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artificial neural network,

multivariate regression. (ANN). For this purpose, petrographic, physical and mechanical experiments were

first conducted on 80 limestone cores from the Karun 4 dam site. A database was
then created using the literature data and compared with the results of this study. The
results of statistical analysis show that the ratio of dynamic to static modulus of
elasticity for the studied samples is 2.5. Also, the ratio of dynamic to static Poisson
for these rocks was 1.41. The average value of the dynamic modulus obtained from
the literature was equal to 19.90 GPa, which is less than the average value of the
dynamic modulus of the present study (31.20 GPa). Due to the most accurate fit, the
global relationship (R2 = 0.98, RMSE = 7.9, MAPE = 1.67) and the regional
relationship (R2 = 0.96, RMSE = 5.24 MAPE = 0.91) were presented with very high
accuracy between the dynamic and static modulus of elasticity. The results of
artificial neural network and multivariate regression showed that estimation of shear
wave velocity (Vs) based on P-wave velocity, water absorption and density is
possible with high accuracy. The results showed that the ANN accuracy (R2 = 0.98,
RMSE = 0.27) was higher than the multivariate linear regression (R2 = 0.86, RMSE
= 0.39). The neural network also acts conservatively in predicting this variable.

Introduction
Dynamic and static properties of the rocks

are very important for designing geotechnical
structures and modeling rock foundations.
Estimating these characteristics in weak and
jointed rocks is a major challenge because the
coring operation is difficult and sometimes
impossible (Ameen et al., 2009; Rastegarnia et

al., 2021). One of the fast and low-cost
estimation methods for determining static
properties in rock engineering, especially in
mining and construction projects, is the use of
dynamic methods and index tests. The main
purpose of this paper is to present the regional
and global relationships between the static and
dynamic elasticity modulus with an
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experimental approach and to estimate the
shear wave velocity of limestone by statistical
methods and artificial neural network (ANN).
Material and methods

Petrographic, physical and mechanical
experiments were performed on 80 limestone
cores from the Karun 4 dam site. The water
absorption, and density, of the samples were
assessed following the ISRM standard.
Additionally, uniaxial compressive strength
(UCS) tests, as per ASTM standard D2938,
were conducted. Using stress-strain curve
static elastic modulus (Es) was determined.
Dynamic elastic modulus (Ed) was computed
for each sample based on Goodman's method
(1989). A database was then created using the
literature data and compared with the results of this

study. Utilizing statistical analysis, artificial
neural network (ANN) and support vector
regression (SVR) with radial base kernel
function were employed to establish
relationships for predicting UCS, Es, and
shear wave velocity. The accuracy of the
predictions was evaluated using R-squared
(R2), root mean square error (RMSE), and
mean absolute percentage error (MAPE).
Results and discussion

Based on Dunham's (1962) classification,
the studied samples were classified as
wackestone to grainstone according to the
textures of the samples. Table 1 shows the
results of the measured properties of the
samples.

Table 1 The results of laboratory studies on the samples

Water

Density uces Es absorption Ed Vs Vb
(Mpa) (GPa) (%) (GPa) (km/s) (km/s)
Mean 247 58.03 12.24 2.86 30.48 2.2813 3.8973
Standard Error 0.02 3.04 0.99 0.23 1.64 0.0775 0.1274
Standard Deviation 0.14 25.43 8.27 1.94 13.74 0.6487 1.0655
Sample Variance 0.02 646.88 68.45 3.78 188.87 0.4208 1.1353
Kurtosis (0.63) (0.71) (0.98) (0.47) (0.83) 0.0322  0.1336
Skewness (0.28) 0.18 0.35 0.60 0.21 0.5355 0.0573
Minimum 2.13 5.48 0.25 0.02 6.49 1.0766 1.2172
Maximum 2.70 109.03 29.89 7.68 60.94 3.8000 6.2400
Count 70 70 70 70 70 70 70

The results of statistical analysis show
that the ratio of dynamic to static modulus
of elasticity for the studied samples is 2.5.
Also, the ratio of dynamic to static Poisson
for these rocks was 1.41. The average
value of the dynamic modulus obtained
from the literature was equal to 19.90 GPa,
which is less than the average value of the
dynamic modulus of the present study
(31.20 GPa). Due to the most accurate fit,
the global relationship (R? = 0.98, RMSE

33

= 7.9, MAPE = 1.67) and the regional
relationship (R? = 0.96, RMSE = 5.24
MAPE = 0.91) were presented with very
high accuracy between the dynamic and
static modulus of elasticity.

A comparison was made between the
measured and predicted shear wave velocity
based on the literature data (Table 2). The
accuracy of the mentioned relationships based
on different experimental criteria is presented
in Table 2.
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Table 2 Accuracy of previous equations to estimate shear wave velocity

Brocher Eskandari et al., Pickett Fereidooni Castagna and Backus
(2005) (2004) (1963) (2016) (1993)

R? 0.81 0.74 0.78 0.82 0.82

RMSE 0.38 0.46 0.38 0.33 0.36

MAPE 0.17 0.20 0.09 0.07 0.10

The results of artificial neural network and RMSE = 0.14) was higher than the

multivariate regression showed that estimation
of shear wave velocity (Vs) based on P-wave
velocity, water absorption and density is
possible with high accuracy. The results
showed that the ANN accuracy (R? = 0.99,

multivariate linear regression (R? = 0.92,
RMSE = 0.39), (Fig. 2). The neural network
also acts conservatively in predicting this
variable.
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Fig. 2. The relationship between the measured values and estimated by ANN (a), and multivariate regression
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Conclusion

The presented models for predicting Vs are
suitable for other areas when the values of the
predictive indicators are in the same range as
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Fig. 7. Comparison of the static elastic modulus obtained from the literature (Iranian researchers) based on
laboratory results with the measured static elastic modulus in this study
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the laboratory results of this study with the measured dynamic elastic modulus in this study
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Source DF  AdjSS Adj MS F-Value P-Value
Regression 3 25.05 8.35 138.57 0.00
Den 1 247 2.47 41.02 0.00
Wa 1 0.07 0.07 1.14 0.29
Vp 1 0.59 0.59 9.74 0.003
Error 66 3.98 0.06
Lack-of-Fit 57 3.86 0.07 5.10 0.006
Pure Error 9 0.12 0.013
Total 69 29.03
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Table 5. Shear wave velocity estimation model coefficients
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Term Coef SE Coef  T-Value P-Value VIF
Constant  -6.37 1.06 -6.02 0.000 -

Den 3.174 0.496 6.41 0.000 5.38
Wa 0.0210  0.0197 1.07 0.289 1.67
Vp 0.1913  0.0613 3.12 0.003 4.89
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Table 6. Accuracy of relationships provided by previous researchers to estimate shear wave velocity based

on different criteria

Brocher Eskandari et al., Pickett Fereidooni (2016)  Castagna and Backus
(2005) (2004) (1963) (1993)
R? 0.81 0.74 0.78 0.82 0.82
RMSE 0.38 0.46 0.38 0.33 0.36
MAPE 0.17 0.20 0.09 0.07 0.10
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Fig. 13. Comparison of the measured Vs with the predicted Vs from the equations of previous researchers
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