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Determining the shear wave velocity of subsoil (Vs) is one of the 

important parameters in the seismic design of structures. To determine the 

equivalent shear wave velocity in layered soil (𝑉𝑆̅), several approximated 

relations and, in some cases, analytical ones have been proposed. The present 

study aims to determine the equivalent shear wave velocity in the top 30 

meters (𝑉𝑆̅
30) in single layer soil with variable shear modulus, and also in 

two- and three-layered soil using numerical analysis. For the numerical 

investigation, ABAQUS based on finite element method (FEM) was used 

and modal analysis was performed by calculating the eigenvalues. The 

obtained values were compared with analytical and other approximated 

relations including the presented relation by the Iranian Code of Practice for 

Seismic Resistant Design of Buildings (Standard2800). The results show 

that, when the upper layers have smaller Vs than that of the lower layers, 

Standard2800 relation presents smaller values than that of the numerical 

results for the 𝑉𝑆̅
30. Also, when the lower layers have smaller Vs than that of 

the upper layers, Standard2800 relation presents larger values. Also, an 

absolute agreement was observed between numerical and analytical results 

and Standard2800 relation has better consistency with numerical and 

analytical results compared with other similar cases. In addition, 

Evolutionary Polynomial Regression (EPR) was used to derive an accurate 

model expressing 𝑉𝑆̅
30 in terms of dimensionless parameters in two-layered 

soil. 

© 2019 INT TRANS J ENG MANAG SCI TECH. 

1. INTRODUCTION 
It is obviously recognized that the effect of the site is the most important characteristic of ground 

motion and has a well-known influence on the earthquake damage. During an earthquake, the ground 

motion traits of the site are specifically affected by the soil deposits (Maheswari et al. 2008, Trifunac et 

al. 2016).  Shear wave velocity of soil (Vs) is regarded as the main parameter for site classification and 
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evaluation of earthquake hazard because of its great effect on the local ground motion amplification 

(Seshunarayana & Sundararajan 2012). Vs has long been known as being a fundamental parameter for 

considering the dynamic properties of soil and representing the stiffness of the soil layers and its relation 

to the amplification of the ground (Roy and Sahu 2012). 

In current engineering practice, consideration of the equivalent shear wave velocity ( 𝑉̅𝑠 ) is 

implemented by using different design spectra for different site classes specified in seismic codes (Street 

et al. 1997). A variety of approximated relations have been proposed in order to determine 𝑉̅𝑠  in 

uniformed layered soil with a different height (Hi), shear wave velocity (Vsi), and density (ρi) that 

overlying the rigid bedrock according to Figure 1 (Sawafa, 2004). 

 

Figure 1: Soil layers with different height, shear wave velocity, and specific mass (Sawafa, 2004) 

 

One of the recognized but simple relations soil is the identification of  𝑉𝑆̅ based on the weighted 

average of natural periods of different layers by Eq. 1 (Mohamed et al 2013). 
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This approximated relation has been used to determine 𝑉𝑆̅ in most of the codes for the seismic 

design of buildings including UBC97 (1997), IBC (2006), EuroCode08 (2008), NEHRP (2009), NBCC 

(2011), and also Iranian Code of Practice for Seismic Resistant Design of Buildings (Standard2800) 

(2014). Based on this relation, the arrangement of soil layers is not important for the calculation of the 

𝑉𝑆̅. In the Iranian Code of Practice for Seismic Resistant Design of Buildings (Standard 2800), based 

on 𝑉𝑆̅ in the top 30 meters of site (𝑉𝑆̅
30), soil can be classified into I, II, III and IV types in regard to 

Table 1. 

 

Table 1: Soil types based on 𝑉𝑆̅
30 (Standard2800, 2015) 

Soil profile type V̅s
30

 (m/sec) 

I V̅s
30

>750 

II 375<V̅s
30

≤750 

III 175<V̅s
30

≤375 

IV V̅s
30

≤175 

Among those approximated relations used for determining 𝑉̅𝑠, the method of the weighted average 

of the shear wave velocity of soil layers (WAV) (Madera, 1971) can be calculated  based on 
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This approximated relation has been used in Building Japanese Code (Estrada, 2004). 

Another approximated relation used for determining 𝑉̅𝑠 is based on the method of the weighted 

average of the shear wave velocity of soil layers (WAV) (Vijayendra et al. 2015) can be calculated by 
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        (3), 

where 𝐺̅𝑆 and 𝜌̅𝑆 are the equivalent shear modulus and the equivalent density of soil, which 

can be determined by Equations (4) and (5), respectively. 
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The term S iG
is the shear modulus of each layer. 

2. FINITE-ELEMENT MODELING AND BASELINE ANALYSIS MODEL 

The present study aims to estimate the numerical value of the 𝑉𝑆̅
30 and compare the values obtained 

from the relation proposed by Standard2800 (Eq. 1) for different soil layers. In some cases, some 

analytical relations have been presented by researchers, which were also compared in order to give better 

validation. Moreover, the results obtained from the approximated methods including WAM and WAV 

were compared with the numerical and analytical results. Also, Evolutionary Polynomial Regression 

(EPR) is used to derive an equation indicating 𝑉𝑆̅
30 in terms of dimensionless parameters for two-layered 

soil. 

For numerical investigation of the problem, finite elements software ABAQUS 6.12-3 was used. 

The modal analysis was conducted by calculating the eigenvalues. Accordingly, the fundamental period 

of the site including different layers (𝑇̅) can be determined and the required 𝑉𝑆̅ can be estimated by Eq. 

6 (Roser and Gosar, 2010). 
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        (6). 

Parameter H is the total height of all the layers. In all the investigated cases in this paper, the total 

height of the layers is assumed 30m and overlying rigid bedrock. 

This research was conducted based on a two-dimensional model (plane strain). According to the 

modal analysis, soil behavior was assumed as a linear elastic one. Figure 2a shows the meshed model of 

the three-layered soil that is developed for modal analysis and the first vibration mode and the 
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corresponding frequency (output of FE) are illustrated in Figure 2b. 

 

Figure2  a) A three-layered uniformed soil layer; meshed in ABAQUS (plane strain) 

b) First vibration mode (along axis-x) obtained from the modal analysis 

 

In the following different layers, arrangements were illustrated and the numerical and analytical 

results were compared with Standard2800 and the other approximated and analytical relations. 

3. 𝐕𝐒
̅̅ ̅30 IN A SINGLE-LAYERED SOIL WITH LINEAR VARIATIONS IN THE 

SOIL SHEAR MODULUS 

In a soil layer with height H overlying rigid bedrock with linear variations of shear modulus in 

which the shear modulus of soil in upper and lower layers are 𝐺0 and 𝐺𝐻, respectively, 𝑉̅𝑠 is equal to 

the shear wave velocity of the soil at the depth of 𝑍𝑒𝑞. Based on Dobry et al. (1976) results, 𝑍𝑒𝑞 can be 

calculated by the results of the partial Bessel's equations based on K value or according to Figure 3 (𝐾 =

√𝐺𝑂/𝐺𝐻). K>1.0 represents the decrease, while K<1.0 represents the increase in the shear modulus at 

the depth of soil. 

 
Figure 3: Determining the equivalent depth for the soil with linear variations of shear modulus 

in depth (after Dobry et al. (1976)). 

Although the relation proposed by the Standard2800 does not include in this case, VS of each layer 
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can be calculated and 𝑉𝑆̅ can be estimated through the stairway classification of soil into several layers. 

To this end, the soil with 30m high and linear variable shear modulus consists of 10 layers with 3m high 

is considered and 𝑉𝑆̅
30 is estimated based on the Standard2800. The same process is also carried out in 

numerical modeling. For different K values, the equivalent depth ratio (Zeq/H) is compared based on the 

analytical and numerical methods, Standard2800 relation, WAM and WAV methods in Figure 4. 

The results show an appropriate agreement between numerical and analytical results. Minor 

differences between the results could be related to the linear variations of the shear modulus in the 

analytical method and the stairway variations in the numerical modeling. The proposed relation by 

Standard2800 predicts the equivalent depth, particularly due to the increase in the shear modulus at 

depth which is not significantly lower than the obtained results of the numerical and analytical methods. 

 
Figure4: Zeq/H with linear variations of shear modulus by different methods. 

 

 

Figure 5: Soil profile with two different uniformed layers (ρA=ρB). 

4. 𝐕𝐒
̅̅ ̅30 IN TWO-LAYERED SOIL 

According to the analytical results the fundamental period (𝑇̅) for a site consisting of two layers A 

and B located on the rigid bedrock (Figure 5), with height and shear wave velocity of HA, HB, and VsA, 

VsB respectively, can be calculated by Equation (7) (Oskay and Zeghal, 2011). 
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where 𝑇𝐴 =
4𝐻𝐴
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 and 𝑇𝐵 =

4𝐻𝐵

𝑉𝐵
 are respectively the fundamental period of layers A and B, in the 

absence of other layers, and 𝑇̅ is the fundamental period of the two-layered soil, respectively. Having 

T̅ from the above equation and given Equation (6), 𝑉𝑆̅
30 can be calculated using Equation (8). 
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where HA+HB = H = 30m. Results obtained by the numerical method, analytical methods, the relation 

proposed by the Standard2800, and other approximated methods are calculated and compared for a 

two-layered soil for the following cases. Finally, Evolutionary Polynomial Regression (EPR) was used 

to derive an accurate equation expressing 𝑉𝑆̅
30 in terms of dimensionless parameters. These results are 

based on VsA=200m/s and can be generalizable for other dimensionless ratios. 

4.1 A WEAK SOIL LAYER ON A STRONG LAYER WITH VARIABLE HEIGHT 
In this case, two soil layers with different heights with the total height of 30m were considered and 

the effect of 
𝐻𝐴

𝐻𝐴+𝐻𝐵
 on 

𝑉𝑆̅̅ ̅̅ 30
 

𝑉𝑠𝐴
 was investigated. Also, it was assumed that 𝑉𝑠𝐴 = 0.2𝑉𝑠𝐵. 

The results (Figure 6) showed Srandard2800 which produced lower values for 𝑉𝑆̅
30, especially for 

lower values of the ratio 
𝐻𝐴

𝐻𝐴+𝐻𝐵
. Moreover, there was an absolute agreement between results of the 

numerical finite element method and the results of analytical analysis. The approximated relation in 

Standard2800 had better consistency with the analytical results compared to the approximated methods 

of WAM and WAV. 

 

Figure 6: 
𝑉𝑆̅̅ ̅̅ 30 

𝑉𝑠𝐴
 with variable height. 

 

HA=HB=15m and VsB= α×VsA 

Results obtained for 
𝑉𝑆̅̅ ̅̅ 30

 

𝑉𝑠𝐴
  showed that for α>1.0 (the weak layer on top), the Standard2800 

provided lower values for the ratio of 𝑉𝑆̅
30 than those provided by analytical and numerical results and, 

for α<1.0 (the weak layer in the bottom), the Standard2800 would result in higher values than those for 

the analytical and numerical results. Also, the numerical results were completely in agreement with the 

analytical results and the approximated relation proposed by the standard2800 had better consistency 

compared to the approximated methods of WAV and WAM. (Figure 7).  

 

HA=10m, HB=20m and VsB= α×VsA 

The findings for 
𝑉𝑆̅̅ ̅̅ 30 

𝑉𝑠𝐴
 were in line with those of the previous case, however, the difference 

between the results of the Standard2800 relation and the numerical analysis as well as analytical results 

were more obvious for α >1.0 (Figure 8). In the present case, the approximated relation in the 

Standard2800 had better consistency compared to the approximated WAV and WAM methods. 
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Figure 7 
VS̅̅ ̅̅ 30 

VsA
 for HA=HB and different values of α. 

 

 

Figure 8: 
VS̅̅ ̅̅ 30 

VsA
 for HA=0.5HB and different values of α. 

 

 

Figure 9: 
VS̅̅ ̅̅ 30 

VsA
 for different values of α and HA/H 

4.2 𝑽𝑺
̅̅̅̅ 30 IN TWO LAYERED SOIL WITH EPR MODELLING 

Equation (8) is a closed-form equation and 𝑉𝑆̅
30/VA can be determined using Figure 9, directly.  

Based on Figure 9, 
𝑉𝑆̅̅ ̅̅ 30 

𝑉𝑠𝐴
 can be expressed with a relation in terms of two dimensionless variables of α 
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and HA/H. This relation was derived using the Evolutionary Polynomial Regression (EPR). This 

technique uses multi-objective genetic programming to derive regression equations by creating 

symbolic models (Giustolisi and Savic, 2006). This technique was originally used for modeling 

environmental phenomena, but later found applications in geotechnical engineering for predicting and 

evaluating surface settlement (Rezania and Javadi, 2007), soil permeability characteristics and soil 

compressibility (Ahangar-Asr et al. 2011) and liquefaction potential of sand (Shahnazari et al, 2013). In 

this study, the problem was modeled using a software application with the EPR name, which has been 

coded in MATLAB (Giustolisi and Savic, 2006). 

When developing the model, two-thirds of the 270 available data instances were randomly chosen to 

operate as training data and the remaining one-third was used as test data. This EPR modeling yielded 

Equation (9), which expresses 
𝑉𝑆̅̅ ̅̅ 30 

𝑉𝑠𝐴
  as a function of dimensionless parameters of α and HA/H. 
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where e is Euler's number. To examine the performance of the chosen model, statistical measures 

including the correlation coefficient (R), the slope of the regression line in the plot of actual against 

predicted values (k), and the slope of the regression line in the plot of predicted against actual values (k/) 

were investigated. R, k and k/  obtained from Eq. 10 to 12, respectively. These values are presented in 

Table 2 for training and test data (Rashed et al 2011). 
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Where hi and ti are, respectively, the numerical and predicted results for data instance i; ih and it  are 

the mean values of numerical and predicted results, and N is the number of samples. The closer R, k and 

k/ the values close to 1, the higher the accuracy of model predictions (Rashed et al 2011) is.  Based on a 

rational hypothesis, Smith (1986) has suggested that 
0.8R 

 indicates strong proximity between 

actual and predicted values. Golbraikh and Tropsha (2002) have suggested that for a model to be 

suitable, either k or k/ should be between 0.85 and 1.15. As seen in Table 2, the results obtained for 

training and test data show acceptable proximity, which reflects the suitable accuracy of the derived 
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equation. 

Table 2: Evaluation of  
VS̅̅ ̅̅ 30 

VsA
 estimation model 

Data Type Number number k/ k R 

Trained 180 1.0462 0.9135 0.9744 

Tested 90 1.0587 0.9138 0.9594 

All 270 1.0507 0.9136 0.9654 

5. 𝑽𝑺
̅̅̅̅ 30 IN THREE-LAYERED SOIL 

In this case, three layers with the height of 10m were modeled and the shear wave velocity of upper, 

middle, and lower layers was assumed to be 
Vs

α
, Vs, and α×Vs, respectively (Figure 10). According to 

Figure 11, the results showed that, for α>1.0 (increase in the Vs in the lower layers), the Standard2800 

presented lower values for the 𝑉𝑆̅
30 and, for α<1.0 (decrease in the Vs in lower layers), the Standard2800 

presented higher values. Based on the Standard2800, an arrangement of the layers had no effect on the 

𝑉𝑆̅ and the values would be equal to α=0.5 and α=2.0. This assumption was not valid for the numerical 

results. 

Also, the results obtained through WAM and WAV methods had significant and marked differences 

compared to those of the numerical results. These results are based on Vs=200m/s and can be 

generalizable for other dimensionless ratios. 

 
Figure 10: A three-layered uniformed soil with different shear wave velocity. 

 

 

Figure 11: 
𝑉𝑠̅̅̅̅ 30

𝑉𝑠
 for different values of α. 

6. 𝑽𝑺
̅̅̅̅ 30 IN A WEAK SOIL LAYER BETWEEN A STRONG LAYER 

In this case, according to Figure 12, a soil layer with the height of H=30m and shear wave velocity 

of VS was assumed in which a weak layer with a height of 2m and shear wave velocity of 0.1Vs was 

located. In this condition, the effect of depth of the weak layer (H1) was investigated on the soil. 

According to the Standard2800, apart from the depth of this weak layer, the equivalent shear wave 
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velocity in the top 30 meters was equal to 𝑉𝑆̅
30= 0.625𝑉. It represented 𝑉𝑆̅

30 = 0.940𝑉 and 𝑉𝑆̅
30 =

0.966𝑉 for WAV and WAM methods, respectively. However, the obtained numerical results revealed 

that 
𝑉𝑠̅̅̅̅ 30

𝑉𝑠
 decreases with an increase in 

𝐻1

𝐻
 (Figure 13).  To put simply, when the weak layer was near 

the surface of the ground, the numerical results led to lower values, while in the case in which the weak 

layer was at the depth of the soil, the results presented higher values for the 𝑉𝑆̅
30 . Also, WAV and WAM 

methods produced higher values for the 𝑉𝑆̅
30. These results are based on Vs=200m/s and can be 

generalizable for other dimensionless ratios. 

 

 

Figure 12: A weak layer in the middle of the strong layer. 

 

 

Figure 13: 
𝑉𝑠̅̅̅̅ 30

𝑉𝑠
  for different values of 

𝐻1

𝐻
. 

7. 𝑽𝑺
̅̅̅̅ 30 IN THREE-LAYERED SOIL PROFILE WITH DIFFERENT 

ARRANGEMENTS 

In order to investigate the soil arrangement in 𝑉𝑆̅
30 in regard to Figure 14, three-layered soil profile 

with 3 various arrangements a, b, and c was modeled. The only existed difference between these three 

cases was an alteration in arrangement of them. Also, the height of each layer was assumed 10m in all 

cases. According to standard2800, in each case 𝑉𝑆̅
30 = 284 𝑚/𝑠 and in these three cases, the site is 

TYPE III (Table 3). However, based on the findings of numerical analysis, 𝑉𝑆̅
30 was distinct for every 

type and presented different site types for each of them. In line with the results obtained from numerical 

analysis, to what extent a softer layer was in the depth of soil, 𝑉𝑆̅
30 would provide lower value. 
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Figure 14: Three-layered soil profile with different arrangements. 

 

Table 3. comparing the 𝑉𝑆
̅̅ ̅30 based on Standard2800 and numerical results. 

Numerical Standard2800 (Equation (1)) 
Case 

Ground Type 𝑉𝑆
̅̅̅30 (m/s) Ground Type 𝑉𝑆

̅̅̅30 (m/s) 

II 378 III 284 a 

III 230 III 284 b 

IV 173 III 284 c 

8. CONCLUSION 
The numerical investigation of the conducted research for determining 𝑉𝑆̅

30 based on the finite 

element method and the comparison with the proposed relation by Standard2800, analytical results, and 

other approximated methods showed that: 

o In soil with linear variable shear modulus, comparison of the results obtained from the analytical 

method and the proposed relation by most of the building codes including Standard2800 indicated a 

significant difference in the 𝑉𝑆̅
30 values, particularly for increasing high linear variations in the shear 

modulus. 

o For a two- (three-) layered soil where the Vs increased in low layer(s), 𝑉𝑆̅
30 obtained from 

Standard2800 was lower than that of the numerical and analytical results. But, by assuming a 

decrease in Vs in the lower layers, the proposed relation in Standard2800 presented lower values for 

𝑉𝑆̅
30 than that of the numerical and analytical results. 

o For the case when a weak soil layer was assumed, according to the Standard2800, the depth of this 

layer had no effect on 𝑉𝑆̅
30. But, the numerical results showed that the closer this layer was to the 

surface, the higher the 𝑉𝑆̅
30 would be shown and location of this layer at the depth of the ground 

would decrease 𝑉𝑆̅
30. A comparison of the numerical results with the values obtained from the 

relation in the Standard2800 showed a significant difference in this case. 

o Although approximated methods of determining 𝑉𝑆̅
30 using the weighted average of shear wave 

velocity (WAV) and modulus (WAM) have relatively simple relations, same as the weighted 

average of periods (proposed relation in Standard2800), this relation had better consistency with 

numerical and analytical results in above cases. 

o In this paper, a complete agreement was observed between the numerical and analytical results. The 

only minor difference was observed in the soil with variable shear modulus, which could be 

attributed to the linear variations of the shear modulus in the analytical method and the stairway 

variations in the numerical method. Obviously, it is possible to achieve a complete agreement 

between the numerical and analytical results by increasing the number of layers in this case.  

Evolutionary Polynomial Regression (EPR) was used to derive an equation expressing 𝑉𝑆̅30 in 

terms of dimensionless parameters for two-layered soil. The statistical measures showed an acceptable 
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correlation for the derived model. 

9. AVAILABILITY OF DATA AND MATERIAL 

Relevant information is available by contacting the corresponding author. 
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