Kharazmi University

Journal of Engineering Geology OPEN ACCESS

Journal home page https://jeg.khu.ac.ir Online ISSN

2981-1600

Development of a Model for Predicting Elastic Modulus in the Alluvial

Deposits of Mashhad Plain Using Basic Soil Parameters

Mehdi Abbasi?, Gholamreza Lashkaripour?, Naser Hafezi Moghaddas3, Hossein Sadeghi*=
1. Ph.D. Student, Department of Geology, Faculty of Sciences, Ferdowsi University of Mashhad, Mashhad, Iran. Email:

m.abbasi@mail.um.ac.ir

2. Professor, Department of Geology, Faculty of Sciences, Ferdowsi University of Mashhad, Mashhad, Iran. Email:

lashkaripour@um.ac.ir

3. Professor, Department of Geology, Faculty of Sciences, Ferdowsi University of Mashhad, Mashhad, Iran. Email:

nhafezi@um.ac.ir

4. Associate Professor, Department of Geology, Faculty of Sciences, Ferdowsi University of Mashhad, Mashhad, Iran. Email:

sadeghi@um.ac.ir

Article Info

ABSTRACT

Article type:
Research Article

Article history:
Received 3 March 2025
Accepted 3 June 2025

Keywords:
Elastic Modulus, Multivariate
Regression,  Pressuremeter,

Mashhad Alluvial Deposits,
Cementation.

The elastic modulus is considered one of the most essential parameters in the
analysing and designing deep foundations and underground structures. Accurate
determination of this parameter usually requires expensive and time-consuming
in-situ testing, and validating its accuracy poses significant challenges. Therefore,
researchers have consistently focused on developing empirical models based on
geotechnical parameters. In the present study, multiple linear regression models,
including general, coarse-grained soil, and fine-grained soil models, were
developed to predict the elastic modulus using data obtained from 180 boreholes
totaling 5,783 meters in the Mashhad Metro Line 3 project.. Out of 489
pressuremeter tests, 160 datasets were selected based on the availability of
complete geotechnical parameters at the same depth. The analysis incorporated
the influence of various parameters, including the percentage of sand, silt, and
fine particles; grain size characteristics (D10, D30, Deo, uniformity coefficient, and
coefficient of curvature); Atterberg limits; moisture content; natural and dry
density; specific gravity; and cementation indicators (gypsum, carbonate, and
organic matter), as well as depth and in-situ stress. The final regression models
were developed using a backward stepwise method, implemented through Python
programming. The resulting regression equations were derived, and comparative
plots between predicted and actual elastic modulus values were presented. The
findings demonstrate that the proposed model offers reliable accuracy in
estimating the elastic modulus. To evaluate the accuracy of the proposed models
in predicting soil elastic modulus, an independent dataset of 39 pressuremeter test
results, including both fine- and coarse-grained soils, was used. Statistical
indicators demonstrated that the overall model performed best (R2=0.79,
MAPE=9.86%). Additionally, the low values of normalized RMSE confirmed the
stability and acceptable accuracy of all models.

Introduction

Geotechnical investigations are essential in the

high cost and limited availability of in-situ tests
such as the pressuremeter test (PMT),

early stages of engineering design, especially for
large-scale infrastructure projects like urban
subway lines. One of the key parameters in these
studies is the pressuremeter modulus (Ep), which
provides valuable information for evaluating
ground deformation behavior and optimizing
underground construction design. Due to the

researchers have increasingly sought to develop
predictive models based on basic soil properties.
These models aim to estimate mechanical
parameters such as Ep using readily available
laboratory data, including grain size distribution,
Atterberg limits, natural moisture content, and
dry density. Although such models are not
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substitutes for field tests, they can serve as
reliable tools when direct measurements are not
feasible or to verify field data. Previous studies
have primarily focused on correlating Ep with
corrected SPT-N values. However, only a few
efforts have aimed to predict Ep directly from
fundamental soil properties, especially in
alluvial soils where natural cementation by
organic matter or gypsum may significantly
affect mechanical behavior. In most cases, the
influence of cementation has been overlooked or
qualitatively addressed. Numerous researchers
have proposed empirical or statistical models for
Ep prediction, such as Bozbey and Togrol (2010)
in Istanbul, Yagiz et al. (2008) in Denizli, and
Firuzi et al. (2019) in Tabriz, mainly focusing on
SPT correlations. More recent efforts, including
those by Nawaz et al. (2024) and Ozkaynak and
Yilmaz (2024), have used machine learning
approaches to estimate elastic moduli from soil
indices. In comparison, the present study
introduces a new approach by incorporating
natural cementation (gypsum and organic
content) quantitatively as independent variables
in multivariate linear regression models. The
database includes results from 180 boreholes
with 489 PMT records across Mashhad Metro
Line 3, totaling 5783 meters of drilling.
Furthermore, the analyses are divided into fine-
grained and coarse-grained soil groups to
improve the interpretability and accuracy of the
models.

Materials and Methods

The study area in this research is the city of
Mashhad, the second-largest metropolis in Iran,
located in the northeast of the country. This
research utilizes data from 180 boreholes
associated with Line 3 of the Mashhad Metro.
The data used are derived from pressuremeter
and laboratory tests conducted on 180 boreholes,
with a total drilling length of 5,783 meters in the
Mashhad Metro Line 3 project. The significance
of this study lies in the fact that 160 relevant
datasets were selected from 489 pressuremeter
tests, which include basic soil parameters at the

same depth and also incorporate soil
cementation parameters. The Pearson method
was used to calculate the correlation coefficient
between independent variables and the elastic
modulus. The heat map analysis indicated that
dry density, sand content, fine-grained fraction,
liquid limit, density, and moisture content
exhibit the highest correlation with the elastic
modulus. The backward stepwise method was
employed to determine the comprehensive
multivariable linear model. This model
demonstrates that an increase in Deo, natural soil
density, depth, density, and organic matter
content positively and significantly affect the
elastic modulus. In contrast, an increase in the
plastic limit, D3, moisture percentage, and
gypsum content negatively and significantly
impact it. The final multiple linear regression
model for predicting the soil elastic modulus
(Ep) is as follows (Equation 1):

Ep = —2553.959 — 11.637 PL — 189.396 D3, +
24.767 Dgy — 11.586 w + 61521y, + 782.639 G +
5.048 D + 241.498 OM — 35.021 G, (1)

The regression coefficients of the final model,
obtained through the backward stepwise method
for coarse-grained soils, indicate that an increase
in natural soil density, depth, density, and
organic matter content positively and
significantly affects the elastic modulus.
Meanwhile, an increase in the plastic limit, sand
percentage, and moisture percentage negatively
and significantly influences it. The final multiple
linear regression model for predicting the elastic
modulus of coarse-grained soils (Ep) is as
follows (Equation 2):

Ep = —1672.468 — 14.709 PL — 4.793 SC —

11.802 w + 603.907 y, + 565.577 Gs + 5.624 D +
199.210 OM ¥}
The regression coefficients of the final model,
obtained through the backward stepwise method
for fine-grained soils, show that an increase in
natural soil density, plastic limit, uniformity
coefficient, and density positively and
significantly affects the elastic modulus.
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However, an increase in D60 and moisture
content negatively and significantly impacts it.
The final multiple linear regression model for
predicting the elastic modulus in fine-grained
soils (Ep) is as follows (Equation 3):

Ep = —8710.584 + 9.718 PL — 681.773 Dy, +
1.866 Cu — 4.687w + 651.430 y, + 2909.014 G, (3)

Validation of Linear Models for Predicting
Elastic Modulus

To evaluate the accuracy of the proposed linear
regression models in predicting the elastic
modulus, an independent dataset consisting of 39
pressuremeter test results—previously excluded
from model development—was used. This
dataset includes 12 fine-grained and 17 coarse-
grained soil samples. Model performance was
assessed using statistical indicators including the
correlation coefficient (r), coefficient of
determination (R?), root mean square error
(RMSE), mean absolute error (MAE), and mean
absolute percentage error (MAPE). To ensure
scale-independent  evaluation,  normalized
RMSE based on range (NRMSE-range) and
mean (NRMSE-mean) were also calculated.
Results showed that the combined (whole soil)
model yielded the best performance with values
of r = 0.89, Rz = 0.79, RMSE = 66.44, and
MAPE = 9.86%. The fine-grained model
exhibited the lowest RMSE and MAE (51.62 and
46.66, respectively), while the coarse-grained
model showed slightly higher errors.
Nonetheless, MAPE values were below or
around 10% for all models, indicating acceptable
prediction accuracy. Additionally, the low
NRMSE values (ranging from 0.11 to 0.28)
demonstrate the robustness and reliability of the
models across different data scales, confirming
that the proposed relationships offer a reasonable
predictive capability for the elastic modulus
based on fundamental soil parameters.

Results and Discussion
The analysis of effective parameters in
multivariable linear regression models for

predicting soil elastic modulus reveals that
different soil properties have distinct impacts on
elasticity. For instance, in integrated models, an
increase in Deo enhances the elastic modulus
mainly due to the influence of coarse-grained
soils while in fine-grained soils, higher Dego
reduces the modulus. Similarly, an increase in
D30 generally decreases the elastic modulus by
affecting soil compaction. The plastic limit
shows contrasting effects: it tends to reduce the
elastic modulus in coarse-grained soils but
increases it in fine-grained soils by improving
deformation capacity. Furthermore, higher
natural density, depth, overall density, and
organic matter content generally lead to an
increase in the elastic modulus, whereas
increased moisture content consistently and
significantly reduces it. Other factors, such as
sand percentage and uniformity coefficient, also
play key roles, with their impacts varying
according to the soil type.

Conclusions

In this study, regression models were developed
to predict the pressuremeter elastic modulus (Ep)
based on fundamental soil parameters. The
dataset consisted of pressuremeter and
laboratory test results obtained from 180
boreholes totaling 5,783 meters of drilling on
Mashhad Metro Line 3 project. A key innovation
of this research was the inclusion of natural
cementation parameters—specifically organic
matter and gypsum—as quantitative variables in
the regression models. This contrasts with prior
studies, where such effects were considered only
qualitatively. Furthermore, separating the data
into fine- and coarse-grained soil groups enabled
more accurate mechanical analysis and
assessment of variable influence. Pearson
correlation analysis showed that dry density,
sand and fines content, liquid limit, specific
gravity, and moisture content were the most
relevant predictors of Ep. In the multivariate
linear model for all soil types, moisture content
had the strongest negative effect, while depth
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and D60 had the most positive influence. For
coarse-grained soils, depth and natural density
were the most positive contributors, whereas
sand content and moisture had the strongest
negative impact. In fine-grained soils,
uniformity coefficient showed the highest
positive effect, while D60 had the most negative
influence. Regarding natural cementation,
results from the combined and coarse-grained
soil models indicated that organic matter slightly
increased Ep, whereas gypsum content had a
minor negative effect. The multivariate models
significantly outperformed simpler models in
predicting Ep and can be used for preliminary
estimates or validation of pressuremeter results.
The coefficient of determination (R2) from
training data was 0.87 for the overall model, 0.74
for coarse-grained soils, and 0.72 for fine-
grained soils. Testing data confirmed strong

model performance with correlation coefficients
(r) of 0.89, 0.85, and 0.87, and R2 values of 0.79,
0.72, and 0.76 for the combined, coarse-grained,
and fine-grained models, respectively. Error
metrics calculated for the test dataset yielded:
Combined soils: RMSE = 66.44, MAE = 57.49,
MAPE = 9.86%

Coarse-grained soils: RMSE = 75.93, MAE =
65.85, MAPE = 9.55%

Fine-grained soils: RMSE = 51.62, MAE = 46.66,
MAPE = 10.25%

Normalized RMSE values (NRMSE-range and
NRMSE-mean) between 0.11 and 0.28 indicated
strong reliability across different data scales.
Overall, the proposed models demonstrate
robust predictive capability and may serve as
useful tools in preliminary geotechnical design
or in cases where pressuremeter testing is
unavailable.
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Fig. 1. Map of the sedimentary environment of Mashhad city (Ghazi et al., 2015)
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Fig. 2. Soil texture map in Mashhad city at a depth of less than 50 meters (Ghazi, 2015)
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Table 1. Statistical description of soil sample variables
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Table 2. Steps and results of multiple regression analysis using the backward stepwise method
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Table 3. Analysis of variance (ANOVA) results of the final model
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Table 4. Multivariate regression model coefficients
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Table 5. Steps and results of multiple regression analysis using the backward stepwise method for coarse-grained
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Table 6. Analysis of variance (ANOVA) results of the final model for coarse-grained soil
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Table 7. Multivariate regression model coefficients for coarse-grained soil
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Fig. 10. Scatterplot of actual and predicted elastic modulus data for coarse-grained soil
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Table 8. Steps and results of multiple regression analysis using the backward stepwise method for fine-grained
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Table 9. Analysis of variance (ANOVA) results of the final model for fine-grained soil
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Table 10. Multivariate regression model coefficients for fine-grained soil
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Fig. 11. Scatterplot of actual and predicted elastic modulus data for fine-grained soil
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Table 11. Statistical indicators for validation of soil elastic modulus prediction models
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