental results, the widely adopted Darendeli (2001) [18] model was employed for 

comparison. This model was selected as it provides more accurate results at low strain levels. As illustrated 

in Figure 6, the experimental data obtained at confining pressures of 50, 100, and 150 kPa were assessed 

against this model. While the experimental results exhibited slightly lower values than those predicted by 

the model, they remained within the overall data range. Furthermore, the agreement between the model and 

the experimental results improved with increasing confining pressure. 
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Figure 6. Validation of experimental results 

When evaluating the experimental data, it was determined that both increasing water content and void ratio 

adversely affect the shear modulus, indicating an inverse relationship (Figure 7). Based on these findings, 

empirical models were proposed to estimate the shear modulus for sand samples within the tested range of 

water content and void ratio. These models aim to assist researchers in preliminary evaluations and to 

reduce time and cost in future studies. The proposed values are presented in Table 2. 

Due to the time-consuming nature and high costs associated with determining the dynamic parameters of 

soils through laboratory testing, this study proposes new empirical models to support and facilitate future 

research in this field. Increasing the amount of experimental data is expected to enhance the reliability of 

such models. In this study, the empirical models presented in Table 2 were developed based on the influence 

of confining pressure, water content, and void ratio. For all confining pressure levels, the water content 

range was defined as w = 0.05–0.15, and the void ratio range as e = 0.70–0.80. 
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Figure 7. General shear modulus assessment 

For structures where the first 15 meters of soil depth are especially critical, the coefficient of determination 

(R²) values for the proposed models were calculated as follows: 

R² = 0.6537 at a confining pressure of 50 kPa 

R² = 0.7683 at 100 kPa 

R² = 0.8312 at 150 kPa 

These values indicate an acceptable level of model accuracy for practical applications. The RMSE values 

obtained (1.88, 1.76, and 1.91) indicate a good agreement between the model predictions and the 

experimental results, with errors remaining below 2 across all confining pressures. 

Table 2.  General normalized shear modulus model 

4.CONCLUSION 

Accurate identification of soil layers and the evaluation of their behavior under dynamic loads are essential 

for the safe design and construction of civil engineering structures. Laboratory-based experimental methods 

are widely used to assess the dynamic response of soils. Among the factors influencing the dynamic 

parameters of sandy soils, water content and void ratio are particularly significant. Given the high time and 

financial costs of traditional testing, many researchers have focused on models under various conditions to 

provide time-saving and cost-effective solutions. 

 

Shear 

Modulus 

(MPa) 

50 

kPa 

G= (-65.463) * γ+11.429  

R2=0.6537 

w:0.05-0.15, 

e:0.7-0.8 
RMSE:1.88 

100 

kPa 

G= (-78.622) * γ+13.549 

R2=0.7683 

w:0.05-0.15, 

e:0.7-0.8 
RMSE:1.76 

150 

kPa 

G= (-98.371) * γ+17.729 

R2=0.8312 

w:0.05-0.15, 

e:0.7-0.8 
RMSE:1.91 
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The main findings of this study are summarized below: 

 Determining the dynamic behavior of sandy soils and evaluating their impact on structures is of critical 

importance in geotechnical engineering. 

 The Resonant Column Test system was effectively used to evaluate both shear modulus and damping 

ratio at small strain levels in sandy soils. 

 An increase in void ratio was found to adversely affect dynamic parameters, resulting in lower shear 

modulus values. 

 Increasing water content also led to a reduction in shear modulus values. 

 The effect of confining pressure was observed in all specimens, with both water content and void ratio 

influencing the damping ratio. 

 Based on these influences, empirical models were proposed specifically for sandy soils within defined 

boundary conditions to estimate shear modulus. 

 The proposed models showed reliable coefficients of determination (R²), indicating their potential 

applicability in future studies. 

In conclusion, since determining the dynamic parameters of sandy soils at small strain levels is both time-

consuming and costly, the development of empirical models within defined ranges of influencing factors is 

important. Such models can assist researchers in preliminary assessments and contribute to more efficient 

and cost-effective geotechnical analysis. 

The accurate determination of the behavior of sandy soils under dynamic loading is of critical importance 

for geotechnical engineering applications. Consistent with previous research (Hardin and Richart, 1963; 

Vucetic and Dobry, 1991 [19–20]), this study has demonstrated that void ratio and water content are key 

factors affecting the shear modulus and damping ratio at small strain levels. Resonant Column Tests ensured 

reliable measurement of these parameters, revealing that higher void ratios and increased water content 

reduce the shear modulus, while the damping ratio is influenced by void ratio, water content, and effective 

confining pressure. Within the defined boundary conditions of this study, the empirical models developed 

for sandy soils exhibited strong predictive capability, as indicated by high coefficients of determination 

(R²). The findings are consistent with existing literature and support the use of empirical models as a time- 

and cost-efficient approach for determining the dynamic parameters of sandy soils, providing valuable 

contributions for preliminary assessments in geotechnical design and analysis. 
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