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Abstract

This study investigates particle breakage and cracks propagation of non-homogeneous rockfill
materials, particularly conglomerates, from a microscale perspective. The conglomerate's
materials were gathered from Masjed-E-Soleyman, MES, rockfill dam, Iran. The study of particle
breakage in rockfill material has been investigated by several researchers worldwide, both in the
laboratory and through numerical simulations. However, the previous research focused on
homogeneous rockfill materials, not non-homogeneous ones. The first part of this research
investigates crack propagation in conglomerates due to high-stress conditions in an embankment
dam. The second part of the paper evaluated the effects of crack propagation on the MES dam
crest settlement. In this paper, sets of XRD tests were performed to investigate the microstructure
of conglomerates rockfill, which revealed that calcite constitutes the majority of the rockfill
structure. In accordance with geology science, the calcite has a high potential for breaking, and a
numerical simulation was developed to illustrate the fractures and crack propagation in a high
rockfill dam. The results of this research are useful for understanding the concept of large
deformations that occurred in the MES dam and needed rehabilitation measures for preventing
dam breakage.
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1. Introduction

The post-construction settlement of rockfill dams and high-filled ground, a phenomenon of
much importance, is mainly caused by the time-dependent particle breakage of the rockfill material
[1]. This phenomenon has become a major threat to these infrastructures' serviceability,
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maintenance, and safety. Rockfill materials' creep and particle breakage behavior have been
widely studied in laboratory tests, constitutive modeling, Discrete Element Method DEM, and
numerical simulation [2, 3].

A few studies have been performed on the propagation of cracks in non-homogeneous rockfills
worldwide. Most studies have been conducted on homogeneous rockfill materials. Due to its
complexity from a geometric and mechanics perspective, modeling crack propagation on non-
homogeneous rockfill was difficult both in the laboratory and in numerical simulations.

The process of particle breakage affects the mechanical characteristics of rock fill and granular
materials, which are extensively used in geotechnical engineering projects [1-3]. Particle breakage
directly determines the behavior of rockfill structures such as influencing its dilatancy, friction
angle, strength and permeability, generating creep, wetting and residual deformation under seismic
load [7]. Many researchers have performed laboratory and numerical studies to investigate the
relationship between pure homogenous rockfill particle breakage and constitutive characteristics
[5-11]. The factors that affect the generation of rockfill particle breakage (such as moisture
content, particle size, confining pressure, maximum deviatoric stress, maximum principal stress
ratio, maximum dilatancy angle, peak friction angle and particle size (Do, D15 and Dgy)) have been
investigated [2, 8, 10,12-14], and the rules of rock- fill particle breakage under different loadings
have also been investigated [15-19].

In this paper, the specifications of the MES rockfill dam were investigated in the first part.
Then XRD analyses determine the chemical composition of the conglomerate materials. Finally,
the crack propagation model with COMSOL software has been determined. It should be noted that
this crack propagation in the conglomerate materials could produce large deformations and more
problems in the operation of the MES rockfill dam.

2. Masjed-E-Soleyman rockfill dam

For this research, Masjed-E-Soleyman-Dam was selected as a case study. It is one of the highest
rockfill dams in Iran at 177 meters in height. Additionally, the MES dam suffers from severe
cracks and settlement in its crest, which Alidadi et al. [23] studied them. The rockfill used in the
construction of the dam was a non-homogeneous rockfill known as conglomerates in the Bakhtiary
formation. This research demonstrates that the conglomerate and its particle breakage could
produce large part of this deformations. Conglomerates rockfill consists of a range of fine to coarse
rocks that have been integrated with cementitious materials. Because of the complex structure of
conglomerates, it is unclear how cracks propagate within the rockfill when particles break in
different stress condition. The MES dam was constructed with conglomerates ranging in size from
150 mm to 1000 mm. Figure 1, illustrate the MES dam body and its spillway.

w
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Photo by Dr. Rasoul Alipour-3'“ February 2019

Fig. 1. Masjed-E-Soleyman rockfill dam, Iran
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Figure 2 illustrate a general view of materials in the MES dam. Figure 2a, depicts large scale
conglomerate which are used in the downstream of MES dam. Also figure 2b illustrates various
types of conglomerate in the sieve analyses.

e > 3 R . 3
Fig. 2. Bakhtiary formation conglomerate, a) Rip-Rap of conglomerate at the
downstream of MES dam, b) Separating crushed conglomerate in sieve analysis

3. XRD analyses

Calcite veins in the sedimentary rocks seal the natural fractures by crystal growth and play a
very important role for rocks under compression. The interfaces between the veins and host rock
are generally considered as structures determining the mechanical response and fracture of the
rocks. Furthermore, thickness variation of the calcite vein also can affect the mechanical behavior
and failure of the sedimentary rocks significantly.

According to Alidadi et al., 2022, the conglomerates of the MES dam are highly susceptible to
fracture at maximum stress, with a breakage index of 42 percent. This research investigated the
high fracture potential of conglomerates from a micromechanics perspective. Figures 3, 4, and 5
illustrate how the conglomerates structure contains a substantial amount of calcite, based on the
results of the XRD laboratory analysis. X-Ray diffraction analysis (XRD) is a nondestructive
technique that provides detailed information about the crystallographic structure, chemical
composition, and physical properties of a material [24]. As mentioned previously, conglomerates
rockfill is very brittle, so when the adjacent rock imposes a load on the contact surfaces, the
conglomerate rock will break. There will be a rearrangement of whole particles as a result of the
breakage, resulting in settlement and cracks in the crest dam. In this research, the main focus is on
the propagation of cracks in conglomerates at three levels of the MES dam body. Tables 1, 2, and
3 illustrate XRD analyses of conglomerate in these samples.
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Fig. 3. XRD results for specimen 1 of conglomerates

Table 1. XRD analyses of conglomerate sample 1

Sample Phases (s)
1
Calcite (05-0586) = 91%
LAB: 1-10310
Date .
Clay Mineral = 2%
28.02.2022
kV =40
Quartz (33-1161) = 6%
mA =30
Ka=Cu Dolomite (36-0426) = 0%
3500
)
S 2500
(@}
S
> 1500
'S
& 500
=
-500 0 20 40 60

Position [*2Theta] (Copper (Cu))
Fig. 4. XRD results for specimen 2 of conglomerates

Table 2. XRD analyses of conglomerate sample 2

Sample Phases (s)
2
Calcite (05-0586) = 94%
LAB: 2-10310
Date .
Clay Mineral = 1%
28.02.2022
kV =40
Quartz (33-1161) = 3.5%
mA =30
Ka=Cu Dolomite (36-0426) = 1%
Fe = Ni —7
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Fig. 5. XRD results for specimen 3 of conglomerates
Table 3. XRD analyses of conglomerate sample 3

Sample Phases (s)
3
Ici - = 87%
LAB: 3-10310 Calcite (05-0586) = 87%
Date
i = 0,
28.02.2022 Clay Mineral = 1.5%
KV:=40 Quartz (33-1161) = 6%
mA =30 - o7
Ka=C
e u Dolomite (36-0426) = 4%
Fe =Ni

According to figures 3, 4, and 5, since most of the conglomerate's structure consists of calcite,
it has a high potential for fracture. Figure 6 illustrates the mathematical relationship between the
potential breakage of conglomerates and the crest settlement of the MES dam [23]. As depicted in
this picture, a conglomerate has the potential to breakage at 30%, which produces an 11.5m
settlement.

Figure 6 depict that occurring crest settlement of MES rockfill dam just by particle breakage
has potential to a settlement near an 11.5m. The current settlement of the crest is 6.5 m. This
important result revealed that the dam deformation would continue and proper measures should
take to prevent dam breakage.

Estimation of crest settlement in 100 years after impounding

Ay =99 (m
a7 /

Crest settlement (m)

%l
3

——Creep model pre 2319 m s

Fig. 6. Prediction the relationship between the breakage index and crest
settlement of the MES dam [23]
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4. Mathematical concepts

The research was conducted with COMSOL Multiphysics software and MATLAB. COMSOL
Multiphysics is a complete suite for modeling physical phenomena using the finite element method
and MATLAB is well known for its powerful scripting capabilities. In the first step, COMSOL
Multiphysics was used to create a finite element model of a particle of conglomerates with a
diameter of 150 mm. As a second step, COMSOL Multiphysics was coupled with MATLAB for
parametric sweeps of crack propagation. In order to improve the precision of the simulation, 400
edge meshes were selected in the induced crack length. An extremely fine mesh was also used to
construct the particle size mesh. In view of the very high cracking potential of conglomerates,
which was investigated in a laboratory test by Alidadi et al., 2022, the crack propagation analysis
was conducted in the elastic phase [23]. According to Ambati et al., 2022, the phase field damage
model is useful for modeling cracks in brittle geomechanic materials, such as concrete and
conglomerates [25]. The behavior of the materials in numerical modelling has important effects in
prediction the behavior of the materials [23, 24, 28].

4.1. Phase field damage model

Phase field damage models are closely related to strain-based damage models, but they are
derived from a different starting point. This model is based on a regularization of Griffith's
classical theory for brittle fracture, where a second-order phase field is used to regulate the
geometric crack discontinuity, similar to the approach [29].With a viscous regularization of the
crack phase field @, the energy functional governing crack propagation takes the following form:

[ee]

r 9 ro1 I
E(x,t,u,Vu,®,VQ) = f(l — d(9))Wyodx + jna—qt)dx+ jGC< 0% + %IV(DIZ) dx (1)
Q Q QO

21int

In this case, d(@) is the damage function, Wsy is the elastic strain energy density, 1 represents
viscosity, G, is the critical energy release rate, and lint represents the internal length scale that
appears when discrete fractures are regularized.

Based on the two dependent variables, u and @, the main contributions to the coupled initial
boundary value problem are as follows:

2
p (;;T]; = V, 02 + FV on Q
a9 ad(o) 2
E= THd—Q—lizntVZQ) on () ( )
0= —-V@,n on ()

In this case, the characteristic time 1 and the state variable Hg have been introduced. Variable
Hg should satisfy Kuhn-Tucker conditions. In mathematical optimization, the Karush—Kuhn—
Tucker (KKT) conditions, also known as the Kuhn-Tucker conditions, are first derivative tests
(sometimes called first-order necessary conditions) for a solution in nonlinear programming to be
optimal. This optimization needs satisfaction of some regularity conditions. For this reason Hg
should be a function of the crack driving force or Dy:

Hq(t, u) = maxqejo,qDa(T, u) 3)
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The momentum balance in Equation 2 is included for completeness, but is not directly
implemented in the phase field damage model. In spite of this, the equation implies that the
damaged stress, as defined by Equation 3, is used to determine the mechanical equilibrium.

4.2. COMSOL-MATLAB Implementation

To load the specimen, Prescribed Displacement nodes are added to each Rigid Connector. As
a result, the loading is displacement-controlled, which is essential for tracking peak loads in the
global response. A load-controlled setup would have stopped the simulation before reaching the
first peak.

The phase field damage model can often show poor or slow convergence when solving this
type of brittle fracture problem using a fully coupled strategy. This example illustrates how a
segregated strategy can be used to improve the convergence and stability of the numerical solution.
The crack phase field and the displacement field are separated into two groups. For step n + 1, this
type of algorithmic operator split was initially proposed in Miehe et al. [29].

1 - During the initialization process, the crack phase field, displacement field, and other state

variables will be known.

2 - Update state variables, updating internal state variables with the values obtained at step n.

3 - Compute the crack phase field variable in Newton steps, freezing the displacement field at

each step.

4 - Solve for the displacement field, compute the displacement field variable in a Newton step

using the updated crack phase field.

By following these steps, a single-pass algorithm can be developed that is accurate only for
sufficiently small changes in parameter values. This scheme may be improved by adding a multi-
pass correction by iterating over steps 3 and 4 until convergence is achieved or until a
predetermined number of iterations has been completed. A strategy of this type is used in this
example by setting the Number of iterations to 3 in the Segregated subnode of the Stationary
Solver.

It should be noted that the suggested solver configuration does not require convergence of the
outer problem, and the solution is always accepted after three separate iterations. In spite of this,
each subgroup meets the convergence criteria at the local level. Therefore, given the current crack
phase field, the displacement field can be considered a converged solution.

It is possible to improve the accuracy of the scheme by increasing the number of iterations (or
requiring the outer problem to be converged) if the extra computational cost is acceptable.

4.3. Model definition

Conglomerates particles are modeled as octagon, which are close to the original shape of the
broken rockfill in the MES dam. A site investigation revealed that the majority of the
conglomerates particles contain 70% cement and 30% cobbles. An example of an octagonal
conglomerates particle is shown in Figure 7, with the cobbles being represented as circles. To
propagate a crack, the first step is to induce a crack length that extends far from the particle's edge
and forward to its center. An illustration of the induced crack length and the extremely fine mesh
associated with the crack is shown in Figure 8. As illustrated in Table 4, conglomerates particles
contain cement and cobbles that exhibit mechanical properties. In the phase field damage model,
the critical release energy rate Gc is a critical parameter which has been calculated from the plastic
work paradigm for the MES dam [23].
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Table 4. The mechanical properties of conglomerates

Cementation part

Young's modulus 7 [GPa]
Poisson's ration 0.3

Critical energy release rate 2200 J/m”2

Cobbles part
Young's modulus 6 [GPa]
Poisson's ratio 0.2

Critical energy release rate 1800 J/m”2

Cobbles

-0.05 0 - 0.05 0.1

Fig. 7. An octagonal conglomerates particle’s finite element geometry
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Fig. 8. An octagonal conglomerates particle's finite element mesh

0.15

0.2

SPRING 2022, Vol 8, No 2, JOURNAL OF HYDRAULIC STRUCTURES

Shahid Chamran University of Ahvaz



Fractures in non-homogeneous rockfill ... 35

The rockfill is modeled as an elastic material with damage in order to account for tensile
cracking. In order to incorporate cracking into domain material, a phase field approximation is
made after the sharp crack geometry has been determined. As the phase field damage model is not
set up to include a damage threshold, all material points subjected to tension will be damaged. In
the damage model, the only material input is the critical energy release rate Gc, whereas the tensile
strength is determined by the damage evolution function and the phase field evolution. A localized
phase field can be modified by the internal length scale [;,,;. A parameter of 0.05 mm has been set
for [,,; this study.

To implement crack propagation, parametric sweep methods were used using MATLAB and
its compatibility with COMSOL Multiphysics. We assume that the particles loaded on the crack
edge are on three elevations of the dam, which illustrates the total stress on the crack edge. As a
result of this stress on the crack edge, the crack developed and spread across the conglomerates
particles.

5. Result and discussion

According to figure 9, three elevations have been chosen for calculating crack propagation.
Figure 10 illustrates a stress-displacement diagram for three elevations of the MES dam with three
peaks. Each peak represents the beginning of the crack propagation and the beginning of the crack
tip displacement. Once the crack has begun propagating, as shown in Figure 10, the reaction stress
at the crack tip gradually reduces toward zero as the crack progresses. A full crack propagation is
illustrated in Figure 11 at the point of highest stress, which is the deepest point from the dam crest
with a total stress of approximately 3.6 MPa. As discussed in Alidadi et al. [23], this study
primarily focuses on the crack propagation in the conglomerates rockfill, which caused the particle
breakage phenomenon that resulted in the dam settlement.
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Fig. 9. The three elevations chosen for the calculation of crack propagation.
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Fig. 11. Crack propagation in conglomerates due to the initial crack definition

6. Conclusion

The purpose of this study was to demonstrate that the study of micromechanics properties of
rockfill is very important, especially when it comes to designing dams with high rockfill. The MES
dam was selected for this purpose, for which no micromechanics study was conducted during the
design process, only macro mechanics laboratory tests were conducted. In this paper, sets of XRD
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analyses were performed to investigate the microstructure of conglomerates rockfill, which
revealed that calcite constitutes the majority of the rockfill structure. In accordance with geology
science, the calcite has a high potential for breaking, and a numerical simulation was developed
to illustrate the fractures and crack propagation in a high rockfill dam. This crack propagation in
conglomerates caused the fractures and failure of the conglomerates rockfill material. The effect
of this crack propagation in conglomerates on the MES dam settlement was determined through
the relationship of plastic work in the crack tip and plastic work in the laboratory test. Results of
this paper revealed that occurring crest settlement of MES rockfill dam just by particle breakage
has potential to a settlement near an 11.5m. The current settlement of the crest is 6.5 m. This
important result revealed that the dam deformation would continue and proper measures should
take to prevent dam breakage.
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