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1. Introduction

Abstract. The Masjed-e-Soleyman Dam is a tall rockfill dam with clay core, located
in Iran. During the construction and first impounding, a considerably high excess
pore water pressure was developed inside the core and, then, dissipated at a very slow
rate; thus, the consolidation deformations were found insignificant. However, there were
reports of noticeable internal deformations in the dam, and the crest also exhibited quick
settlements during the first impounding. The main objective of this paper is to identify the
deformation mechanism of this dam. For this purpose, the data recorded by its instruments
were carefully studied and, then, a three-dimensional numerical model of the dam was
developed. The mechanical behavior of materials was idealized by a hardening strain
constitutive model. A numerical method was proposed based on this constitutive model
and Rowe’s stress-dilatancy theory to simulate the deformation behavior of coarse-grained
materials, such as rockfills, due to particle size distribution, particle breakage, rotation,
and rearrangement under shearing. The results show that the significant development of
pore pressure in the core and its insignificant dissipation, plastic shear deformations inside
the core, and extensive collapse settlements of the upstream shell are the main causes that
influence the deformation mechanism.

(© 2020 Sharif University of Technology. All rights reserved.

investigated through large-scale triaxial tests (e.g. [8-
15]). The mechanical behavior of granular materials

Rockfill materials consist of sharp-edged aggregates
obtained by blasting in rock borrow areas or rounded
or sub-rounded aggregates excavated from river beds.
These materials have had extensive use in the body of
rockfill dams (e.g. [1-7]), the subgrade of roads, and a
wide variety of other engineering structures. The high
shear strength of these materials enables embankments
to maintain steeper slopes. The strength and deforma-
tion behaviors of rockfill materials are conventionally
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can be simulated by a variety of constitutive models
such as non-linear elastic model [16], elasto-plastic
hardening model [17-19], and strain softening elasto-
plastic model [20]. It used to be a common practice
to simulate the behavior of rockfill materials by linear
or non-linear elastic models [21,22]; however, there are
now a variety of advanced constitutive elasto-plastic
models based on the disturbed state concept [11,23,24]
and critical state concept [25,26] that can be used for
modeling these materials. Previous laboratory pieces of
research have revealed that Particle Size Distribution
(PSD), particle breakage, rotation, and rearrangement
have significant effects on the strength and deformation
behaviors of coarse-grained materials (e.g. [10,14,27—
31]). Several creditable efforts have been made to incor-
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porate the impacts of these phenomena into mechanical
constitutive models; these include the works carried out
based on the disturbed state concept [24] and Rowe’s
stress-dilatancy theory [25,26,32].

Laboratory investigations and field observations
have detected the collapse behavior in a wide range of
geotechnical materials (e.g. [33-38]). During the first
impounding of central core rockfill dams, the collapse
settlement inside the upstream shell can increase the
settlement of rockfill shell relative to the core. For
instance, during the first impounding of the Cherry
Valley Dam, the settlement of the upstream shell
was four times greater than that of the central core,
which consequently led to the formation of longitudinal
cracks on the crest along the shell-core interface [39,40].
Nobari and Duncan [41] proposed a technique for mod-
eling this phenomenon. This technique relies on the
hyperbolic model presented by Duncan and Chang [16]
and is closely tied to the direct use of triaxial test re-
sults. Naylor et al. [42] proposed another method that
combines the technique of Nobari and Duncan [41] with
the critical state elastoplastic model. This method was
used to simulate the collapse settlement of the rockfill
shell of the Beliche Dam, located in Portugal [42-45].
Other researchers used porous media mechanics and
unsaturated soil frameworks to develop other methods
with similar objectives [46-48]. Recently, Mahinroosta
and Alizadeh [49] used a concept called “stress re-
duction factor” to develop a practical technique for
modeling the collapse settlement incorporated with
a hardening/softening constitutive model [50] in the
framework of saturated soil mechanics. This technique
was used to simulate the collapse settlement of the
rockfill shell of the Gotvand Dam, the tallest rockfill
dam located in Iran [7].

The Masjed-e-Soleyman (MES) Dam is currently
the second tallest rock-fill dam in Iran. This dam
has exhibited a deformation behavior that is unique
in comparison to other known high rockfill dams in the
world. During its construction and first impounding,
a considerably high excess pore water pressure was
developed inside the core and dissipated at a very slow
rate; therefore, the consolidation deformations were
found negligible. However, there were reports of no-
ticeable internal deformations in different parts of the
dam-especially inside the core-during the construction.
Moreover, the crest exhibited significant quick settle-
ments during the first impounding. The main purpose
of this research is to identify the deformation mecha-
nism exhibited by this dam during the construction and
first filling. To achieve this objective, first, the data
recorded by the instruments installed inside the dam
were studied to identify the main causes that influence
its behavior. Moreover, a three-dimensional numerical
model of the dam was developed to identify its deforma-
tion mechanism and determine the role of each effective

cause influencing this mechanism. The calculations
made simultaneous use of flow and mechanical formula-
tions and also incorporated the water/soil interactions
(consolidation phenomenon). The mechanical behavior
of all materials of the embankment was simulated
by an elasto-plastic hardening/softening constitutive
model, built in finite difference Flac3D software [50].
This model was based on Mohr-Coulomb model. The
difference, however, lies in the possibility that the
cohesion, friction, dilation, and tensile strength may
harden or soften after the onset of plastic yield. In
this paper, the authors proposed a numerical method
based on this constitutive model and Rowe’s stress-
dilatancy theory to simulate the deformation behavior
of coarse-grained materials, such as rockfills, due to
PSD, particle breakage, rotation, and rearrangement
under shearing. All parameters of the constitutive
model for the coarse-grained zones were derived from
the numerical simulation of the large-scale triaxial
tests. The collapse settlement of the upstream rockfill
shell during the first impounding was simulated by the
technique proposed by Mahinroosta and Alizadeh [49].

2. Masjed-e-Soleyman (MES) Dam

The Masjed-e-Soleyman Dam previously named
“Godar-e-Landar” is a 177-meter-high rockfill dam
with the central core, located in the southwest of Iran
on the Karun River. It has an installed capacity of
2000 MW, and its reservoir holds 261,000,000 cubic
metres of water. The crest width and crest length of
this dam are 15 and 500 meters, respectively. The main
cross-section of this dam is shown in Figure 1. The
rock mass surrounding the dam is part of Aghajari
and Bakhtyari formations and consists of alternating
layers of conglomerate and siltstone. This dam was
constructed on a narrow valley of 18 meters wide at
the river bed and with the average wall slope of 36° to
the horizon.

The geotechnical site investigations identified the
Simband borrow area as the best potential source of
material for the core (see region 1 in Figure 1). This
borrow area consists of irregular alternating layers
of clay (CL) and clayey gravel (GC); therefore, the
core is a mixture of clay and gravel materials. The
lower two-third part of the core was compacted with
higher-than-standard optimum water content, and its
upper one-third part was compacted with lower-than-
standard optimum water content. The shells consist of
conglomerate aggregates obtained by blasting and were
compacted without adding the required moisture. The
aggregates of regions 3A and 3C are coarser than those
of 3B. The filter regions (2A, 2B, and 2C) also consist
of conglomerate aggregates with appropriate grading
and were placed with traffic compaction [51].

To monitor the stress, pore pressure, and set-
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Figure 1. Different regions of dam and arrangement of undamaged instruments in its main cross-section (CH.260).
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Figure 2. Arrangement of Survey Measurement Points (SMP) on the dam surface.

tlement inside the dam, a number of instruments
were installed at cross chainages (CH.) 160, 260, 360,
and 420 meters from the end of the crest (the left
side); then, these instruments including the Electri-
cal Piezometers (EP) and the Total Pressure Cells
(TPC) installed in the core adjacent to the upstream
shell and the Magnetic Plates (MPs) (for measuring
internal settlements) installed at the lower levels of
the core were damaged by the extreme deformations
occurring during the construction of the final 50 meters

of embankment. Figure 1 shows the arrangement
of undamaged instruments in the main cross-section
(CH.260) of the dam. In this figure, each cluster
(C) includes three TPCs and one EP. These TPCs
were installed at horizontal, 45 degrees upward and
45 degrees downward directions. About one month
after the start of the first impounding, when the water
reservoir level rose to about 57 meters, a system of
Survey Measurement Points (SMP) was installed on the
dam to measure surface displacements (see Figure 2).
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3. Dam monitoring

The fill load generated through the course of con-
struction increases the total earth stress, leading to
the development of excess pore water pressure and
deformation in those parts. According to Nobari and
Duncan [40], the water entering the upstream shell
during the first impounding has four effects:

E1l) Water pressure acting on the core;

E2) Water pressure acting on the foundation;
E3) Buoyancy in the upstream shell;
E4) Saturation collapse in the upstream shell (see

Figure 3).

The evaluation of data recorded by the instruments
reveals the following:

Pore water pressure: The pore pressure ratios of
the core, r, (the excess pore pressure, u, divided by
the overburden, vh) at the instrumentation chainages
for different levels are shown in Table 1. A number of
causes such as lower parts of the core that have been
compacted wet of optimum (high degree of saturation),
the very low permeability of the core, and the relatively
high rate of construction have led to the significant
development of excess pore water pressure in the core
during the coustruction. As shown in this table, at

E3: Buoyancy in upstream shell

E1: Water pressure acting to core

e I3 7

1
E2: Water pressure acting E4: Saturation collapse
to foundation in upstream shell

Figure 3. Effects of the first impounding on rockfill dams
with central clay core.

the lower levels of each chainage, an almost constant
pore pressure ratio is prevailing between the center
of the core and at the downstream locations of the
core. This is indicative of very low excess pore pressure
dissipation in the core. The very low permeability
of the compacted core material is one of the causes
behind this behavior. Moreover, as will be presented
in the subsequent sections of this paper, as excess
pore pressure dissipates and vertical effective stress
increases, the permeability decreases exponentially.
Reduced permeability of regions around the core and
adjacent to the filters leads to the slower rate (speed)
of dissipation. During the first impounding, the effects
E1 and E4 have increased the pore pressure ratio in the
core.

Total stress: The arching ratios of the core, r4 (the
vertical total stress, o,, divided by the overburden, -, ),
at the instrumentation chainages for different levels
are shown in Table 2. During the first impounding,
the effect E1 and the vertical component of the effect
E4 have increased the arching ratio in the core. The
reduction of these ratios at the downstream filter and
shell during the first impounding can be attributed to
rotational displacements of the TPCs installed in the
horizontal direction due to the effects of the rotational
component of the effect E4.

The real pore pressure ratios, R, (the excess pore
pressure, u, divided by the vertical total stress, o),
are shown in Table 3. In addition, the ratios of vertical
total stress to horizontal total stress, rx, are shown in
Table 4. At lower parts of the core, R, and rx ratios
are shown to be in unity or very close it (especially,
in the middle chainages). These near-unity ratios can
signify the presence of a near-zero effective stress zone
with the isotropic stress condition at the lower levels of
the core. Therefore, it appears that the core exhibits
an almost incompressible behavior (quasi-fluid) in this
zone: A behavior that has not been previously reported

Table 1. Pore pressure ratio, 7., in the core.

End of construction

End of first filling

Chainage Installation level
Center line Downstream Center line Downstream
+160 +280 0.62 0.6 0.65 0.63
+160 +310 0.35 — 0.43 —
4260 +230 0.7 0.65 0.7 0.67
+260 +270 0.6 0.58 0.65 0.62
+260 +310 0.32 — — —
+360 +280 0.58 0.55 0.62 0.59
+360 +310 0.41 — 0.45 —
+430 +310 0.33 — 0.32 —
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Table 2. Arching ratio, 74, in the dam body.
End of construction End of first filling
Core Filter Shell Core Filter Shell
Center line Downstream 2A 3B Center line Downstream 2A 3B
+160 4280 0.66 0.66 — — 0.68 0.68 — —
+160 +310 — 0.58 1.35 1.08 — 0.62 1.29 1.36
+260 4230 0.68 0.77 1.38 0.49 0.7 0.78 0.99 0.47
+260 4270 0.59 0.61 — — 0.61 0.63 — —
+260 +310 — 0.43 1.45 0.81 — — 1.37 0.68
+360 +280 0.59 0.65 — 1.01 0.6 0.65 — 0.94
+360 +310 — 0.58 1.59 0.68 — 0.66 1.49 0.53
+430 +310 — 0.61 1.22 1 — 0.61 1.22 0.85
Table 3. Real pore pressure ratio, R,, in the core.
Chainage Installation level End of construction End of first filling
Downstream Center line Downstream Center line
+160 +280 0.91 0.94 0.93 0.95
+160 +310 — 0.6 — 0.68
+260 +230 0.95 0.9 0.96 0.89
+260 +270 0.96 0.99 1 1
+260 +310 — 0.7 — —
+360 +280 0.94 0.89 0.99 0.93
+360 +310 — 0.68 — 0.74
+430 +310 — 0.55 — 0.52
Table 4. Ratio of vertical total stress to horizontal total stress, rx, in the core.
Chainage Installation level End of construction End of first filling
Downstream Center line Downstream Center line
+160 +280 0.97 1 — 1.02
+160 +310 — 0.7 — 0.85
+260 +230 1.04 0.85 1 0.73
+260 +270 0.91 0.97 1.02 0.98
+260 +310 — 0.91 — —
+360 +280 0.99 0.88 1.01 0.95
+360 +310 — 0.65 — 0.69
+430 +310 — 0.64 — 0.62

in the core of any zoned dam in the world. The
significant development of excess pore water pressure
in the lower parts of the core and very low rate of its
dissipation are the main causes of forming this near-
zero effective stress zone.

As mentioned, the three-component TPCs were

installed in the dam. It is, therefore, possible to
determine the magnitude and orientation of principal
stresses o1 and o3. The determined o1 and o3 are
acting in the plane perpendicular to the dam axis.
Figure 4(a) depicts the relevant results for main-
cross section (CH.260) in terms of stress bars for the
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Figure 4. (a) The magnitude and orientation of principal stresses o1 and o3 acting in the plane perpendicular to the dam
axis and relevant results in terms of stress bars for the measured total stress and circles for the measured pore pressures at
the end of the first impounding. (b) The sketch of the inclined direction downward shear zone.

measured total stress and circles for the measured pore
pressures at the end of the first impounding. At the
center of the core, the measuring points were omitted,
as these points consistently show almost isotropic earth
pressure, meaning that the orientation of principal
stresses becomes random. Instead, these zones are
marked with a general signature. The areas in which
the measurements yielded zero stresses are especially
indicated (level: 270). The examination of Figure 4(a)
shows that a substantial rotation in the principal
stress direction has been monitored. At level 270 and
above, an anti-clockwise rotation generally occurs in
the core, whereas, at lower levels (level: 230), clockwise
rotations have been monitored. This re-arrangement
of principal stress directions is of systematic nature.
It is indicative of a shear zone, which is progressing
in the inclined direction downward as systematically
sketched in Figure 4(b). In the core, such shear

movement would be associated with a volume decrease
(contractive behavior) and would more likely lead to
a further rise rather than a relief of excess pore water
pressures.

Deformation: Figure 5 shows the time variations
of the data recorded by the MPs (installed along the
central axis inside the core) and the SMP21 (positioned
at the upstream of the crest) in the main cross-section.
At the end of construction, the maximum recorded
settlement in the core was 3.7 meters (about 2% of
the dam height) and occurred at the level +314 (see
MP-2312 in Figure 5). Apparently, this significant
settlement recorded during the construction is not
consistent with the significantly slow consolidation
process in the core. The oblique shear zones in the
core may play a major role in this inconsistency, as
presented in the subsequent sections.
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Figure 5. Settlement histories of the Magnetic Plates
(MPs) installed along dam height in core centerline and
SMP21 located at the upstream of the crest in the main
cross-section (CH.260).

The effects of first impounding have caused a
settlement of 2.2 meters (about 1.23% of the dam
height) in the crest (see MP-2319 in Figure 5). More-
over, the increased excess pore pressure in the core
in this period points toward negligible consolidation
settlements. As mentioned, one month after the start
of first impounding, when the water reservoir level had
risen about 57 meters, a system of SMP was installed
on the dam to measure surface displacements. The
comparison of the settlement recorded by MP-2319
magnet plate and the settlement measured at survey
point SMP21 (see Figure 5) indicates that almost half
of the total settlement due to the first impounding
has occurred during the first month after the start of
impounding. The reason behind this observation is
that, perhaps, before setting the system of SMPs, vast
flood entered the reservoir, passing over the cofferdam
(the crest level of the coffer dam is +301) and flooding
a considerable volume of the upstream shell. The
upstream rockfill shell that has been compacted with-
out sufficient moisture is highly susceptible to collapse
settlements. Therefore, the collapse settlements of the
upstream rockfill shell are likely to be the main cause
of the deformation behavior of the dam during the first
impounding.

4. Numerical modeling

Given the relatively low crest length-to-dam height
ratio (= 2.82), the behavior of the dam was simulated
by a three-dimensional numerical model. The idealized
three-dimensional geometry of the dam, its abutments,
and their corresponding mesh are presented in Figure 6.
Numerical modeling was performed by finite difference
method in the FLAC3D program. The calculations
utilized the flow and mechanical formulations simul-

Figure 6. The three-dimensional idealized meshed model
of the dam and its abutments.

taneously and, also, incorporated the water/soil inter-
actions (consolidation phenomenon).

4.1. Mechanical modeling

The mechanical behavior of different materials of
the dam was simulated by an elasto-plastic harden-
ing/softening constitutive model built in the FLAC3D
software [50]. This model has been developed based
on Mohr-Coulomb constitutive model. In this model,
the initial elastic behavior of the materials is simulated
with Young’s modulus (E) and Poisson’s ratio (v);
after the first yield, to simulate hardening/softening
and dilative behaviors of material, the friction angle,
cohesion, dilation angle, and tensile strength are mobi-
lized as the functions of plastic shear strain and tensile
strain, and their peak values are reached.

4.1.1. Yield envelopes and potential functions
Yield surface functions of this constitutive model are
defined by Egs. (1) and (2) as follows:

1 —sin¢,
2t | P ()
1+ sinp,,

ft:o'fn—o'?” (2)

1 —sinp,,

f=o01—0
/ ! 31+sin<,9m

where f° and f! are the shear and tensile yield func-
tions, and oy and o3 are the maximum and minimum
principal stresses. In addition, ¢, ¢, and of, are
the mobilized friction angle, mobilized cohesion, and
mobilized tensile strength of the model, respectively.
This model used the non-associated flow rule for
shearing and the associated flow rule for tension and
defined the plastic potential functions as follows:
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1 —sin¥,,

s
=0 — 03— —,
@ ! 31+sin¢m

(3)

Qt = =03, (4)

where Q° and Q! are the shear and tensile plas tic
potential functions, and v, is the mobilized dilation
angle.

4.1.2. Stress-dependent elastic modulus

In almost all geotechnical materials, the elastic mod-
ulus depends on the confining stress. Hence, Eq. (5)
proposed in the hyperbolic (nonlinear elastic) model by
Duncan and Chang [16] is applied in the constitutive
model for the definition of this dependency. A num-
ber of researchers have confirmed the validity of this
equation for a variety of soils and rocks under both
laboratory and field conditions (e.g. [7,22,52,53]).

g3

E:Kﬂ(ﬂ)ﬂ (5)

where E is the Young’s modulus, K is the elastic
modulus, P, is the atmospheric pressure, and n is the
exponent of elastic modulus dependence on confining
stress. Poisson’s ratio (v) is considered as a constant
value, which is associated with the above-mentioned
results of elasticity parameters in an appropriate re-
sponse in the elastic domain of the constitutive model.

4.1.3. Frictional hardening

Vermeer and de Borst [54] proposed a relation for
frictional hardening behavior of the geotechnical ma-
terial. In this relation, the mobilized friction angle ,,
depends on plastic shear strain and gradually increases
to its peak value, ¢,. The authors modified this
relation by introducing initial mobilized friction angle,
@o- The resulting modified equation is shown below:

el xef

il (sin g, — sing)

sing,, = for e? < ¢! (6)

sin g + 2

sin ¢, for e > ¢/

where 7 is the plastic shear strain, and £/ is the plastic
shear strain at peak friction angle. The parameter g
controls the domain of elastic behavior to be exhibited
by materials. This parameter can be defined as a
function of confining stress.

4.1.4. Dilatancy behavior
Rowe [55] proposed Eq. (7) for dilatancy hardening
behavior of geotechnical material:

Sin @, — Sin ey
1 — sin ¢,, sin @, |

(7)

sin ¢7n =

where 9, is the mobilized dilation angle, and ¢, is the

critical state friction angle or friction angle of constant
volume, which can be obtained from Eq. (8):

sin @, — sin ¢
o 7p " P (8)

SiN Qe = ; :
7 1—sing,siny,’

where 1, is the peak dilation angle.

Xu and Song [25] reported that Eq. (7) must
be modified prior to modeling the stress-dilatancy
behaviors of rockfill materials. The main reasons for
this requirement are summarized as follows:

1. The particle shape of rockfill material is irregular,
and Rowe’s stress-dilatancy equation is based on
the irregular packing of uniform rods;

2. Particle breakage, rotation, and rearrangement are
the primary causes of deformation of rockfill materi-
als; however, particle slip is the primary mechanism
in Rowe’s stress-dilatancy theory;

3. The PSD in Rowe’s stress-dilatancy theory is sig-
nificantly different from that in rockfill materials;

4. The validation of Rowe’s stress-dilatancy theory is
primarily based on testing with sands and steel
balls, which are more difficult to crush than rockfill
materials.

Consequently, Xu and Song (2009) [25] proposed a
simple revised form of Rowe’s stress-dilatancy equation
for rockfill material as follows:

Sin @, — sin @g,
d A . ) (9)
1 — sin @y, sin @y

siny,, = R

where R, is introduced as a reduction factor that
is less than unity and reflects the effects of PSD,
particle breakage, rotation, and rearrangement on the
deformation of rockfill material.

Although Xu and Song [25] very well recognized
the weaknesses of Rowe’s mobilized dilation equation
(Eq. (7)), as it will be presented in the following, the
constitutive model modified by their equation lacks
necessary comprehensiveness for the estimation of con-
tractive volumetric strains of some rockfill materials,
such as MES rockfill material, with high potential of
particle breakage.

Under shearing such as the triaxial test, dense
granular materials first contract in the elastic range
and, then, undergo an irreversible dilation. How-
ever, when materials have a low density or have
a potential for the particle breakage, rotation, and
rearrangement, they experience irreversible contractive
volumetric strains (contraction phase) before going
into the dilation phase. The magnitude of these
contractive volumetric strains depends on the intensity
of the effects of the mentioned phenomenon on the
deformation mechanism of materials. On occasions,
the magnitude of contractive volumetric strains may
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be great enough to prevent or significantly mitigate the
dilation. By definition, dilation (d) is:

P
_deb

d=
det’

(10)

where € and ¢? are the plastic volumetric strain and
plastic shear strain, respectively. Ignoring dilatational
elastic strain under triaxial condition gives Eq. (11):

, de,
p p dey
_deh de? _ dey (1)
= 2P 7 p 1371 1de,’
des  dey — gdey -3

where ¢,, 5, and ¢; are the volumetric strain, shear
strain, and axial strain, respectively. On the other
hand, according to Rowe’s theory, the relationship
between dilation, d, and mobilized dilation angle, ¥,,,
is in the form of Eq. (12):

d= _M (12)
3 — sin ¥,

According to Eqgs. (11) and (12), when de,/de; > 0,
d > 0 and —90° < ¥, < 0; this means that materials
that are under shearing are contracting. However,
when de,/de; < 0, d < 0 and 90° > o, > 0;
this is means that materials are dilating. With this
description, it is clear that greater initial contractive
volumetric strains correspond to steeper initial slope
of €, —ey curve (dg, /de; < 0) and lead to larger (more
positive) values for dilation, d, and consequently lower

(more negative) mobilized dilation angles, 1),,.
According to Xu and Song [25], in Eq. (9), the
reduction factor, Rg, is positive and less than unity.
Therefore, under shearing, in the early stages of loading
(contraction phase), the values obtained for mobilized
dilation angle, ,,, from Rowe’s equation (Eq. (7))
are smaller (more negative) than those obtained from
Eq. (9). As a result, in this contraction phase,
the contractive volumetric strains predicted by the
hardening constitutive model modified by Eq. (9) will
be lower than the ones predicted by the model modified
by Eq. (7). Some rockfill materials such as those used
in the shell of the MES Dam have a high potential
for the particle breakage rotation and rearrangement
phenomena. In other words, these materials exhibit
significant contractive volumetric strains in the early
stages of shear loading. Therefore, the constitutive
model modified by Eq. (9) cannot adequately predict
the contractive volumetric strains formed in these
materials. In addition, in this research (which will be
presented later), the results of the numerical simulation
of large-scale triaxial tests on rockfill materials consti-
tuting the shell of the MES Dam show that, in the early
stages of applying shear load, even the constitutive
model modified by Rowe’s equation (Eq. (7)) cannot
adequately predict the contractive volumetric strains

of these materials. In conclusion, as mentioned, it can
be stated that although Xu and Song [25] very well
recognized the weaknesses of Rowe’s mobilized dilation
equation (Eq. (7)), it appears that their equation
lacks necessary comprehensiveness for the estimation
of contractive volumetric strains, and the fourth reason
for Xu and Song [25] in the case of the modification of
Rowe’s equation is not well reflected in their proposed
equation (Eq. (9)). Xu and Song [25] validated their
equation (Eq. (9)) based on the laboratory results of
large-scale triaxial tests conducted by Varadarajan et
al. [11]. These tests were conducted on sharp-edged
limestone rockfill materials (obtained by blasting) and
rounded to sub-rounded rockfill materials collected
from the river bed. The results of these tests showed
that the contractive volumetric strains of these materi-
als at a confining stress of 1200 kPa were at most 1.5%;
however, because of great particle breakage potential
of conglomerate rockfill materials such as the ones
constituting the shell of MES Dam, the magnitude
of contractive volumetric strains of these materials in
the same confining stress (1200 kPa) is up to several
times greater than that value (about 5%). However,
in the last stages of loading (dilation phase), the con-
stitutive model modified by Eq. (9) can predict lower
dilatational volumetric strains in comparison with the
model modified by Eq. (7). Therefore, less-than-unity
values of reduction factor Ry can very well reflect
the effects of PSD, particle breakage, rotation, and
rearrangement on the deformation of rockfill material
in the dilation stage. In view of these results, the
authors propose Eq. (13) as a more comprehensive
alternative to Eqgs. (7) and (9):

in(Ibmr) —90° < Ioahpmp <0
R Chmr S0 g,
Sln(Rd.¢mR) 0 < Rympr <90°

In the above equation, v, g is the mobilized dilation
angle obtained from Rowe’s equation (in degrees). I.
is the contraction factor, which is greater than zero
and can be greater than unity. This factor is a
suitable measure for the quantitative assessment of
the severity of the effects of PSD, particle breakage,
rotation, and rearrangement on the deformation of
rockfill materials during the contraction phase. The
greater values of this factor lead to smaller (more
negative) mobilized dilation angles and steeper initial
slope, and the result is the greater value of contrac-
tive volumetric strains caused by the aforementioned
deformation phenomenon. As mentioned, Ry is the
dilation reduction factor and is always positive and
smaller than unity. This factor acts as a measure for
quantitative assessment of the severity of the effects of
PSD, particle breakage, rotation, and rearrangement
on the deformation of rockfill materials during the
dilation phase. The lower the value of this factor is, the
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Figure 7. Variation of mobilized friction and dilation
angles with a variation of I..

greater the effects of the aforementioned deformation
phenomenon on the dilation of materials will be. In
Eq. (13), these factors (I. and R;) are applied directly
to Rowe’s mobilized dilation angle, ¥, g, (not to the
sine of the angle); therefore, they can have a more
precise effect on the changes of mobilized dilation angle.
Figure 7 shows the curve expressing the changes of
mobilized dilation angle for different I. values. As
this figure shows, in the early stages of shear loading
(contraction phase), as I. increases, the mobilized
dilation angle, %,,, becomes smaller (more negative).
Obviously, materials with greater contractive volumet-
ric strains will have a greater I. value. These factors
(I. and R4) will be obtained from the back analyses
on the triaxial test results. It should be mentioned
that to incorporate the confining pressure into the
mentioned deformation phenomenon (especially, the
particle breakage phenomenon), factors I. and Ry can
be considered as the functions of confining stress.

4.1.5. Stress dependent peak friction and dilation
angle

Laboratory tests indicated that the maximum friction
angles depended on the confining pressure. As a result,
this dependency is accounted for in the constitutive
model by the application of Eq. (14). This stress-
dependent friction angle is used as the maximum
friction in Eq. (8):

ag.
¢p = ps — Aplog (;) , (14)

where ¢, is the maximum friction angle, o3 is the minor
principal stress, and ¢, is the angle of internal friction
at o3 = 100 kPa, P, is the atmospheric pressure, Ay is
the reduction in the friction angle with respect to the
confining pressure for each 10-fold increase in o3.

In addition, for geotechnical materials, the maxi-
mum dilation angle, 9, depends on confining pressure.

Generally, the peak dilation angle, 1, decreases with
the increase of confining pressure, os.

4.1.6. Large-scale triazial tests simulation

A series of conventional triaxial tests were conducted
on the samples taken from the materials constituting
the core; these tests were performed on samples with
CL: GC ratios of 40:60, 60:40, and 80:20. Moreover, a,
series of large-scale triaxial tests have been conducted
at Karlsruhe University [56] on the coarse-grained
materials of the shell, filter, and drainage regions
of this dam. As mentioned earlier, these materials
consist of crushed particles obtained by blasting in
calcareous conglomerate borrow area of the MES Dam.
There are several methods for scaling down the size
of the materials, e.g., scalping (cut-off), replacement
of materials, generation of quadratic size distribution
curve, and parallel gradation techniques [11,57]. The
last method was found to be more appropriate for this
material. The large-scale triaxial tests were performed
on specimens with a height of 80 centimeters and a
diameter of 80 centimeters. Other pieces of research
have shown that the values of marshal particle breakage
Index [8] for these kinds of rockfill materials are
significantly high [52,53]. Therefore, this material has
a high potential for crushing under shearing.

To extract some parameters of this modified
constitutive model for the materials of the dam body,
the conventional and large-scale triaxial tests on the
body materials were simulated in FLAC software en-
vironment. All functions and equations described in
the previous sections were coded into the constitutive
model by FISH language embedded in the software.
Simulations were conducted on a single element with
axial symmetry and appropriate boundary condition
(see Figure 8). In each step of the analysis, the
coded program computed the plastic shear strain and
updated the model parameters based on the defined
functions and equations. For instance, Figures 9 and
10 show the simulations conducted for rockfill materials

S S

Figure 8. The numerical model of triaxial test in FLAC

2D.
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Figure 9. Comparison of modeled and observed large triaxial test results for rockfills used in regions 3A and 3C under the
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Figure 10. Comparison of modeled and observed large triaxial test results for rockfills used in regions 3A and 3C under

the initially saturated condition.

used in regions 3A and 3C under the initially dry
and saturated conditions. These figures demonstrate a
better simulated volume change behavior attained by
the mobilized dilation angle equation proposed in this
paper (Eq. (13)) rather than Rowe’s equation (Eq. (7)).
The final parameters of this modified constitutive
model for different regions of the dam are shown in
Table 5. In this analysis, the cohesion C of materials
was not considered to be mobilized and was set equal
to the intercept of the tangent to the Mohr’s circles
resulting from triaxial tests. As shown in this table, n
and K parameters in Eq. (5) are determined by Duncan
and Chang’ proposed method [16] using the laboratory
results of triaxial tests. Poisson’s ratio (») is considered
as a constant value and determined from the initial
slope of ¢, — 1 curve of the laboratory results. Initial
mobilized friction, g, in Eq. (6) is determined from

the initial part of ¢ — &1 curve, where ¢ is the deviator
stress. This parameter can be defined as a function
of confining stress. The response of material in the
elastic domain of the constitutive model is controlled
by these five parameters. The peak fiction angle, ¢p,
and peak dilation angle, ¥p, in Eqgs. (6) and (7) are
defined as logarithmic functions of confining stress.
These functions are determined from plotting these
parameters versus the logarithm of confining stress. As
mentioned in the previous section, contraction factor,
I., and reduction factor, R4, in Eq. (13) control the
shape of €, — 1 curve in the contraction and dilation
phases under shearing, respectively. As shown in
Figure 7, these two parameters were extracted for each
confining stress through trial analyses, and they can be
defined as a function of confining stress.

As shown in Table 5, the exponent (n) of elastic
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Table 5. The mechanical and flow parameters of the different regions of the embankment.
Zone 34, 3C 34, 3C 3B 2A B, 2C Core
(saturated) (dry)
pa (25) 2 2 2 1.9 2.1 1.89
n 0.74 -0.12 0.05 1 0 0.8
K 556 3672 422 138 1663 120
1% 0.1 0.1 0.2 0.15 0.1 0.15
C (55 25 65 40 10 20 30
e (%) 6 6 7 8.5 8.5 10
Iy 0.77. ( ) +0.25 5 2.5 3.5 1 1
Ry 1 1 1 1 1 1
vp 55— 11 log (P ) 51.3—Tlog (P ) 42.2—0.6410g(;—3) 4r—6.6410g<;—i) 46.4—4.81og(;—3) 30
¥p 5.5 <3 L5 3 <6 0 0 1.1r—0.8310g(;—3) 0
00 F>3 0.0 F>6
o 42— 301og<P—3) 33.6—16.6 log (?3) 4.2—201og<;—i) 40—2.710;3;(;—3) 30—2.6log<;—i) 0
Kint (cm/s) 1x107! 1x107* 1x107* 2x 1072 1x1072 Eq. (17)

Table 6. The mechanical and flow parameters of the rock
mass.

Model Pa E Kint
(&5) (GPa) (cm/s)
Linear elastic 2.4 2 025 5x1078

modulus dependence on confining stress for regions
3A and 3C under the initially dry conditions is neg-
ative. This means that as confining stress increases,
the elastic component of Young’s modulus of these
materials decreases (see Eq. (5)). This phenomenon
can be attributed to more intense particle breakage
of the material. The maximum values of I. were also
obtained for regions 3A and 3C, which again point to
more intense breakage than other regions. Considering
the fine-grained nature of core materials making the
breakage next to impossible, I, of these materials was
considered to be unity.

The comparison of the volumetric strains of the
initially dry and saturated specimens at the same
confining stress (see Figures 9(a) and 10(a)) shows
that initial saturation can significantly increase the
volumetric strain, as it can facilitate the sliding of
particles over each other. This indicates that, during
the construction, the rockfill materials of the shell
should have been extensively wetted with high-pressure
water jets to prevent significant settlements of the
upstream shell during the first impounding. Given the
noticeable stiffness of the surrounding rock mass, it was
simulated with the linear elastic constitutive model.
Table 6 shows the parameters of this material.

4.2. Flow modeling
The application of coupled mechanical-flow analysis

necessitates the introduction of fluid flow formula-
tion. The formulation implemented in the FLAC3D
software [50] is presented in Appendix A. In this
formulation, the permeability tensor, K, is split into an
intrinsic part, K;,;, and a relative part, k., as follows:

K = Kt (n)kr(Su). (15)

The intrinsic permeability, K;,;, reflects the influence
of the porous matrix on the water transfers. That
is to say, intrinsic permeability is the saturated soil
water permeability and depends on the total porosity,
n. The relative permeability reflects only the fluid
properties. Therefore, it is assumed to be a function of
the saturation degree, S,,, which may be computed by

Eq. (16):

kr(Sw) = (2 = 35,)5%,. (16)

Based on some simplifying assumptions made in
FLAC3D, Figure 11 is employed as the predefined
retention curve of the model to explain the relation-
ship between saturation degree and interstitial fluid

U

0 1 Sw

Figure 11. Assumed retention curve in FLAC3D [50].
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pressure. In this figure, op is the fluid tension limit
(negative number) and, physically, is a tension that
would be sustained by pore water. As the fluid pressure
tries to drop below the set limit, cavitation occurs, and
the interstitial pressure is then set to zero. Depending
on conditions, the degree of saturation may also fall
below one. If the saturation degree remains equal to
one, the further expansion of the pore volume could
cause negative pore pressures to increase again [50].
The value of intrinsic permeability, K,;, or the
saturated soil permeability in each part of the nu-
merical model was determined based on the results of
permeability and consolidation tests. For simplicity’s
sake, K;,; of all regions of the numerical model,
except the core, was assumed to be a constant value
(based on the initially estimated porosity). A series
of consolidation tests were conducted on the core
materials, and the results of these tests showed that
the vertical permeability of the core increased with
the increase of vertical effective stress. Statistical
operations performed on the test results yielded a
basic power function for vertical permeability of the
core materials. The only variable of this function is
the vertical effective stress, o, . Ultimately, the exact
values of the coefficients of this basic function and
the horizontal-to-vertical permeability ratio of the core
materials were determined through trial analyses:

2x 1078 o, < 150
Kin(y) = o7\ —0-48
1.82x10°° (2 0! > 150
[{in T
int(@) _ 95, (17)
I&int(y)

where K, (,) and Ky () are the horizontal and ver-
tical saturated permeability coefficients (in cm/s), and
o, is the vertical effective stress (in kPa). This function
was also coded by the FISH programming language.
Tables 5 and 6 present the intrinsic permeability of the

porous media for other regions.

4.3. Sequences of modeling

The dam construction was finished after about five
years in November 2000. In this analysis, forty-two
layers were used in the simulation of construction. A
month after the end of construction, the first filling
started. At the beginning of the first filling, the
reservoir water level was +255. Due to heavy rains and
floods, the reservoir water level increased by an average
of 2 m/day (with a peak increase of 6 m/day) to about
57 meters in 28 days; then, it climbed another 18 meters
in the next 30 days (by an average of 0.6 m/day)
and, after about another 16 months, the reservoir
water level reached its normal level (+371). In this
model, the four impounding effects were idealized in
six stages (see Figure 3). The first three impounding
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Figure 12. Comparison of stress strain curves between
dry sample and that followed by saturation [7].

effects (E1 to E3) were simulated by applying the
pore pressure proportionate to water level (in each
stage of impounding) on the nodes of upstream shell,
foundations, and filter elements and applying water
pressure to the outer surface of the upstream shell
and foundation. The collapse settlement was simulated
using the practical technique proposed by Mahinroosta
and Alizadeh [49]. This technique has two steps:

i) Reducing all components of effective compressive
stress of the recently saturated layer by multiplying
them by stress reduction coefficient (C.);

ii) Allocating the saturation parameters to the re-
cently saturated layer.

The stress reduction coefficient (C.) is less than unity.
The lower the value of this coefficient is, the greater
the collapse settlement will be. This coefficient should
be determined by special triaxial tests on the ma-
terials. Figure 12 shows an idealized triaxial test
of this type. According to Figure 12 containing a
hypothetical stress path, when a dry rockfill medium
is submerged, internal stresses decrease vertically from
its initial value o; to the collapse stress o.; therefore,
this coefficient, C., equals the ratio ¢./o;. Dependency
of the collapse phenomenon on confining pressure has
been observed by a number of researchers [49,7,58-
60]. Thus, this coefficient was defined as a function
of confining stress [49]. Unfortunately, this kind of
special triaxial tests was not conducted in this project.
Therefore, this coefficient was determined from trial
analyses in each stage of impounding (see Table 7). As
can be seen in Table 7, this coefficient is smaller in the
early stages of impounding. This is because the lower
parts of the upstream shell are under greater confining
stresses, naturally intensifying the particle breakage
and, ultimately, causing the collapse deformations of
these early stages to be greater than those of later
stages.

4.4. Calibration of the 3D numerical model
The formulation of the analytical model was carried
out within the continuum media mechanic framework.
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Table 7. The range of reservoir water level, duration, and stress reduction coefficient for each stage of impounding.

Stage of impounding 1 2 3 4 5 6
Range of reservoir water level (m) 255-288  288-312 312-328 328-335 335-357 357-371
Duration (day) 1 9 49 12 446 34
Ce 0.1 0.1 0.8 0.8 0.8 0.8
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Figure 13. Comparison of measured and calculated excess pore water pressures within the core in the main cross-section

(CH.260).
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Figure 14. Comparison of measured and calculated
settlements of the Magnetic Plates (MPs) installed along
dam height in core centerline and downstream shell in the
main cross-section (CH.260).

Therefore, according to a study by Pagano et al. [61],
the back analyses must be based upon quantities
having a higher degree of representativeness. They
showed that the displacements and pore water pressure
(assuming a hydraulic equilibrium in porous media)
have a higher degree of representativeness than other
quantities (e.g., stress, strain, etc.); thus, in this paper,
the calibration of analytical model was performed
accordingly. Figure 13 shows the variation of measured
and calculated values of pore pressure at the main cross
chainage (+260 m) during the construction and first
impounding. Figures 14 and 15 show the variations
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Figure 15. Comparison of measured and calculated

surface displacements of the Survey Measurement Points
(SMPs) located at the upstream of the crest.

of the measured and calculated values of deformation
through the course of analysis. These figures show good
agreement between measured and computed values,
which in turn points to the highly accurate calibration
of the three-dimensional analytic model.

5. Numerical results and discussion

Figures 16 and 17 show the contour distribution of pore
pressure in the main cross-section (CH.260) at the end
of construction and first impounding, respectively. As
mentioned, the upper part of the core has been placed
on the dry side of standard optimum moisture content;
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Figure 16. Contours of pore water pressure (in Pa) at
the end of construction.
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Figure 17. Contours of pore water pressure (Pa) at the
end of the first impounding.
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Figure 18. Contours of vertical permeability (m/s)
within the core at the end of the first impounding.

thus, during the construction, the excess pore pressure
could not be developed in this part. However, a very
high excess pore pressure was developed at the lower
parts of the core. As mentioned in Section 3, a number
of causes such as lower parts of the core that have been
compacted wet of optimum (high degree of saturation),
the very low permeability of the core, and the relatively
high rate of construction have led to the significant
development of the excess pore water pressure in the
core during the construction.

According to Eq. (17), as excess pore pressure
dissipates and vertical effective stress increases, the
permeability decreases exponentially. Figure 18 shows
the contour distribution of vertical permeability in the
main cross-section (CH.260) at the end of construction.
Reduced permeability of regions around the core and
adjacent to the filters leads to a slower rate (speed)
of dissipation and consolidation. In the core, from the
trial analyses, the ratio of horizontal to vertical per-
meability coeflicients is 2.5 (see Eq. (17)). Therefore,
the contours of excess pore pressure have an ellipse
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Figure 19. Contours of effective vertical stress (Pa) at
the end of construction.
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Figure 20. Contours of effective vertical stress (Pa) at
the end of the first impounding.

shape. At the lower levels of the core, the almost
constant excess pore pressure is prevailing between the
center of the core and at the downstream or upstream
locations of it. These results were confirmed by the
data obtained from EPs installed at those locations (see
Section 3).

During the first impounding, due to the above-
mentioned causes, the core is almost under the
undrained condition. The water pressure acting on
the core and saturation collapse in upstream shell (see
Figure 3) can be important factors in the increase of
excess pore water pressure in the core

Figures 19 and 20 show the contour distribution
of vertical effective stress in the main cross-section at
the end of construction and first impounding. The
middle regions of the core at the lower parts have (ap-
proximately) zero-effective stress and exhibit an almost
incompressible (quasi-fluid) behavior. As mentioned
in Section 3, the significant development of excess
pore water pressure in the lower parts of the core and
very low rate of its dissipation are the main causes of
forming this near-zero effective stress zone. This result
is consistent with the observations (see Figure 4(a)).

During the impounding, the effect of buoyancy
forces reduces the vertical effective stresses in the
upstream shell.  On the other hand, the core is
almost under the undrained condition; therefore, the
water pressure acting on the upstream side of the
core increases the total stress. As a result, the size
(or breadth) of regions with zero-effective stress and
positioned next to (or near) the upstream side of the
core decreases.

Figure 21 shows the contour distribution of shear
strain in the main cross-section at the end of first
impounding. In this figure, the oblique shear zones
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Figure 22. The direction of principal stresses o1 and o3
acting in the plane perpendicular to the dam axis at the
end of the first impounding.

are clearly visible. As mentioned, because of high
excess pore water pressure, the lower parts of the core
exhibit an almost incompressible behavior. During the
construction, the stage loading due to the placement
of the upper parts of embankment is the main cause
of creating these oblique shear zones. During the
impounding, the combined effects of shear forces caused
by the differential deformations of the upstream shell
relative to the core and water pressure acting on the
core lead to the further development of plastic shear
deformations in the core. Increasing shear strains at
the upstream core can provide stress conditions for
forming hydraulic cracks. Moreover, in the core, such
shear movement is associated with a volume decrease
(contractive behavior) and is more likely to lead to a
further rise rather than a relief of excess pore water
pressures.

The direction of principal stresses o; and o3
acting in the plane perpendicular to the dam axis in
the main cross-section at the end of first impounding is
shown in Figure 22. At lower levels of embankment, the
identical magnitude of principal stresses in the central
regions of the core and the rotation of directions of
principal stresses in the vicinity of the filters are clearly
evident. This result is consistent with the observations
(see Figure 4(a)). As mentioned earlier, the rotation of
directions of principal stresses is caused by the oblique
shear zones (see Figure 4(b)).
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Figure 23. Contours of tensile stress (Pa) along to dam
axis at the end of the first impounding.
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Figure 24. Contours of settlement (m) at the end of
construction.
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Figure 25. Contours of horizontal displacement (m) at
the end of construction.
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Figure 23 shows the contour distribution of tensile
stress parallel to dam axis on the 3D model surface at
the end of first impounding. This figure shows that
those upper parts of the dam body that are positioned
next to abutments have a tensile stress condition.
These tensile regions have the greatest potential for
developing transverse tensile cracks. The tensile region
next to the right abutment is more extensive than
the one next to the left abutment. These results
correspond to the field observations. At the end of the
first impounding, based on the results of this three-
dimensional model, the maximum depth of the tensile
region in the dam body adjacent to the right and left
abutments is almost 2 meters.

Figures 24 and 25 show the contour distribution
of vertical and horizontal deformations in the main
cross-section at the end of construction. Moreover,
deformed mesh of the main cross-section at the end
of construction is shown in Figure 26. As mentioned,
during the construction, because of developing very
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Figure 26. Deformed mesh of the main cross-section at
the end of construction (scale = 10:1).
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Figure 27. Schematic sketch of the deformation
mechanism of the dam during the construction.
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Figure 28. Contours of settlement (m) at the end of the
first impounding.

large excess pore pressure in the lower levels of the core
and dissipating with a very low rate, the consolidation
settlements were found insignificant. Settlements of the
shells are mainly due to the effects of PSD, particle
breakage, rotation, and rearrangement phenomena;
however, those of the core are caused by internal
oblique plastic shear movements. These oblique shear
zones also lead to lateral deformations at the lower
part of the core (bulging). The stage loading due
to the placement of upper part of the dam puts the
lower part of the core (which exhibits a quasi-fluid
behavior) under vertical pressure. Over time, the
lateral deformation of lower parts of the core causes
the upper part of the dam to settle.

In the shells, region 3B has lower compressibility
properties than other regions. Therefore, settlements
of this zone are larger than those occurring in other
zones. Schematically, Figure 27 shows a sketch of
the deformation mechanism of this dam during the
construction.

The contour distribution of settlement of the
deformed mesh of the main cross-section and horizontal
deformation in the main cross-section at the end of
first impounding are shown in Figures 28 and 29. In
addition, Figure 30 shows the contour distribution
of settlement on the 3D model surface at the end
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Figure 29. Contours of horizontal displacement (m) at

the end of the first impounding.
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Figure 30. Contours of settlement (m) on the dam
surface at the end of the first impounding.

Figure 31. Deformed mesh of the main cross-section at
the end of the first impounding (scale = 10:1).

of the first impounding. The maximum settlements
recorded inside the dam and on its crest are 5.93
and 2.2 meters, respectively. The upper parts of
the upstream shell-core interface exhibit significant
differential settlements. These differential settlements
can cause longitudinal cracks in the crest during the
operation. The lateral deformations in the lower
parts of the core, especially on its upstream side, are
smaller than those in the end of construction because
of applying water pressure to the upstream face of
the core. Figure 31 shows the deformed mesh of the
main cross-section at the end of the first impounding.
This figure shows berm-like subsidence in the upper
parts of the upstream side of the body. This feature
is consistent with the field observations. The collapse
settlements of the upstream rockfill shell are the main
cause of this deformation behavior during the first
impounding. Figure 32 shows the schematic sketch of
the deformation mechanism of the dam during the first
impounding.

Now, 14 years after the first impounding, the
excess pore pressure of the dam shows surprisingly
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Figure 32. Schematic sketch of the deformation
mechanism of the dam during the first impounding.

low dissipation (at most 10% in some piezometers);
therefore, consolidation settlements of the core are still
negligible; however, deformations of the dam surface
are progressing with a significant rate. This progress
occurs such that the crest now exhibits an approxi-
mately 5-meter settlement. Visibly deep transverse
tensile cracks appeared on the crest situated next to
the abutments, and an unusual berm-like longitudinal
subsidence is observed on the upstream surface. There-
fore, the long-term deformation mechanism of this dam
can be the subject of further studies.

6. Conclusions

The results of this study can be summarized in two
parts. In part one, this paper proposed a numerical
method based on a well-known elasto-plastic harden-
ing/softening constitutive model and Rowe’s stress-
dilatancy theory to simulate the deformation behavior
of coarse-grained materials, such as rockfills, due to
Particle Size Distribution (PSD), particle breakage,
rotation, and rearrangement under shearing. This
method suggested a new mobilized dilation angle
function that is a new version of Rowe’s mobilized
dilation angle function. This function has two fac-
tors: contraction factor, I., and reduction factor,
R.. These two parameters control the variation of
plastic volumetric strain in the contraction and dilation
phases under shearing, respectively. The results of
the large-scale triaxial test conducted on the rockfill
shell of the Masjed-e-Soleyman (MES) Dam showed
that this material had a high potential of particle
breakage, which leads to high amount of volumetric
plastic strains. The numerical simulation of these
triaxial tests indicated that the constitutive model,
modified with new dilation mobilized dilation angle
function, could estimate the deformation behavior of
the MES rockfill materials accurately.

In part two, to achieve the main objective of this
study, first, the data recorded by the instruments in-
stalled inside the dam body were carefully studied and,
then, a three-dimensional numerical model of the dam
was developed to simulate its deformation behavior.
The calculations were carried out via simultaneous use
of flow and mechanical formulations. The mechanical
behavior of embankment materials was idealized by the

modified hardening/softening constitutive model. The
main results of this part of research are as follows:

1. A number of factors such as lower parts of the core
that have been compacted wet of optimum, the
very low permeability of the core, and the relatively
high rate of construction led to the significant
development of excess pore water pressure in the
core during the construction. Considerable pore
pressure of the core led to the formation of a
region with near-zero effective stress in the lower
parts of the core. This region has an isotropic
stress condition so that part of the core within
this region is expected to exhibit an incompressible
or quasi-fluid behavior. In addition, the reducing
permeability of the core with the further dissipation
of excess pore pressure next to the filters led to a
slowing rate (speed) of dissipation of excess pore
pressure. The insignificant dissipation of excess
pore pressure in the core led to unexpectedly small
consolidation settlements during the construction;

2. The stage loading due to the placement of the
upper layers of the dam led to the formation
of oblique plastic shear zones inside the lower
parts of the core. These plastic shear movements
led to the settlement of the upper part of the
embankment and lateral deformation (bulging) of
the lower part of the core. The increased pore
pressure of the core can be another outcome of
these plastic shear deformations. Fairly significant
deformations observed in the shell are mainly due
to the effects of PSD, rearrangement, rotation,
and especially particle breakage phenomena on the
deformation of the shells, drainages, and filters.
To simulate the volumetric deformations caused by
these phenomena, in part one, authors modified
Row’s mobilized dilation function and incorporated
it into the hardening/softening constitutive model,

3. During the first impounding, water presser acting
on the core and most likely the oblique plastic shear
movements inside the core increased its excess pore
pressure. On the other hand, the water presser
acting on the core (E1) increased its effective stress
on the upstream side of the core and, therefore,
reduced the extension of the zero-stress region,
making it smaller than what it was at the end of
construction;

4. During the first impounding, collapse settlements of
the upstream rockfill shell were the most important
factors in the deformation behavior of the dam
during the first impounding. This study utilized
a concept known as “stress reduction factor” to
simulate the collapse settlement phenomenon. The
collapse settlements of the upstream rockfill shell
caused significant differential settlements at the
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upper levels of the upstream filter-core interface
and, also, led to the further development of plastic
shear deformations inside the core;

5. At the end of the first impounding, those up-
per parts of the dam body that are positioned
next to abutments have a tensile stress condition.
These tensile regions have the greatest potential for
developing transverse tensile cracks. The tensile
region next to the right abutment is more extensive
than one next to the left abutment. Based on
the results of this three-dimensional model, the
maximum depth of the tensile region in the dam
body adjacent to the right and left abutments is
almost 2 meters.
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Nomenclature

5,1t Shear and tensile yield functions

01,03 Maximum and minimum principal
stresses

a,, Vertical effective stress

©Om Mobilized friction angle

©o Initial mobilized friction angle

©p Peak friction angle

Pev Critical state friction angle

Vs Angle of internal friction at o3 = 100
kPa

Ayp Reduction in friction angle in respect
to confining pressure for each 10 fold
increase in o3

Q°,Qt Shear and tensile plastic potential
functions

Vi Mobilized dilation angle

Uy Peak dilation angle

PmR Mobilized dilation angle obtained from
the Rowe’s equation

C Cohesion

Ch Mobilized cohesion

ol Mobilized tensile strength

eb Plastic volumetric strain

el Plastic shear strain

£} Plastic shear strain at peak friction
angle

€1 Axial strain

I Volumetric strain

Ry Reduction factor

I, Contraction factor

E Young’s modulus

n Exponent of elastic modulus and
porosity

K FElastic modulus and permeability
tensor

v Poisson

P, Atmospheric pressure

Kin Intrinsic permeability

k. Relative permeability

Sw Saturation degree

q Deviator stress

d Dilation

0d Dry density
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Appendix

Formulation of Fluid Analysis in FLAC soft-
ware
The flow formulation implemented in the FLAC3D
software [50] is presented as follows.

Water transport is assumed to be governed by
Darcy’s law:

qg=—-KV(uy, —vu2), (A1)

where ¢ is the vector of water flow, u,, is the pore water
pressure, and K is the permeability.

Mass conservation equation of water phase can be
written as follows:

9¢ + divg = gy, (A.2)

ot
where £ is the variation of fluid content (variation of
fluid volume per unit volume of porous material), and
¢y 18 a scalar quantity related to the volumetric fluid
source intensity.
Following the formulation of deformation-
diffusion processes based on quasi-static Biot theory,
Eq. (A.3) is implemented in FLAC3D:

8uw 0 0 v
Ouy _ (96 95
ot ot ot
where ¢, is the volumetric strain, and M, « are the
Biot modulus and the Biot coefficient, respectively.
Ignoring the compressibility of solid matrix (that is,
grains) compared to that of the deformable skeleton,

we have:
K
M = —W, a=1,
n

where K, is the fluid bulk modulus.

(A.3)

(A4)
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