Y4

¥4

20

vy

Vo

ISSN 2783-2805

el ¢ e MTIT 9y O g
Sl Sloslgnlo 9 (Juo) SWOSIS 9 (mislo
28 Gl JWis Suudig) 9 (S
Ol g

ke o - e olale

S5 Egby Jloir! o 9 i
33 38 ST g5 5 ol

o33 floo 0 = (535255 Lo e

Wbl Glo)) s Ganeg Guby
b ool o8 y0 Ol slojy b
Slpl@leyd =lyb MISC,,‘:“T

Splie Ol = (g5led Lo

I (S SBOG (5t B (g5
Sldwlo g 5O liwgd s b o

Ol:e:-)&n 5 gRans — )ﬁdu Soew — :\}.w&.« Jdsle

Jode  (Suwodr (AL ey
30 B97xET (SIS Cwglio § (T wg> g
ol )y wy) B ) g (2 load Sl
3l oD - Ol Sl

P Sl Olaiigd O Slese! ),}‘i.'i =y
Olpl el G039y Cuiden
Dldede Los = IV oz 3 s

Yo slod A s
‘f‘f ng.g

(oW N0 A g
=90 P Ol yos

99D Ol s (wkigo 4

1F.F ) O)Lo.fb KA dln:




EYI Sty

ISSN: 2008-7454

/R

VR
Oé/b’/aéb

&L@M\ Léjwu:ﬁbra

Ao o33 oK1 1 3likel > lo

Ol pos (owige 03 S hgiue o3 5 o820 3l

oelige 0SS ce gl LSS ealed

Ol pos (pwkige 03 S g g3 3 o825 Ll

Ecole des Ponts Paris tech st

Olas omikign 03,5 lgda 33 5 o821 ol

el psle 0SS0 gl s 5 oS ol

Ol pos (pwdige 03 S dgie g3 3 o823 LSl

Ol jos 03,8 gt 33 b o251 Ll

Slazslu g ol Sl 3l e oS0 esliudd

Ol jas pwdige 0dSiSls uS ool mis o8NS sl

Olos dige 0,5 cdgn g2 oSS0 ol

Sl 5 selyos S pwdige 0 dSEs (e a5 ol Kls sl
Sl 5 selyes S owdige 0 dSEls (e a5 ol Kls ol
Olyos pdige 3,5 cdgin g b o855 e

Ol jas wdlige 0dSils uS ool mis o8NS ol

Ol jos gwige 038 cdga o33 b o515 oLl
University of Ryerson st.l

S P

el Lojdese S

sk (BB S
Sreosk e S0

Ly el S5
(s> 3 gaue Ao S5

ool il ol S

L e S Ol S
ols sl 8o

(SR S sARD D gezes SO
A5 pedde Oy B S
sz.E.A AJ‘)'M J«é-ﬂjb." JTSJ

J::yLSSL».a)JwJTS:

M}AVJKJIQ;JJ:}:J,LM

Olaas (ngj‘ :u.:b‘ JL‘&Jﬁ}

.L.q.ﬁ:j.b VJ&:—QL«.@L’ LS'GJ" wble oJ.:.uu &‘)iw‘gﬁlﬁ}

http://www.srlst.com sys o aled (ISC) 5l s 548555 5 p,l.o Gladen buls j3 4 00

WO L s Badis — dgdie w33 b olSiils = wvikige odSCiils — 4y il b —dgiel Sl
COVFAAY P YY 2 il o e civil-ferdowsi@um.ac.ir - S5 xS e http://civil-ferdowsi.um.ac.ir & @ cole O

dgin e 33 oSl byl T b


https://civil-ferdowsi.um.ac.ir/mailto:civil-ferdowsi@um.ac.ir

Y4

¥4

0

vy

SNIAg 9 (i (S5 (510 158k § wo) (SWOID § oo iigeT g iwo MoT 7 9y & drwgd
Ol pl 58 SHigles” JLis

ke e - e Ol

33 33 DT 5m" 9 (0uldl Ol i £559 Jloi! Juboxi 9 (ur Sy
ub‘ CL..p ﬁf-dj)J;u)M

Ol 2l 13y (1 4B T b Cudl o8 3 Sl (G103 5 (b by T (S0 ) as (Skisdiqy un
Salis Ol - o3l L

‘S‘Mlo)’&ug)é &gﬂhﬁjkbd&)g@é&uélﬁ&j&a@ﬁ)@)@)ﬁ
Ol 510 3 smns — D518 sl — :\}SJSK.LJALG

1) 8 (2bowd Sl )0 (8970T (S8 Cawglin § (FTie> 9 Jow (Shuod BILLST wyp
ol g I b>
6J\jﬁ r)’k_&«- Olaaas &»L:M

Olpl cle SB039 9 Cuidge g (ShlS” Ol 6D w Slose! Wb vy
Jade Lo = Ml sz Are






Ferdowsi Civil Engineering, 38, 1, 2025. (1-28)

x

Ferdowsi Civil Engineering

7 \

~ o b
A AR
;igfvf; https://civil-ferdowsi.um.ac.ir Pavement
University of Iranian Engineering
Mashhad Concrete Association of
Institute Iran

Developing a Robust Data-Driven Model Based on Ground and Satellite Measured Data for

Agricultural Drought Prediction in Iran
Research Article

Mahan Azizi!, Ali Abbasi?
DOI: 10.22067/jfcei.2024.88855.1311

1. Introduction

In recent decades, global warming has intensified climate
change, resulting in more frequent and severe climatic
events, including droughts. The detrimental effects of

these phenomena on ecosystems and human societies havel.

become increasingly apparent. Drought, a slow-onset yet
destructive natural hazard, is typically defined as a

prolonged period of abnormally low precipitation relative2.

to historical averages. Since drought is an inherent climatic
phenomenon, effective mitigation of its adverse impacts
depends on the availability of timely and accurate
forecasts. Consequently, drought indices—which quantify

complex interactions between climatic and environmentall.

variables—serve as vital tools for drought monitoring and
prediction.

Recent advances in machine learning have significantly2.

enhanced the modeling of drought and climate indices.
Integrating machine learning techniques with traditional

drought indices offers a robust approach to improving3.

drought forecasting and management. This study aims to
develop a high-precision machine learning model for
predicting agricultural drought in Iran using
Standardized Precipitation Evapotranspiration Index
(SPEI), a widely recognized metric for drought
assessment. The proposed model seeks to provide
actionable insights to support agricultural planning and
drought risk mitigation.

2. Methodology

Data Collection

Meteorological and remote sensing data were collected
from 70 stations across Iran, including variables such as
air temperature, precipitation, land surface temperature,
and vegetation indices. Ground-based measurements were
supplemented with satellite-derived datasets to ensure

thed.

comprehensive spatial coverage.

Feature Selection

To optimize model performance, two feature selection

techniques were employed:

Filter Method: Identified predictors with the strongest

statistical correlations to the target SPEI index for use as

model inputs.

LASSO Regression: Reduced model complexity by

applying regularization constraints, thereby eliminating

less influential variables.

Machine Learning Algorithms

Four algorithms were implemented for SPEI prediction:

Bias-Corrected Random Forest: A modified Random

Forest variant that incorporates bias correction to improve

accuracy under diverse climatic conditions.

Random Forest: An ensemble method aggregating

predictions from multiple decision trees to enhance

stability and reduce overfitting.

Support Vector Machine (SVM): A Kkernel-based

algorithm that classifies drought/non-drought events by

mapping data into higher-dimensional feature spaces.

Multilayer Perceptron (MLP): A feedforward neural

network capable of learning non-linear patterns through

iterative training on hidden layers.

3. Model Evaluation

Model performance was assessed using four metrics:

e Mean Squared Error (MSE) and Root MSE
(RMSE): Quantified prediction errors.

e Mean Absolute Error (MAE): Measured average
deviation from observed values.

e R-squared (R?): Evaluated the proportion of variance
explained by the model.

4. Results
As demonstrated in Tables 1 and 2, the Bias-Corrected
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Random Forest outperformed other models in SPEI

prediction:

e Cluster 1 (Arid regions): Achieved Rz = 0.9858 and
RMSE = 0.1190, reflecting exceptional accuracy.

e Cluster 2 (Semi-arid/humid regions): Yielded R? =
0.9809 and RMSE = 0.1375, indicating strong
predictive capability across diverse climates.

Table 1: Results of Drought Prediction Modeling in Cluster
1 Using Machine Learning Algorithms

Machine Feature
Learning Selection R? RMSE MSE MAE
Algorithm Method
Multilayer Filter 0.9834 0.1286 0.0165 | 0.0894
Perceptron LASSO 0.9852 0.1210 0.0147 | 0.0853
Support Filter 0.9822 0.1330 0.0177 | 0.0915
Vectf)r LASSO 0.9848 0.1229 0.0151 | 0.0839
Machine
Random Filter 0.9832 0.1302 0.0170 | 0.0911
Forest LASSO 0.9858 0.1191 0.0142 | 0.0820
Bias- Filter 0.9841 0.1263 0.0160 | 0.0879
Corrected
Random LASSO 0.9858 0.1190 0.0142 | 0.0821
Forest

Table 2: Results of Drought Prediction Modeling in Cluster
2 Using Machine Learning Algorithms

Machine Feature
Learning Selection R? RMSE MSE MAE
Algorithm Method
Multilayer Filter 0.9770 0.1512 0.0229 | 0.1141
Perceptron LASSO 0.9876 0.1457 0.0213 | 0.1088
Support Filter 0.9763 0.1534 0.0235 | 0.1144
Vectf)r LASSO 0.9803 0.1401 0.0197 | 0.1045
Machine
Random Filter 0.9761 0.1578 0.0250 | 0.1164
Forest LASSO 0.9800 0.1404 0.0198 | 0.1059
Bias- Filter 0.9779 0.1496 0.0225 | 0.1109
Corrected
Random LASSO 0.9809 0.1375 0.0189 | 0.1031
Forest
The  bias-corrected Random  Forest  model

demonstrated superior performance compared to other
algorithms, owing to its capacity to effectively integrate
diverse datasets while applying systematic bias
corrections. Subsequently, the optimal model's outputs
were utilized to generate agricultural drought zoning maps
based on the SPEI index. These maps serve as valuable
tools for identifying drought-prone regions and evaluating
drought severity across different areas.

The resulting agricultural drought zoning maps,
produced from the model's seasonal predictions, provide
detailed insights into the spatial distribution and intensity
of drought conditions throughout Iran. As illustrated in
Figure 1, the analysis reveals distinct seasonal patterns:
northern regions (Gilan and Mazandaran) exhibit
relatively wet conditions during spring, while central and
southern areas experience more severe drought.
Furthermore, Figure 2 highlights how rising temperatures

and reduced precipitation in summer exacerbate drought
severity, particularly in parts of Mazandaran, Gilan,
Ardabil, and East Azerbaijan.
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Figure 1: Agricultural Drought Zoning Map in Spring 2021
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Figure 2: Agricultural Drought Zoning Map in Summer
2021

5- Conclusion

This study demonstrates that integrating multi-source data
with the Bias-Corrected Random Forest algorithm
significantly enhances drought prediction accuracy. The
resulting drought zoning maps, derived from the optimized
model, provide policymakers and agricultural experts with
actionable insights to improve water resource management
and strategic planning.

The findings indicate that this modeling approach can
generate precise drought forecasts for diverse regions
across Iran. By enabling more effective resource allocation
and drought mitigation strategies, the model has the
potential to reduce adverse impacts on agricultural
productivity and the national economy.
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Developing a Robust Data-Driven Model Based on Ground and Satellite Measured Data for
Agricultural Drought Prediction in Iran

Mahan Azizi Ali Abbasi

Abstract Drought is considered one of the most hazardous natural phenomena for any country. Therefore, monitoring
and forecasting this phenomenon are of critical importance in today's world. To this end, the Standardized
Precipitation Evapotranspiration Index (SPEI), one of the most applied drought indices, was employed for drought
prediction. To calculate this index, a combination of ground-based and remote sensing data was utilized. Given the
different weights of each of these data types in calculating the drought index, the most relevant parameters were first
selected using feature selection methods such as the Filter method and the LASSO method and were considered as input
parameters for the model. Furthermore, artificial intelligence was utilized to apply various machine learning
algorithms, resulting in the development of several models. These algorithms included Bias-Corrected Random Forest,
Random Forest, Support Vector Machine, and Multilayer Perceptron. To validate the results of each of these models,
indices such as RMSE, R?>, MSE, and MAE were used. Based on the values of these indices, the Bias-Corrected Random
Forest model with R? = 0.9858 and RMSE = 0.1190 for cluster 1 and R?> = 0.9809 and RMSE = 0.1375 for cluster 2
was selected as the best-performing model. Finally, the results of the optimized model were used to create drought
zoning maps to identify and classify areas prone to drought conditions. These maps can provide valuable information
on the distribution and intensity of drought across different regions to stakeholders and experts.

Key Words Drought, Remote sensing, Machine learning, SPEI drought index, Drought maps
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1. Introduction

Water resource management has long been a fundamental
challenge for human societies. The rapid expansion of
urbanization has exacerbated this issue, particularly in arid
regions where water scarcity is inherently severe. In these
areas, characterized by low precipitation and high
evaporation rates, communities typically rely on
groundwater extraction. However, this solution faces
growing limitations due to problems like land subsidence,
prompting policymakers to explore alternative approaches
such as inter-basin water transfers.

Recent climate change impacts have further intensified
water stress in these regions through decreased
precipitation and increased temperatures. This trend is
particularly evident in arid zones, where diminishing water
availability has significantly compounded existing supply
challenges in recent years.

2. Materials and Methods *
This study developed a water scarcity index by analyzing
the balance between water supply and demand in Yazd
City - a region with a hot, arid climate and chronic water
shortages. Using monthly water supply-demand data from
2013-2014, we employed an LSTM (Long Short-Term
Memory) deep neural network to forecast water scarcity
patterns over a 20-year horizon.

To assess climate change impacts, we incorporated
projections from the IPCC's Sixth Assessment Report
using the HadGem3-GC31-LL model under three SSP
scenarios (SSP126-optimistic, SSP245-moderate,
SSP585-pessimistic). The study calculated conditional
probabilities for various water scarcity conditions based on
predicted temperature and precipitation changes from
1980-2010 baseline data.

3. Results

Seasonal Water Patterns:

e Summer showed the highest water demand (35% above®
spring baseline) and supply (28% above spring)

e Winter recorded the lowest consumption (14% below
spring) with 22% higher supply
e Negative scarcity indices occurred in January, May,
and November (demand exceeding supply)
e March, April, and June showed the most favorable
water balances.

Spring Winter
B Water Demand B Water Supply

Mm3
D

N

Summer Fall

Model Implementation:

e LSTM network utilized ReLU activation and Adam
optimization

e Trained on 2011-2022 monthly data (80% training,
20% testing)
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Climate Projections:
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Temperature increases:

SSP126: +0.7°C (annual max +0.34°C)

SSP245: +0.81°C (+0.14°C)

SSP585: +1.26°C (+0.45°C)
Precipitation changes:

SSP126: +77.7%

SSP245: +96.69%

SSP585: +95.61%

Risk Probabilities:

SSP126: 34% probability of high-risk scenario (low
precipitation, high temperature, high scarcity)
SSP126: 29.7% probability of favorable conditions
SSP245 showed increased critical scarcity probabilities
SSP585 paradoxically indicated both increased
precipitation and higher zero-scarcity probabilities

4. Conclusions

1.

Despite summer's 35% higher demand, supply
management has effectively prevented seasonal
shortages in Yazd's extreme heat conditions.

All climate scenarios project increased precipitation
for Yazd, with gains ranging from 77.7% to 96.69%.
Paradoxically, high water scarcity probabilities
persist despite projected rainfall increases,
suggesting demand growth may outpace supply
gains.

As results derive from a single GCM (HadGem3-
GC31-LL), future studies should incorporate multi-
model ensembles to address projection uncertainties.
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Prediction and Analysis of the Probability of Climate Change and Water Scarcity in Yazd
Mohammad Reza Goodarzi Maryam Sabaghzadeh

Abstract Yazd, a city historically challenged by a hot and dry climate, has long faced water scarcity issues. Regional
managers have consistently sought various methods to secure the necessary water supply. This study examines the
situation by defining a water scarcity index based on water supply and demand over the past 12 years and forecasting it
for the next 20 years using the LSTM method. According to the results, water consumption is higher in the summer
compared to other seasons. Consequently, the impact of climate change on water scarcity was investigated. Future
temperature and precipitation were predicted using the HadGEM3-GC31-LL climate model under three scenarios:
SSP126 (optimistic), SSP245 (moderate), and SSP585 (pessimistic). Subsequently, 81 different scenarios were developed
considering variations in temperature, precipitation, and water scarcity, with the probability of each occurring calculated
using conditional probability. The results indicate that despite the increase in annual forecasted precipitation by up to
77% in the optimistic scenario and over 90% in the other two scenarios, the likelihood of severe water scarcity in the
future will be higher. Therefore, regional decision-makers must continually seek ways to reduce consumption and enhance
water supply.

Key words climate change, Water Shortage Index, LSTM, Conditional probability.
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1. Introduction

The seismic design code for oil facilities (Publication 038)
provides a response spectrum based on the ASCE 7-02
code, utilizing two spectral accelerations: SS and S1. In
contrast, in Iran, the commonly used design spectrum is
that of Standard 2800, which is based on the peak ground
acceleration (PGA) on rock sites, denoted as A. Due to the
absence of zonation maps for SS and S1 values across
different regions of Iran, this study aims to adapt the 038
spectrum to align with the Standard 2800 spectrum.

The objective of this paper is to calculate the values of
SS and S1, and ultimately SDS and SD1, for Iran’s four
seismic hazard zones, based on the standard four-site
classification. In the ASCE 7-02 code, two coefficients, Fa
and Fv, are used to translate rock site acceleration to
surface ground acceleration. These coefficients are
directly adopted, without modification, in Publication 038.
To calculate the Fa and Fv coefficients, a set of numerical
ranges for SS and S1 is employed—identical in both codes.
In Publication 038, the conversion of a 2475-year return
period spectrum to a 475-year return period spectrum is
carried out using a 2/3 reduction factor. This paper
evaluates the effect of this 2/3 factor using hazard analysis
results for the city of Kermanshah, examining its influence
on the proposed SS and S1 value ranges.

Several relationships and coefficients in Publication
038 are directly borrowed from the ASCE 7-02 code.
Therefore, this paper also discusses and assesses the
suitability of these coefficients in the context of Iran's
seismic hazard conditions.

2. Methodology and Calculation of Coefficients
According to Section 3-7-1 of the Seismic Design Code for
Oil Facilities (2016 edition), the values of SDS and SD1
can be calculated using Equations (1) and (2), provided
that the values of SS and S1 are known:

Sps = = FaSs &
Sp1 = EF"Sl )
Since the coefficients F, and F, are equal to 1 for site
type 1, and Sps and Sp; are the spectral acceleration
parameters for a hazard level of 2, we can determine the
values of Sg and S; for different regions of Iran by
matching the spectral acceleration parameters from the
Standard 2800 (A.B) with the oil facility design spectrum,
using equations (3) and (4):
AB(for soil type 1and T =1s) = Sy, == F,S,  (3)

AB(for soil type 1 and T = Short period) = Sps =
2F.Ss )
Since Ss and S; are spectral acceleration parameters (in
terms of the ground acceleration) for rock sites, these
values remain constant for different regions of Iran based
on seismic intensity. After calculating the values of Ss and
S; for the four seismic hazard zones of Iran, the
coefficients F, and F, for different soil types were
calculated using linear interpolation. Then, by applying
equations (1) and (2), the values of Sps and
Spicorresponding to the seismic hazard sites in Iran were
calculated. At this stage, the values of Ss and S; were fixed
and calculated based on equations (3) and (4) in the
previous step.

In the next step, with the values of Sps and Spi, the
seismic design spectrum corresponding to the seismic
hazard zones of Iran, based on site types, was plotted and
compared with the Standard 2800 spectrum. To evaluate
the 2/3 factor in equations (1) and (2), which connects the
level 2 and level 3 hazard earthquakes, the hazard analysis
results for the city of Kermanshah were used. In Table (1),
the values of Sg and S, are presented for the four seismic
zones of Iran. In Tables (2) and (3), the values of Sps and
Spi are calculated based on the four seismic zones of Iran
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and soil types. In Figure (1), the DBE seismic design
spectrum for soil type I and a very high hazard level is
presented.

Table 1. Spectral acceleration values Ss and Si for the four
seismic hazard zones of Iran

A Ss S1 08*Ss | 0.8*S;:
0.35| 1.313 | 0.586 | 1.050 0.469
0.30 | 1.125 | 0.503 | 0.900 0.402
0.25 | 0.938 | 0.400 | 0.750 0.320
0.20 | 0.750 | 0.320 | 0.600 0.256

Table 2. The Value of Sps According to Soil Type and Ss

Value
Soil Type | Ss=0.75 | Ss=0.94 | Ss=1.13 | Ss=1.31
| 0.50 0.625 0.75 0.875
1 0.550 0.6405 | 0.75 0.875
1l 0.60 0.703 0.7875 0.875
v 0.60 0.609 0.675 0.7875

Table 3. The Value of Sp1 According to Soil Type and S:

Value
Soil Type | $1=0.32 | S1=0.40 | S;=0.50 | S1=0.56
| 0.213 0.2666 0.335 0.3908
| 0.3157 | 0.3733 | 0.4355 | 0.5080
1l 0.3754 0.4266 0.5025 0.5862
AV 0.5802 0.64 0.804 0.938
1
Code 038

Standard 2800

— - - 80% Standard 2800

Sa (g)

T(s)

Fig 1. DBE seismic design spectrum for soil type I and a
very high hazard level

In Table 4, the proposed range for categorizing the
conversion coefficients of acceleration from bedrock to
site soil surface is presented. It is recommended that this
range be used for calculating the values of F,, Fy and other
coefficients, to better align with the seismic zones of Iran.
The proposed range, considering the four seismic zones of
Iran, includes a lower bound coefficient of 0.8 and a
coefficient of 0.47 derived from the seismic hazard
analysis of the city of Kermanshah.

Table 4. Proposed Range for Categorizing Conversion
Coefficients of Acceleration from Bedrock to Site Soil
Surface

Ss | <0.6 |080|10 |12 |14 |16
S1|<0.25|0.35| 045|055 | 0.65 | 0.75

3. Conclusion
The following results were obtained:

e It was observed that the design spectrum in
Publication 038, derived from the ASCE 7-02 code,
is not consistent with the seismic conditions of Iran.

e  The values of the coefficients Ss, Si, F,, and F,, as
well as Sps and Spi, were calculated and presented
based on the four seismic hazard zones of Iran.

e Seismic design spectra were plotted according to the
seismic conditions of Iran and compared with the
Standard 2800 spectrum.

e The 2/3 factor, which connects the 2475-year return
period spectrum to the 475-year return period
spectrum, was evaluated using the hazard analysis
results for the city of Kermanshah. It was found that
this factor does not provide sufficient accuracy for
this region. As a result, based on the average hazard
analysis factor for Kermanshah (0.47), the values of
Ss and S; were recalculated.

e It was observed that the zonation of coefficients in
Publication 038 is not suitable for the four seismic
hazard zones of Iran.

e A proposed range for categorizing the coefficients
that convert spectral acceleration from rock sites to
the ground surface was provided, tailored to the
seismic conditions of Iran.
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Adapting Seismic Risk Zonation of The Seismic Design Code of Oil Company Facilities with The
Seismic Design Code of Iran

Nima Shahbazi Iman Ashayeri

Abstract The design spectrum presented in the Iranian Seismic Design Code for Petroleum Facilities (Publication-038)
is derived from the design spectrum of the US ASCE 7-02 code. It is based on two spectral accelerations Ss and S;.
Considering that the spectral acceleration values of Ss and S; are not available for the seismic regions of Iran and since
the seismic design spectrum in Iran is the standard design spectrum of the code-2800, which is based on the maximum
acceleration of bedrock A. In this article, we adapt the seismic design spectrum of Publication-038 with the seismic design
spectrum of the code-2800. Thereby, we calculate the values of Ss, S1, Sps and Sp1 according to the four seismic zones of
Iran and based on the four classifications of ground condition in Iranian seismic design code-2800 and provide the design
spectra. in the other part, the evaluation of acceleration transfer coefficients to the ground surface (Fa and Fv) presented
in publication-038 is discussed. The results show that the range of these coefficients is not appropriate to the seismic
conditions of Iran. Therefore, the suggested range for the mentioned coefficients is presented based on the values of Ss,
S; and according to the seismic conditions of Iran. In the other part of this research, the coefficients and relationships
used in the publication-038 are evaluated. Investigations show that some of the relations and coefficients used in
publication-038 are taken directly and without change from the American ASCE 7-02 regulations and based on the results
of this study, they are not suitable for the seismic conditions of Iran.

Key words Design Spectrum, Iranian Seismic Design Code for Petroleum Facilities, Standard 2800, Spectral
acceleration.
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1-Introduction

Using available materials such as cement, lime, slag, and
other additives to improve and increase the bearing
capacity of soft soils is considered a traditional method of
soil stabilization. In contrast, adding metallic and non-
metallic elements or replacing part of the soil with
aggregates  represents newer methods of  soil
reinforcement.

In soil improvement using the stone column method,
a portion of the weak soil is excavated through pits or holes
of a specific diameter and spacing. Coarse-grained
materials are then poured into these pits and compacted,
forming columns that transfer structural loads to more
resistant soil layers.

Previous research involving 3D numerical analysis of
stone column behavior in layered soil with geosynthetic
materials indicates that bearing capacity increases by
166% in unreinforced cases. When stone columns are
reinforced with geosynthetics, the bearing capacity can
increase up to eight times, depending on the aggregates'
friction angle, stiffness, and the geosynthetic's shape.

A study on geotextile performance—comparing
horizontal placement with confinement inside stone
columns—demonstrated that bearing capacity rises with
increased geotextile stiffness. Additionally, horizontal
reinforcement placement is more effective than
confinement within stone columns in reducing settlement.

Most research on stone columns has focused on
improving design methods, their role in accelerating
consolidation settlement, analyzing failure mechanisms,
and enhancing vertical bearing capacity. However, the
lateral confinement of stone columns by geosynthetics
under shear loads—particularly in sandy soils under higher

overburden stresses at greater depths—has received less
attention, highlighting the need for further investigation.

To address this gap, this research examines the shear
behavior of geotextile-reinforced stone columns, focusing
on their weakness due to insufficient confinement. Using
a large-scale direct shear test device under high
overburden stresses—an innovative aspect of this study—
the shear strength of both single and grouped stone column
samples (reinforced and unreinforced) in a sand bed is
evaluated.

2 —Experimental program and material specifications
To prepare the direct shear test specimens, SP-type sand
was used for the sand bed, while GP-type granular
materials were used to construct the stone columns.
Geotextile materials were employed to reinforce the stone
columns; their full specifications are presented in Table 1.

A large-scale direct shear device with a shear box
measuring 30 x 30 x 14 c¢cm was used for the tests, in
accordance with ASTM D-3080. The device consists of the
following components: the main body, the shear box, the
sample saturation box, the vertical and horizontal loading
systems, and the measurement system.

The tests were conducted under vertical stresses of
100, 200, and 300 kPa at a shearing speed of 1 mm/min in
a strain-controlled manner.

*Manuscript received October 1, 2024, Revised November 17, 2024, Accepted December 23, 2024.

! Master of Civil Engineering Department, Bu-Ali Sina University

2 Corresponding Author: Assistant Professor, Department of Civil Engineering, Engineering Faculty of Khoy, Urmia University of

Technology. Email: Sgholipour@uut.ac.ir

3 Associate Professor of Civil Engineering Department, Bu-Ali Sina University.



https://civil-ferdowsi.um.ac.ir/article_46130.html?lang=en
https://civil-ferdowsi.um.ac.ir/
https://doi.org/10.22067/jfcei.2024.90055.1323
mailto:Sgholipour@uut.ac.ir
mailto:Sgholipour@uut.ac.ir
https://orcid.org/0000-0002-2469-7952

Adel Shakibi Nezhad, Sajjad Gholipour, Masoud Makarchian

66

Tablel. Specifications of sand bed and stone column

materials
Parameters Values
Type of materials Sand Stone column
USCS SP GP
G;s 2.67 2.72
D1o (Mmm) 0.21 1.9
Cu 271 2.26
C. 0.85 142
D, 50% 65.7 %
74 (KN/m?) 14.5 15.84
Yama (KNIME) 16.36 16.65
Yaminy (KN/M?) 13.03 14.49
c (kPa) 3.4 2.3
20 34.2 483

Figure 1. Images of prepared samples with different stone
column arrangements

In this study, considering the dimensions of the shear test
box, stone columns modeled in the sand bed were
examined in single and group triangular and square
arrangements with diameters of 7 and 9 cm. To prepare the
samples, before the sand was poured, for the construction
of stone columns, metal pipes were placed in a specific
location in the shearing box and then sand was slowly
poured from a certain height around the metal pipe. After
preparing the sand bed, the stone column materials were
poured into the pipe in layers of 5, 5 and 4 cm and each
layer was compacted using a rod weighing 1.5 kg and with
a drop height of 10 cm and then the metal pipe was slowly
removed from the sand bed and the sample was placed in

the testing position. Figure 1 shows images of prepared
samples with different geometric arrangements.

After preparing the samples, to determine the shear
strength parameters through large-scale direct shear
testing, the samples were subjected to overhead stresses of
100, 200, and 300 kPa and horizontal loading at a speed of
1 mm/min under shear force, and the results were studied
for different parameters. The effect of the parameters on
the results is presented in detail in the results section.

3- Test results

Based on the results of the stress-strain diagrams in the
case of a single unreinforced stone column, with increasing
the Ar amount (ratio of the stone column surface to the
sand bed), a slight improvement in the shear strength and
internal friction angle occurs compared to the bed soil
without columns, which is due to the replacement of some
of the bed soil with higher quality and more resistant soil.

The test results of stone columns reinforced with
geotextile in the Figures 2 and 3 show that the maximum
strength of single reinforced stone columns has increased
shear strength compared to the case of bed sand. Also, the
initial stiffness of the stone column group has increased
compared to the bed sand, and the shear strength has also
increased significantly. The reason for the increased
resistance in single and group stone columns is the
replacement of bed soil with stone column materials and
the presence of geotextile containment. These enclosing,
by mobilizing tensile stresses and preventing rupture
during large displacements, have increased the shear
resistance due to apparent adhesion in stone column
specimens.

According to the trend of the curves, it is observed that
the behavior of reinforced stone columns, unlike bed sand
and unreinforced stone columns, has changed and they
show strain hardening behavior and with increasing
horizontal displacement, an increase in residual strength is
observed in the tested samples.

Considering the increase in shear strength caused by
stone columns located in the sand bed and the confinement
of stone columns by geosynthetics, the main reasons for
the improvement can be interpreted as follows; (1) the
increase in shear strength can be caused by the creation of
apparent adhesion between materials due to confinement
effects, (2) the strain of geosynthetics during shear
displacement can cause further confinement and create
additional shear strength, (3) the lateral confinement effect




67

Ferdowsi Civil Engineering, 38, 1, 2025.

caused by the presence of adjacent stone columns in the
soil between the group of stone columns can cause a
greater increase in strength compared to individual
columns.

150

100

50
—0— 70 mm diameter single stone column
—a— 90 mm diameter single stone column
—>—— Stone column material

Shear stress (kPa)

0 10 20 30 40
Horizental displacement (mm)

Figure 2. Shear stress variations in confined single stone
columns
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140
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80

60

Sheare stress (kPa)

40

—O— 70 mm diameter stone column in square pattern

20 |4 —a— 70 mm diameter stone column in triangular pattern

—X—— Stone column material

0 10 20 30 40
Horizental displacement (mm)

Figure 3. Shear stress variations for a group of confined
stone columns

4- Conclusion

A summary of the most important results of the behavior

of stone columns reinforced by geotextiles located in

sandy soil is presented as follows:

e The behavior of specimens improved by single and
group unreinforced stone columns is similar to that of a
sand bed without stone columns, due to the lack of
sufficient confining pressure from the loose soil of the
bed.

e Using an unreinforced stone column in a loose sand bed
with a surface area ratio of up to about 17% of the sand
surface area has resulted in an increase of about 12% in
the angle of internal friction of the sand for a single
column and an increase of 26% for a group of columns,
with no increase in adhesion.

e Unlike unreinforced samples, in all cases of the bed
improved with reinforced stone columns, strain

hardening behavior was observed after the samples
reached maximum shear strength.

e The use of single reinforced stone columns has resulted

in a 3 to 4 degree increase in the internal friction angle
and 9.4 to 14 kPa in the adhesion of the sand bed, which
indicates a significant increase in the adhesion rate of
about 3 times.
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Investigation of Shear Behavior of Stone Columns in Sandy Bed
Adel Shakibi Nezhad Sajjad Gholipour Masoud Makarchian

Abstract There are various methods to improve loose soils. One of the improvement methods is the use of stone
columns. This method decrease settlement, increase the resistance to liquefaction, improve load bearing capacity,
vertical drainage and increase the speed of consolidation. In this paper, the effect of geotextile enclosures on the lateral
bearing capacity of loose soil reinforced by stone columns are investigated. In order to study the behavior of stone
columns, large-Scale Direct shear apparatus was used. The stone columns modeled in this apparatus have been tested
in unreinforced and reinforced with geotextile materials under different normal stresses and in single and group mode
with different diameters. The results show an increase in the value of the shear parameters of loose sand by reinforcing
stone columns, so that the use of unreinforced stone column in the loose sand bed up to 17% of the sand surface
increases the internal friction angle of the sand by 12% and 70% in the maximum shear strength, and the simultaneous
use of the stone column and geotextile have led to a slight improvement of about 3% of the internal friction angle, and
up to about 60% adhesion and 2.2 times the shear resistance depending on different parameters.

Key words Stone Column, Soil Improvement, Geotextile, Large-Scale Direct Shear.
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1- Introduction

According to AASHTO recommendations, the resilient
modulus (MR) is one of the fundamental parameters for
designing pavement layers and determining their
thickness. MR represents the elastic modulus of soil,
calculated based on reversible strains under dynamic loads
and varying stress states. Analyzing MR variations is one
of the most effective methods for evaluating the
performance of stabilized pavement layers.

Recently, to conserve resources, the use of innovative
materials (rather than traditional ones) for soil stabilization
has become widespread. These materials include enzymes,
polymers, sulfates, ions, resins, oils, and others, which
effectively mitigate risks associated with soil stabilization.
Furthermore, in line with environmental concerns and the
Kyoto  Protocol’s  recommendations,  biological
stabilization methods—such as the use of biopolymers—
have been introduced. Biopolymers offer advantages like
simplicity, cost-effectiveness (requiring no specialized
equipment), short mixing times, and high efficiency,
particularly in clay soils.

Determining MR through laboratory testing is time-
consuming and expensive. As per AASHTO guidelines,
MR can instead be estimated using validated correlations
with other soil parameters, such as the California Bearing
Ratio (CBR) and uniaxial compressive strength (qu).
However, the applicability of these correlations must be
verified for each specific scenario.

In this study, the focus is on subgrade clay soil. For
stabilization, Nicoflok solid polymer (chemical method)
and Beta-glucan biopolymer (biological method) were
employed. Through laboratory experiments, their effects
on qu and MR were investigated. Subsequently, the
accuracy of the Thomson correlation for stabilized soils
with these additives was analyzed.

2- Materials and Tests

In the present study, soil samples were collected from the
subgrade of Amol-Sari Freeway in Mazandaran province.
Based on the gradation, hydrometer analysis, and
Atterberg limit tests, the soil is classified as high-plasticity
clay (CH) under the Unified Soil Classification System
(USCS).

Beta-glucan solution as a biopolymer and Nicoflok
powder as a solid polymer were used for biological and
chemical stabilization respectively. Beta-glucans comprise
of D-Glucose monomers and have glycosidic bonds found
in various forms such as cells, bran, fungi and bacteria in
nature.

To examine the effect of stabilization, compaction tests
(ASTM D698), unconfined compressive strength tests
(ASTM D2166), and resilient modulus tests (AASHTO
T307) were conducted.

3- Test Results

In general, stabilizing clay with calcium-based cations
such as Nicoflok and cement resulted in a decrease in
maximum dry density and an increase in optimum
moisture content due to the accumulation of particles in
larger spaces, low cation density and pozzolanic reaction.
However, this trend stopped with the addition of Nicoflok
to the highest value and the optimum moisture content
decreased to some extent, which can be due to an increased
effect of the hydrophobic properties of Nicoflok particles.
Beta-glucan is a water-absorbing polymer with a density
less than soil; therefore, the accumulation of low-density
Beta-glucan fibers increased the optimum moisture
content and decreased the maximum soil density. The
optimum moisture content increased with the increase in
the concentration of Beta-glucan.

The unconfined compressive strength test results are
shown in Table 1.
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Tablel- Unconfined compressive strength test results

Chemical Biological
03% | 0.7% | 1% | 2g/lit | 4g/lit | 8g/lit
3 | Esec | 129.7 | 144.14 | 13146 | 121.8 | 182.42 | 150.41
Days | qu 1.92 3.33 3.15 2.73 3.34 35
7 | Esec | 199.27 | 144.8 | 202.58 | 205.6 | 244.65 | 241.05
Days | qu | 2.32 3.62 4.32 4.56 5.02 4.32
14 | Esc | 196.67 | 149.21 | 200.57 | 207.58 | 254.5 | 252.04
Days | qu | 2.96 4.07 4.61 5.05 5.46 4.21
28 | Esec | 197.62 | 160.04 | 202.6 | 208.42 | 250.1 | 248.8
Days | qu | 343 431 4.94 5.48 5.6 4.2
Chemical stabilization using Nicoflok increased the e Biological stabilization (Beta-glucan): The optimal
resilient modulus. This trend proceeded with the increase concentration is 4 g/L. At 8 g/L, strength and stiffness
in Nicoflok percentage and its effect on improving decline after 7 days due to excessive unbound fiber
cementing performance and particle bonding. The colonies (visible as fungal growth and surface erosion).
increasing rate of Mg was more evident in the first 14 days
of curing. The highest amount of Mr was 358 MPa 3. Resilient Modulus (MR) Behavior

achieved at an additive value of 1% and a curing period of
28 days.

In the biological stabilization, Mg increased up to a
concentration of 4 gr/L and after that it did not change
much until a concentration of 8 gr/L and even decreased
from day 14. At a concentration of 8 gr/L fungus and
erosion were observed on the samples, which could have
been caused by the increase of uncombined Beta-glucan
fiber colonies with clay partilces at this concentration in
the stabilized soil structure.

4- Assessing the accuracy of Thomson's model in
estimating Mr of the studied soil
Equation 1 states the Thomson model:
Mg= a.qut+b Q)

In which a and b are constants. In this model, Mg is
linearly correlated with qu. To evaluate this relationship in
different stress states (different test sequences), the data of
two curing periods of 14 and 28 days in three doses of
Nicoflok and Beta-glucan was considered.

5- Conclusion
1. Density and Optimum Moisture Content Changes
Chemical and biological stabilization of clay reduce
density and increase optimum moisture content. This
trend occurs due to:
Pozzolanic reactions in chemical stabilization,
Accumulation of lightweight fibers in the soil structure
in biological stabilization.
In chemical stabilization, when Nicoflok content increases
to 1%, the optimum moisture content decreases again due
to the polymer’s hydrophobic properties, while maximum
dry density increases.

2. Compressive Strength and Elastic Modulus
Both Nicoflok and Beta-glucan enhance compressive
strength and modulus of elasticity. However, the trends
differ:
Chemical stabilization (Nicoflok): Rapid strength gain
occurs within the first 7 days, then slows.

S

Nicoflok increases MR more significantly than Beta-
glucan, especially during the initial 14-day curing
period, with slower progress afterward.

At 8 g/L Beta-glucan, MR decreases after 14 days.

. Thomson Model Accuracy
The Thomson model reliably estimates MR for
Nicoflok-stabilized ~ clay, particularly  under
serviceability stress conditions typical for highways
(Fig. 1).
Its accuracy is lower for Beta-glucan-stabilized soil.
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Experimental Study of the Correlation between Resilient modulus and Uniaxial Compressive Strength
in Chemical and Biological Stabilization of Clay Subgrade Soil

Siamak Shafaghatian, Gholam Moradi

Abstract Due to the high cost and time-consuming nature of testing, it is useful and common to use valid correlation
relationships with common soil parameters to determine the resilient modulus (Mg) for design purposes. However, the
validity of these relationships for stabilized soils has been less investigated. Stabilization of weak subgrade soil is a
method of avoiding weak soil replacement costly and time-consuming problems. According to the Kyoto Protocol, a lot
of research has been done on novel materials such as polymers and new methods like biological stabilization. This study
aimed to investigate the effect of chemical and biological stabilization of clay subgrade soil on the resilient modulus and
uniaxial compressive strength (qu) and accuracy of the Thompson model for correlation between these two parameters.
For chemical stabilization, a solid polymer called Nicoflok and for biological stabilization, a biopolymer solution called
Beta-glucan were employed. In both methods, the dry unit weight of the soil decreased and its optimum water content and
qu increased. Despite similar results in the uniaxial test, the solid polymer increased the Mg of the stabilized soil more
than the biopolymer. Based on the regression analysis of tests data, the Thompson model had more accurate results in
the Nicoflock stabilized soil than the biopolymer ones.

Key Words Resilient modulus (Mg), The Thompson model, Chemical and biological stabilization of clay subgrade soil,
Nicoflock, Betaglucan.
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1- Introduction

The construction industry is regarded as one of the most
vital engines of the national economy in any country. It
also plays a significant role in enhancing individuals'
quality of life. In this sector, project success is crucial, as
it positively influences the economic growth of nations.
However, construction projects often fail to meet
predetermined benchmarks in terms of time, cost, and
quality.

The performance of project management in any
construction endeavor inherently depends on the actions of
individuals who collectively interact as a project team.
Since these interactions occur at the human level, the
concept of "“trust™ becomes fundamentally significant.
Research has shown that low levels of trust among project
team members lead to poor project performance.

Civil projects are at the core of a country's economic
development. Evidently, the execution of these projects
plays a pivotal role in national economies. Due to the
dynamic nature of the construction industry, projects
constantly face uncertainties, making project management
challenging and often resulting in subpar performance.
Although extensive research has been conducted on the
factors contributing to "project success," humerous studies
indicate that many projects still fail. Some empirical
studies suggest that these failures may stem from
inefficiencies in human-related success factors, including
weak collaboration and a lack of trust within the project
team.

Despite the significant impact of trust on project success,
existing project management research has paid relatively
little attention to this concept compared to traditional
topics such as cost and quality management. Therefore,
this study aims to explore the role of trust among key
stakeholders in the construction industry—consultants,
contractors, and clients—in achieving successful project
outcomes.

2-Research Methodology

This research is an applied study based on its objective, as
it aims to provide a structural equations model and explain
concepts in real conditions, striving to present optimal
models to develop and improve the success of construction
projects.

To this end, a comprehensive review of the previous
literature was conducted to identify trust indicators (35
items) and project success criteria (15 items). With the
guidance of experts and the Delphi method, 15 trust
indicators and 10 project success criteria (optimal
indicators and criteria) were selected, and a conceptual
model of the relationship between them was constructed
using structural equations modeling, with calculations
performed using SMART.PLS software.

Initially, after reviewing previous studies and finalizing
the number of trust indicators and project success criteria,
a questionnaire consisting of three sections (personal
information, trust indicators, and project success criteria)
was designed. The design and content validity index (CVI)
was calculated, with all questions scoring above 0.75,
indicating the content validity of the questionnaire.
Following the finalization of the questionnaire, the sample
size was determined using Cochran's formula, and based
on an unlimited statistical population including
consultants, contractors, and clients in Iran's construction
industry with a 10% allowable error rate, 96 cases were
determined. The questionnaire was then completed by
experts in Tehran through in-person and remote methods,
such as social media and email.

After collecting the questionnaires, structural equations
modeling was prepared and analyzed using Smart PLS
software.

In general, structural equations modeling is a statistical
method for validating the conceptual model of research.
The researcher must first identify various factors forming
the phenomenon under study. Then, based on existing
theoretical foundations, hypothesize relationships between
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factors and identify a number of items to measure for each
factor. After hypothesizing and drawing the initial
conceptual model, this model should be implemented in
the SMART PLS or LISREL software environment.

In structural equations modeling, statistical concepts such
as variance and covariance are used as criteria for
measuring the dispersion or dependency between
variables. The main application of this technique is in
multivariate discussions that cannot be conducted in a
bivariate manner (single independent and dependent
variable).

Finally, using the structural equations model, the
conceptual model can be validated. The structural
equations modeling method is not used for model
construction but for model evaluation and validation. The
researcher must draw an initial model and then use this
method to validate the model.

3-Results
The results of this study indicate a strong positive
relationship between trust among key stakeholders of
Iran's construction projects and project success. The results
also show that the criterion of honesty, with a factor
loading of 0.888, has the highest share, and the emotional
bond criterion, meaning having an emotional connection
between partners like ethnic ties, kinship, friendship, etc.,
with a factor loading of 0.527, has the lowest share in
explaining the trust construct.

Other main findings of this research are as follows:

e The findings of this quantitative study support the
research hypothesis, showing a significant positive
relationship between trust among key stakeholders in
the construction industry (consultant, contractor,
client) and project success.

e The path coefficient (regression coefficient in
standard state) indicating the relationship between
trust and project success is 0.695, and the T Value is
16.865, showing a strong positive relationship
between trust among key project stakeholders and
project success in Iran (if the T number is greater than
1.64, 1.96, or 2.58, it indicates the validity of the
relationship between constructs and, as a result,
confirms the research hypotheses at confidence
levels of 90%, 95%, and 99% respectively).

e The criterion of honesty, with a factor loading of
0.888, plays the highest role in explaining the trust
construct in Iran's construction projects. This means
that stakeholders believe that honesty in a partner can
have the greatest impact on building trust.

e  The criterion of emotional bond, meaning having an
emotional connection between partners like ethnic
ties, kinship, friendship, spatial proximity, etc., with
a factor loading of 0.527, plays the lowest role in
explaining the trust construct (Table 7). In other
words, although ethnic or local ties are factors that
increase trust in a construction project, they have a
lesser weight compared to other trust indicators.

e According to experts, there is a direct relationship
between keeping promises in contracts and reducing
disputes, and even reducing costs and increasing
quality, because the contractor feels obligated to

adhere to the quality mentioned in the contract
without the presence of supervisory factors and to
carry out the work according to the schedule and
specified quality and cost, avoiding unauthorized
delays. The client, by being endowed with this ethical
quality, feels obligated to pay the invoice amounts on
time and adhere to other commitments, including oral
instructions issued by them. Therefore, these factors
definitely lead to increased trust and project success.
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Abstract Despite the influence that trust has on the success of projects, in the existing project management research,
little attention has been paid to the concept of trust compared to traditional project management issues such as cost and
quality management. Therefore, the purpose of this research is to examine the role of trust among the key stakeholders
of the construction industry (consultant, contractor, employer) on the success of projects in this field. For this purpose,
at first, with a comprehensive review of the previous literature, trust indicators (35 items) and project success criteria
(15 items) were identified and using the opinion of experts and the Delphi method, 15 trust indicators and 10 success
criteria of construction projects were identified. optimal indicators and criteria) were selected and using structural
equation modeling, a conceptual model of the relationship between them was built and related calculations were
performed using SMART.PLS software. The results show the fact that there is a strong positive relationship between the
existence of trust among the key stakeholders of Iran's construction industry projects and the success of the project. Also,
the results of this research show that the criterion of honesty with a factor load of 0.888 has the highest share and the
criterion of emotional connection, which means having an emotional connection between partners such as ethnic ties,
kinship, friendship, etc., has the lowest share with a factor load of 0.527 plays a role in explaining the trust structure.

Key Words Trust, Stakeholders, Project success, Construction industry.
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