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Figure 1- The study area
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Figure 2- Flowchart of the developed computer program for the bivariate probabilistic analysis of consolidation
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Figure 3- Hydraulic conductivity curves, a) Q-Q plot b) marginal distribution
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Figure 4- Volumetric compressibility curves, a) Q-Q plot b) marginal distribution
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Scatter of Original Data K & Mv By Clayton Copula
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Figure 5- Histogram-scatter of voulme compressibility against hydraulic conductivity derived from soil samples
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Figure 7- Cumulative bivariate probability distribution of random pair values by Gaussian copula
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Figure 8- Probability distribution of pore water pressure per 1000 random pair values using the Clayton copula at
the depth of AZ =2 m a) Probability density (PDF) b) Cumulative distribution (CDF)
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Figure 9- Probability distribution of pore water pressure per 1000 random pair values using Clayton function at
the depth of AZ = 4 m a) Probability density (PDF) b) Cumulative distribution (CDF)
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Figure 10- Probability distribution of pore water pressure per 1000 random pair values using Gumbel function at
the depth of AZ =2 m a) Probability density (PDF) b) Cumulative distribution (CDF)
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Figure 11- Probability distribution of pore water pressure per 1000 random pair values using Gumbel function at
the depth of AZ = 4 m a) Probability density (PDF) b) Cumulative distribution (CDF)
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Figure 12- Probability distribution of pore water pressure per 1000 random pair values using Frank function at
the depth of AZ =2 m a) Probability density (PDF) b) Cumulative distribution (CDF)
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Figure 13- Probability distribution of pore water pressure per 1000 random pair values using Frank function at
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the depth of AZ = 4 m a) Probability density (PDF) b) Cumulative distribution (CDF)
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Figure 14- Probability distribution of pore water pressure per 1000 random pair values using Gaussian function
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Figure 15- Probability distribution of pore water pressure per 1000 random pair values using Gaussian function
at the depth of AZ =4 m a) Probability density (PDF) b) Cumulative distribution (CDF)
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Figure 16- Probability distribution of pore water pressure per 1000 random pair values using t-student function at
the depth of AZ =2 m a) Probability density (PDF) b) Cumulative distribution (CDF)
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Figure 17- Probability distribution of pore water pressure per 1000 random pair values using t-student function at
the depth of AZ = 4 m a) Probability density (PDF) b) Cumulative distribution (CDF)
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Figure 18- Temporal variations of cumulative distribution of pore water pressure during consolidation using
copula functions compared to Malekpour et al. (2018) in no copula condition a) depth = 2m b) depth =4m

Yol Jdow (Gl Ol 1 (Soon
e I e S
s MATLAB _—ugia sl Lo e ;5 (slasll, aaliy
4 038 (o2 (69 5 aalllae S el Lo
J=8 = 9l Jol> gl sl esliiul L (S )51

Lo esin (Kcor Jlosl pac &js 0 y5 -
555 S (eSS i Co s 3l (g
4 2SS o gl plsiige 5 005 05l
Sy 3l ot a5 )0 gl o b
REESg

— Sy Gl e S Jlosl 6l -
a—=lgi sloslai wl (S S 1S SYL ozl Jdos
ey a Cod gyt gyl Gg—an Vel S
.u\.;)‘b ‘Sww)‘
&L ey n 0y ilide lag L ull -
Jlog 0 Vel s e Glge an (cwsS Y5

144

o ¥ Goc )0 050 s odalioaS shil an

JSi) e ¥ ey e g (@ JHVA )
o3l 50 Sl b gdhie O HLzé el S
ol 0 5o sl S (s 0550 S
Y slogos pwnpn Ve Jloolmh w o bl
bt g yol> §odod s S e F g s
4 (Malekpour et al., 2018) ||l 5 9 S Lo
E—o90 il ailb g0 a0 3 YV guno Y iy
Loy (SKiwiod Jlosl pae a5 s o lis
Gl Sl mhoway S0y 2l o Bolas
— o= Szl SLs (oS e 0591 1 40 (6,5, 3

S 5 A

et )| VLS alys 0, Ko ol 5odiod o

Go—an Yl S alsi o (S35 Jel8 (9 5)
Ol (Smaon Jloel jo (Chsgiwl 5 g (w5S)
bl 5 (SHgu—e colio Solai sls e



05w o ST Al y8 e 50 (gdie O HLid Sloj ol pundS b il 93 (Y loiin] Julo

iz gl a S Sl S a w3 gl o
o5t Lot g9 8y Jlaizl 355, 50 il>
03l Lo, slsl am Laoslw o 48 jlome 0> 5l i
by 00,8 g oslanal B o3y 1y S jee Jsb 5o
aalol yo 48 39 o Slpidin il e g lwdige
= o edballl SYlaisl yhgy o Sles (ldbxs

S g (Soloal Gl sl (o2 50 -

é—’l—’ (o0 asJlas Lngﬁ)Ll—w 30) O ydie O ygo A
Dled oo A s op e weSae (owsS

3,5 8 05 G o o)l (o 4SS 50 0 -

Solar sloapaie Siwon Jlocl poe gllas

JOW BT

Ol s g Sz ganan¥ 505 Jleel L Laojlw
23305 )18 (om0 9590 (e ol gelans
@'é,.ﬁ

5 =9 o8 iulo;l ylwlis IS a1y 095 loja 8 g S is cilpe aS oy o p3Y 055 0 oy

.«A.;..’LQ-; ).‘)-3‘ ....-. .

Fo Ay

Aguilar-L6pez, J., J. Warmink, R. Schielen and S. Hulscher. (2014). Flood defence design parameters
correlation influence on failure probability—case study of backward erosion piping. 3rd IAHR Europe
Congress: Water-Engineering and Research, April, 2014, Porto, Portugal. pp. 1-12.

Alibeikloo, M., Khabbaz, H., Fatahi, B., & Le, T. M. (2021). Reliability assessment for time-dependent
behaviour of soft soils considering cross correlation between visco-plastic model parameters.
Reliability Engineering & System Safety, 213, 107680.

Bahrami, R., Khayat, N., & Nazarpour, A. (2021). Laboratory investigation on physical-mechanical
characteristics and microstructure of a clayey gypsiferous soil in the presence of chemical
accelerator. KSCE Journal of Civil Engineering, 25(9), 3273-3288.

Benemaran, R. S., & Esmaeili-Falak, M. (2023). Predicting the Young's modulus of frozen sand using
machine learning approaches: State-of-the-art review. Geomechanics and Engineering, 34(5), 507-
527.

Charoosaei, S., Khayat, N., & Adeli, M. M. (2019). Evaluation of Mathematical Relationships of Shear Wave
Velocity and StandardPenetration Test Results with Bayesian Statistics Approach, Bulletin of
Earthquake Science and Engineering, 6(4), 37-51.

Cheng, Y., Zhang, L. L., Li, J. H., Zhang, L. M., Wang, J. H., & Wang, D. Y. (2017). Consolidation in
spatially random unsaturated soils based on coupled flow-deformation simulation. International
Journal for Numerical and Analytical Methods in Geomechanics, 41(5), 682-706.

Griffiths, D. V., & Fenton, G. A. (2009). Probabilistic settlement analysis by stochastic and random finite-
element methods. Journal of geotechnical and geoenvironmental engineering, 135(11), 1629-1637.

Khalaf-Shoushtari, M., Khayat, N., & Nazarpour, A. (2017). Investigating Parameters Affecting the
Settlement of Gypsum Soils. Irrigation and Drainage Structures Engineering Research, 17(67), 81-
94.

\AE



YIV-AY axio/VF Y o/ Qe 0,lond/YF 2,98/ iSR) g 5l (W 05l  cwikige wiliiiod

Kilgore, R. T., & Thompson, D. B. (2011). Estimating joint flow probabilities at stream confluences by
using copulas. Transportation research record, 2262(1), 200-206.

Malekpour, A., Farookhroo, S., & Hosseini, M. (2019). Effect of Uncertainty of Soil Compressibility on
Temporal Variations of Pore-Water Pressure at the Foundation of Structure. Water and Soil Science
(Agricultural Science), 29(2), 199-212. (in Persian)

Malekpour, A., Sadeghian, N., & Mohammadi, M. (2018). Effect of uncertainty of hydraulic conductivity
and number of samples in Monte-Carlo method on time-dependent variation of soil consolidation,
Iranian Journal of Soil and Water Research, 49(4), 739-749. (in Persian)

Marden, J. I. (2004). Positions and QQ plots, Statistical Science, 19(4), 606-614.

Nadim, F. (2015). Accounting for uncertainty and variability in geotechnical characterization of offshore
sites. In Geotechnical safety and risk V (pp. 23-35). 10S Press.

Nour, A., Slimani, A., & Berrah, M. K. (2007). Consolidation statistics investigation via thin layer method
analysis. Transport in porous media, 67(1), 69-91.

Sadegh, M., Ragno, E., & AghaKouchak, A. (2017). Multivariate Copula Analysis Toolbox (MvCAT):
describing dependence and underlying uncertainty using a Bayesian framework. Water Resources
Research, 53(6), 5166-5183.

Sklar, M. 1959. Fonctions de repartition an dimensions et leurs marges. Publ. inst. statist. univ. Paris, 8, 229-
231.

Torfi, S., Khayat, N., & Horpibulsuk, S. (2021). Sustainable stabilization of compacted clay using sodium
alginate for subgrade application. International Journal of Geosynthetics and Ground Engineering, 7,
1-15.

Wang, L., Tang, L., Wang, Z., Liu, H., & Zhang, W. (2020). Probabilistic characterization of the soil-water
retention curve and hydraulic conductivity and its application to slope reliability analysis. Computers
and Geotechnics, 121, 103460.

Wang, Y., Zhao, X., & Wang, B. (2013). LS-SVM and Monte Carlo methods based reliability analysis for
settlement of soft clayey foundation. Journal of Rock Mechanics and Geotechnical Engineering, 5(4),
312-317.

Yang, S. C., Liu, T. J., & Hong, H. P. (2017). Reliability of tower and tower-line systems under
spatiotemporally varying wind or earthquake loads. Journal of Structural Engineering, 143(10),
04017137.

Zhang, Y., Beer, M., & Quek, S. T. (2015). Long-term performance assessment and design of offshore
structures. Computers & Structures, 154, 101-115.

Zomorodian, S. M. A., Zerangsani, F. (2015). Investigation into the effect of the uncertainty of geotechnical
parameters on the bearing capacity of strip footings. Sharif Journal of Civil Engineering, 31.2(1.1),
129-136. (in Persian)

BB



Irrigation and Drainage Structures Engineering Research/Viol.24/No.90/ Spring 2023/P.91-113

AERI

Original Research

Bivariate probabilistic analysis of temporal variations of pore water
pressure during consolidation process in structural foundation

Amir Malekpour®, Nima Sadeghian, Mohammad Javad Farrokhi

*Assistant Prof., Department of Water Engineering, Faculty of Agricultural Sciences, University of
Guilan

Email: malekpour@guilan.ac.ir

Received: 12 Auqust 2023 Accepted: 24 October 2023

https://doi.org/ doi.org/ 10.22092/IDSER.2023.363197.1551

Extended Abstract
Introduction

The consolidation and the subsequent settlement can lead to the land subsidence, building
destruction, pipeline ruptures in water supply networks, and damage to the asphalt pavement. In soil
consolidation analyses and many other geotechnical problems, the uncertainty of geotechnical variables
and their spatial variations is of significant importance. As a result, the uncertainty-based approaches
are currently employed to consider these problems rather than deterministic analyses. In this regard,
some researches have demonstrated the considerable influence of the random variables of hydraulic
conductivity and volume compressibility on the soil consolidation phenomenon. However, the studies
have rarely addressed the correlation between these random variables and its effect on the probabilistic
consolidation analysis. The current research aims at investigating the impact of correlation between two
random variables of hydraulic conductivity and volume compressibility using copula functions via the
development of a computer program in MATLAB. The performance of different copula functions in the
bivariate probabilistic analysis of consolidation and the temporal variations of pore water pressure
distributions are studied in a case study in Guilan province of Iran.

Methodology

In this research, a computer program was developed in MATLAB to estimate the marginal
distributions of two random variables of hydraulic conductivity and soil volume compressibility. Then
the bivariate probability distributions of two random variables were obtained using two copula groups
of Archimedean (Clayton, Gumbel and Frank) and elliptic (Gaussian and t-student). The bivariate
distributions of random variables were applied to estimate the temporal pore water pressure distributions
during consolidation in soil depths of 2 and 4 meters. The best joint probability distribution and the
corresponding copula function was determined on MvCAT software based on the correlation of random
variables and using certain criteria such as AIC, BIC, RMSE, and NSE. As a feature of developed
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computer program in this research,1000 pair values of hydraulic conductivity and volumetric
compressibility were generated by copula functions (from the primary 24 field data) in order to create
more accurate results. Then, after numerically solving the governing differential equation of
consolidation using the implicit central finite difference method, the probability distributions of pore
water pressure over time including the probability density functions (PDFs) and cumulative distribution
functions (CDFs) were calculated using different copulas and compared with each other.

Results and Discussion

The results showed that the inverse Gaussian distribution properly fits to the marginal distributions
of each single random variable, according to BIC criterion. In this research, Kendall’s correlartion
coefficient showed a positive correlation between the random variables of hydraulic conductivity and
soil volume compressibility. After 15 days from the beginning of consolidation with an initial loading
of 400 kPa, the pore water pressures in the depth of 2 meters were estimated equal to 398.75, 398.9 and
398.95 kPa for Clayton, Gumbel and Clayton copulas, respectively. Whereas the pore pressure in the
same depth were obtained equal to 399 and 399.05 kPa for Gaussian and t-student copulas, respectively.
In the depth of 4 meters, Clayton, Gumbel and Clayton copulas, estimated the pore pressures equal to
399.54, 399.55, 399.54 kPa, respectively. It shows that Archimedean copulas create almost similar
results in deeper regions within a soil layer. For elliptical copulas in the depth of 4 meters, the pore water
pressures were calculated equal to 399.8 and 399.75 kPa for Gaussian and t-student copulas,
respectively.

Conclusions

Considering the correlation of random variables, it is concluded that Archimedean copulas are more
accurate in extreme values than elliptic copulas but elliptic copulas according to AIC, BIC and other
evaluation criteria provide better balance between the number of parameters, the accuracy and the
complexity of model. Generally, for both Archimedean and elliptic copulas, the temporal variations of
pore water distributions show an increase in uncertainty with time via changing from sharp and narrow
curves to flat and wide curves. Moreover, the consolidation rate (pore pressure dissipation rate) is slower
for elliptic copulas than Archimedean copulas. Gaussian copula was found to be the best copula among
all investigated copulas. The error of neglecting the correlation of random variables is bigger when a
shallow foundation is to be designed by an engineer. Meanwhile, the consolidation rate is overestimated
when the correlation of random variables is ignored.
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