()
ﬂ ﬁ Civil Infrastructure Researches

University Of Qom

Online ISSN: 2783-140X
journal homepage: https://cer.qom.ac.ir/

Probabilistic Prediction of Ground Reaction Curves in
Poor Rock Masses Using MARS

Amir Hossein Shafiee!®*", Hamzeh Yeganehmehr?

1. Corresponding author, Assistant Professor, Department of Civil Engineering, Shahid Chamran University of Ahvaz, Ahvaz,

Iran. E-mail: am.shafiee@scu.ac.ir
2. MSc student, Department of Civil Engineering, Shahid Chamran University of Ahvaz, Ahvaz, Iran.
E-mail: Ha-yeganehmehr@stu.scu.ac.ir

Article Info

Article type:
Research Article

Article history:

Received 01 Apr 2026
Accepted 06 Jun 2026
Published 07 Jun 2026

Keywords:

Poor Rock,

Ground Reaction Curve,
MARS,

Circular Tunnel,
Probabilistic Approach.

ABSTRACT

Tunnels are recognized as critical infrastructure components in modern
societies. The optimal design of tunnels requires a comprehensive
understanding of their behavior under various geotechnical conditions. The
ground reaction curve (GRC), which describes the relationship between
tunnel convergence and support pressure, is a fundamental element of the
convergence—confinement method in tunnel design. To date, numerous
approaches have been proposed for constructing ground reaction curves,
most of which are deterministic in nature. In the present study, a
probabilistic framework is developed to derive ground reaction curves for
shallow tunnels excavated in poor rock masses. For this purpose,
appropriate probability distributions were assigned to the geomechanical
properties of the considered rock class. Subsequently, 100 stochastic
realizations were generated from these distributions. All cases were
analyzed using numerical modeling based on the finite element method, and
the corresponding ground reaction curves were obtained. Finally, a
predictive model for the ground reaction curve was established using
multivariate adaptive regression splines (MARS). Statistical evaluation
indicates that the proposed model achieves a coefficient of determination
(R?) of 0.982, demonstrating high predictive accuracy. Furthermore, the
results reveal that the at-rest lateral earth pressure coefficient (Ko) has a
negligible influence on the resulting ground reaction curves.
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Introduction

Tunnel  excavation induces  stress
redistribution in the surrounding ground, which
is accompanied by radial deformations, the
formation of a plastic zone, and, in some cases,
progressive softening of the rock mass. The
ground reaction curve (GRC) plays a central
role in the convergence—confinement method.
This curve represents the relationship between
internal tunnel pressure and radial displacement
and enables the determination of the
equilibrium point between the ground and the
support system.

Numerical approaches are powerful tools
for analyzing complex geomechanical
conditions and deriving ground reaction curves
under various scenarios. However, their results
are generally dependent on modeling
assumptions and input parameter values, and
therefore may not be directly generalized to
other conditions.

Despite significant progress, a limitation
remains: extensive numerical studies are
frequently conducted, yet their results are often
presented only as case-specific plots without
yielding general predictive relationships.
Conversely, many statistical and machine
learning techniques operate as black-box
models and do not provide explicit and
interpretable equations. Accordingly,
integrating a comprehensive numerical dataset
with a flexible regression-based machine
learning approach can address this limitation.

In the present study, ground reaction
curves for circular tunnels in poor rock masses
are obtained using finite element analysis based
on the Mohr— Coulomb failure criterion. The
geomechanical parameters are treated as
stochastic variables, and a comprehensive
series of simulations is performed to capture
their variability. Subsequently, multivariate
adaptive regression splines (MARS) are
employed to develop an explicit predictive
model relating the input variables to the ground
response.

Problem Definition and Methodology

The tunnel analysis using convergence-
confinement method is based on three

foundations: ground reaction curve (GRC),
support  characteristic curve, and the
longitudinal  displacement  profile.  The
convergence-confinement  method indeed
substitutes the rigorous three-dimensional
analysis with a simple two-dimensional one.
The tunnel’s face advance is simulated by
reducing stress on the tunnel wall. This 2-D
analysis, considers tunnel as a plane-strain
problem, and defines stress on tunnel wall as
follows:

or = (1 —MNay (1)

where or is the radial stress on tunnel wall, and
A is called the deconfinement ratio.

The present problem consists of a circular
tunnel with a diameter D, located in a depth z
from the ground surface. The modeling was
performed as plane-strain using finite element
method. It should be mentioned that in the
present study, the probabilistic approach is used
to assign material properties of poor rocks. The
Mohr-Coulomb  criterion was used for
material.

The probabilistic approach used in the
present study is so that a distribution function
was assigned to the friction angle, cohesion,
and modulus of elasticity. In the next step, 100
data were extracted randomly from each of the
mentioned distribution functions.

The modeling was carried out considering
two diameters of 8 m and 12 m, and three
depths of 20 m, 40 m, and 60 m. Thus, a total
number of 600 cases including 6 geometries
and 100 material properties was considered. At
last, the average and average * one standard
deviation GRCs are obtained for each case.

Results and Discussion

It was observed that the average and
average * standard deviation GRCs are closer
to each other as 1- A increases in all cases. The
comparison of average GRCs also showed that
deformation increases with an increase in both
tunnel depth and diameter.

The multivariate adaptive regression
splines (MARS) method was implemented to
derive a model for GRC prediction. The
analysis of relative importance (RI) of each
input parameter showed that the at-rest lateral



earth pressure coefficient (Ko) has negligible
effect on the resulting GRC. Thus, Ko was
removed from the model derivation process.
The final resulting model consisting of 13 basis
functions and an intercept is as follows:

1-1= —0.635397 + 6.9826BF, +
0.0441028BF, — 0.0927325BF; +

(2)

1.16763BF, — 1.434316BF; +
3.37815BF, — 6.28489 x 10°BF, +
1.51866 X 10~5BFg + 0.00215096BF, —
11.0986BF,, + 16.318BF,; +
10.9219BF,, — 0.000489075BF,)

where BF; is the ith basis function. Table 1
shows the equation of basis functions.

Table 1. Equation of basis functions

Equation

Max (0, 0.0291667—u/R%)

Max (0, yz/c—5.48602)

Max (0, 5.48602— yz/c )

Max (0,

0.11375— u/R%)

Max (0, 0.0291667— u/R%) xmax (0, yz/c —3.90836)

Max (0, 0.0291667— u/R%) xmax (0, 3.90836— yz/c )

Max (0, E/c—17763.3)

Max (0,17763.3— E/c)

Max (0, E/c—17763.3)

xmax (0, 0.00166667— u/R%)

Max (0

, U/R%—0.05375)

= ™
hlo|o|e|No|us w5y

Max (0,

0.05375— U/R%)

[EY
N

Max (0, u/R%—0.00666667)

[y
w

Max (0, 17763.3— E/c)

xmax(0, 0.0191667— u/R%)

where u is the deformation of the tunnel
crown, R is the tunnel radius, and E, ¢, and y are
modulus of elasticity, cohesion, and unit weight
of the surrounding material, respectively.

The proposed model (Eg. 2) has a
coefficient of determination (R?) of 0.982 and a
mean absolute error (MAE) of 0.025 showing
the very high accuracy of it. Having determined
the relative importance of each of the model
parameters, it was observed that showed that
u/R% has the highest importance, as expected.
Next, yz/c with Rl = 12.7%, and E/c with Rl =
1. 3% lie in the subsequent ranks of RI.

Conclusions

In the present study, the GRC was
obtained for poor rock class. For this purpose, a
probabilistic approach was used, and the mean
and mean + standard deviation ground reaction
curves were obtained for circular tunnels
embedded in a Mohr-Coulomb material. The
results showed that the standard deviation
decreases with an increase in deformations. It
was also observed that the crown deformation
increases with increases in both tunnel depth
and diameter.

Later, the MARS approach which is a
machine learning method was implemented to

propose a model for GRC estimation, as an
innovation. The proposed model consists of 13
basis functions and an intercept. The statistical
analysis of the model showed that the effect of
at-rest lateral earth pressure coefficient is
negligible. The model has a coefficient of
determination of 0.982 showing the high
accuracy of it.
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