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Numerical Investigation of the Effect of Concrete Injection on the Concrete
Joints of the Arched Dam, Under the Applied Stresses
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Abstract

Investigating the safety of dams is of great importance given their critical role in the industry
and economy of countries and the catastrophic consequences of their failure. Hence, the present
paper examines the impact of incomplete contraction joint injection in the Karun 4 double-
curvature arch dam as a case study. In this article, the Abaqus 6.12 finite element software was
used to model and analyze 3 numerical models of the Karun 4 dam. These models consist of a
linear, integrated, and homogeneous model and two nonlinear models considering the nonlinear
behavior resulting from two different types of common contraction joints in the dam's body.
The results indicated that a lack of injection led to a significant increase in the maximum
principal stresses (MPa) at the upstream section of the dam, such that a large part of this section,
which originally worked under compression, is now under tension. The tensile stresses at the
upstream abutment and the downstream crest also increased. Moreover, a lack of injection
considerably increased the vertical compressive stresses between the contact surfaces ().
These stresses were increased almost twofold near the injection stop level such that the stresses
between monolith zero and one increased from a maximum of 5.13 under complete injection
to 11.3. According to the results, with an increase in the joint thickness under the absence of
joint injection, considerable amounts (of stress) are added to the maximum principal stresses,
minimum principal stresses, dam displacement, and the vertical compressive force between the
contact surfaces.
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1. Introduction

Providing safety in dams against incoming
stresses has always been important [1-3].
On the other hand, the presence of joints in
concrete dams has always been a major
challenge for researchers [4-6]. In this
regard, Existence of tensile stresses in
concrete dams can have destructive effects
on the dam structure [7-10]. also, not
injecting concrete in the structural seams of
concrete dams may increase compressive
stresses perpendicular to the contact surface
[11-14]. Abaqus finite element software is
one of the most powerful software for
modeling and analyzing concrete dams
[15]. The issue of water, which is a basic
human need, has become more sensitive
with the rise in population and the necessity
of agricultural and industrial growth on the
one hand and the scarcity of water
resources and reservoirs on the other hand.
Hence, water shortage is expected to
become the primary concern of countries,
especially those with arid and semi-arid
climates, in the near future. Furthermore,
the fluctuations in water flow in rivers, the
need for storing water during wet days for
use during dry days, and the need for the
potential energy of water to produce
electricity have made it necessary to build
barriers, called dams, across watercourses
[16]. Arch dams are special in terms of
design technology and require continuous
safety evaluations due to the grave
consequences of their potential failure.
Chooban et al. (2009) employed the finite
element method in Abaqus to analyze the
Dagonghsan dam, standing 210 m tall,
using two different foundation models with
and without considering mass and with
viscous spring constraints to consider wave
energy dissipation. They concluded that the
maximum tensile stresses and crest
displacement had increased by 10%-25% in
the nonlinear analysis compared to the
linear analysis due to the slight free-up of
the arch. Considering the foundation’s mass
with viscous springs reduced the tensile
stresses and the maximum displacement of
the crest in both the linear and nonlinear

models by 5% compared to the massless
foundation model [17]. Yao et al. (2012)
investigated the seismic response of a 305-
m-tall arch dam via Abaqus. They used 8-
node hexahedral elements to model the
foundation and the dam. According to their
results, an increase in the maximum seismic
acceleration at a given record increased the
sliding and opening of the joints. However,
the maximum sliding and opening did not
occur simultaneously and were independent
[18]. Hariri Ardabili et al. (2013) studied
the nonlinear seismic behavior of arch dams
at various operation levels by considering
the contraction and perimetral joints This
research investigated the Dez double-
curvature arch dam, with a height of 203 m,
as the study case. The loads exerted on the
dam were considered to be its weight and
the dynamics excitations of the dam-
reservoir-foundation combination during
the Tabas Earthquake. The joints modeled
using node-to-node contact elements were
able to open and close and move
tangentially. An examination of the results
showed that the safety of the dam against a
potential earthquake increases with arise in
the level of water in the reservoir [19].
Fersdowsi et al. (2011) investigated the
influence of discontinuities in the stone
sections of the abutment and the
appropriate boundary conditions on the
behavior of the Karun 4 dam using Ansys
finite element software. In this study, the
foundation was modeled with mass and the
nonlinear behavior of the stone and
concrete were taken into account. The
result indicated that considering the
discontinuities in the stone remarkably
affects the stress distribution in the dam
body and produces a better evaluation of
the dam behavior [20]. Ahmadi and
Ahmadi (2012) conducted an analysis of
the malpasset arch dam by taking into
consideration the nonlinear geometric
behavior of the material under the force of
the weight and hydrostatic pressure up to
the crest level. Two layers of 20-node
nonlinear elements were used to mesh the
dam body. The results indicated a rise in the



maximum displacement with a reduction in
the joint parameters. The responses were
closer at lower displacements, but
differences in the criteria were observed as
the displacements increased. The plasticity
models utilized produced larger fracture
mechanics responses in general [21]. The
present study examines the effect of
incomplete injection in the contraction joint
of the Karun 4 double-curvature arch dam.
The Abaqus 6.12 finite element software
was employed for the numerical
simulations. The present article introduces
the software and the modeling procedure in
addition to explaining the application of the
loads and the contact boundary conditions
at the joints. Finally, the numerical results
are validated.

2. Materials and Methods
2.1. Specifications of the Karun 4 Dam

The Karun 4 dam is located in southwestern
Iran on the river Karun immediately
upstream from the intersection of the Monj
and Karun rivers. The river bed is 840 m
above sea level and has a width between 30
m and 60 m. The valley where the dam is
built has an asymmetric V shape with a
generally steeper slope on the left side and
a crest-level width of about 350 m.
Accordingly, the width-to-height ratio of
the value is 1:8, which is ideal for an arch
dam. The following tables represent the
specifications of the Karun 4 dam [22].

Table 1. Dam Body Parameter

(PMF) Water Level

Parameter Value Parameter Value
Double-Curvature . .
Dam Type Arch Dam Width at the Foundation 37-52m
Height From the Foundation 230 m Height from the Floor 190 m
Crest Length 440 m Total Concrete Volume 62 million m*
Crest Width 7m Crest-Level Valley Width 350 m
Table 2. Dam Reservoir Parameters at the 1.25 Level
Parameter Value
Total Reservoir Volume 2190 million m*
Reservoir Surface Area 29 km?
41 km Along the Armand Branch and 28 km
Lake Length Along the Bazft Branch
Lake Width Variable
Table 3. Reservoir Water Levels (Measured from the Sea Level)
Parameter Value Parameter Value
Normal Level 1025 Sediment Elevation 870
Minimum Operation Level 996 Normal Tailwater Level 845
Probable Maximum Flood 10333 Probable Maximum Flooding (PMF) 860

Tailwater Level

2.2. Finite Element Model

The Karun 4 dam model was meshed using
3852 linear 8-node cubic elements. The
largest and smallest element dimensions
were 16.5 m and 5.3 m. Moreover, two
different element types were used since two
different analyses, namely thermal and
static, were performed. The DC3D8
element was used for the thermal analysis,

and the C3D8R element was employed for
the stress-strain analysis. These elements
differ in their respective formulations. In
this model, the foundation was considered
rigid and the materials were assumed to
behave nonlinearly. The meshed dam
model, consisting of 22 separate monolith
and 21 contraction joints, is displayed in the
figure below.
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Figure 1. The Finite Element Model of the Karun 4 Dam

By reviewing the technical literature that
has been done in the field of nonlinear
analysis of arched concrete dams by
considering contraction joints, it can be
seen that in these studies, the joint
parameters are uniformly distributed
among all the blocks in the height of the
dam. In this regard, the following
assumptions have been considered for this
research:

1) The non-linear behavior of the body
except for the location of the seams has
been neglected.

2) The incoming loads from the reservoir
upstream of the hydrostatic dam are
considered.

3) The investigation of the problem will be
against static loads.

4) The geometric model related to the
Karun 4 dam available in reference [23] has
been used.

5) The foundation of the dam is assumed to
be rigid.

2.3. Loading

The load due to the weight of the dam, that
due to the reservoir, and a thermal load
were considered as the loads exerted to the
dam. The one-time exertion of the weight to
the integrated analytical model causes the
dam body to hang from the supports and,
hence, high tensile stresses to be created in
the model of the dam body, especially in the
upper sections, almost parallel to the
surface of the foundation or the horizon.
These stresses are absent in reality due to
the presence of contraction joints in the
dam body and the gradual concrete
placement for the monolith in it. Thus, the
weight load was applied in different stages.
For stepwise modeling of the dam, the key
editing tool was used in Abaqus to
eliminate the stiffness of the upper section
at each step of the gravitational loading.
Moreover, the weight loading was
performed in 5 static models with 3, 4, 6,
and 12 loading steps in order to ensure the
validity of the stepwise loading. It was
observed that the model with 6 loading
steps had a suitable number of elements in
addition to good stress conditions at the
abutments [23].
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Figure 2. Maximum Principal Stresses (MPa): (a) Single-Step Loading and (2) 6-Step Loading

Fig. 2 displays the difference between the
maximum principal tensile stresses under
two weight loading conditions. As can be
seen, the one-time application of the weight
load increases the maximum principal
tensile stresses parallel to the foundation at
the abutments, especially at the top of the
dam. However, a stepwise application of
the weight reduces the tensile stresses at the
foundation, especially at its upper section.
In order for a thermal analysis to be
performed on the dam, the existing
temperatures were assigned as the
boundary conditions to the nodes on the
dam body. Then, the DC3D8 thermal
element was used to perform a thermal
analysis. This analysis determined the
temperatures of all the nodes in the dam,
which were then applied as secondary
temperatures to the static analyses. The
initial (injection) temperature of the dam
was assumed to be 17°C. It must be noted
that the thermal and stress-strain analyses
must have identical meshes.

3. Analysis and Results

This section concerns the results of the
numerical model. Three different numerical
models were analyzed using Abaqus: one
linear model that considers the dam body as
integrated and without joints and two
nonlinear models that consider contraction
joints in the dam body. One of the nonlinear
models assumes the joints to be smooth (in
the absence of shear keys), and the other

assumes the joints to be rough (in the
presence of shear keys in the joints). To
determine the effect of the increase in the
initial thickness on the behavior of the dam
under the absence of injection, we analyzed
the smooth joint and compared the results
to previous works.

3.1. Validation of the Model

In order to ensure the validity of the
numerical results, we conducted 4 static
analyses with two different reservoir levels
according to Table 4 and compared the
results to the dam monitoring results in [24]
and the complementary analysis reports in
[22]. The displacement results at monolith
0,9, and 10, which represent the center, left,
and right monolith, respectively, in the dam
body, were derived in Analyses 2, 3, and 4,
respectively, and were compared to the dam
monitoring results. The following figure
represents the dam displacements in the
mentioned monolith. A review of the
graphs in Fig. 3 indicates that the nonlinear
analysis results better agreed with the
measurements compared to the linear
analysis results. This shows that modeling
the contraction joints has improved the
accuracy of the dam's behavior. Moreover,
since the nonlinear analysis results are
similar, one may conclude that the values
selected for the joint parameters in both the
smooth and rough models were appropriate
and that the model is valid.



Table 4. Validation Analyses

Thermal  Analysis Procedure  Weight Analysis Type Water Analysis
Load Load Level Number

Reservoir Load

Winter  All Hydrostatic Loads 6 Steps Linear Elastic (Li) 3.1033

Winter Without Sediment 6 Steps Linear Elastic (Ins) 99.1023

1
2
Winter Without Sediment 6 Steps  Nonlinear with Smooth Joints (NL-S) 99.1023 3
Winter Without Sediment 6 Steps  Nonlinear with Rough Joints (NL-R)  99.1023 4
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Figure 3. The Graph of Displacements at Monolith 1, 9, and 11 in the Analyses
and those Obtained from Instrument Measurements
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Figure 4. Displacements in the Dam Body at the 1033.3 level: (a) Linear Analysis and
(b) Complementary Analysis Reports of the Dam Body and Abutments

As shown in the figure, the displacement
distributions are similar in the two models.
However, the displacement in the linear
model is smaller than that in the final step
of the dam study. As mentioned previously,
this is due to the rigidity of the foundation
in the numerical model. The addition of a
foundation movement of 1.115 m to the
numerical model results in very similar
displacements especially at the crest,
indicating the appropriateness of the dam’s
model.

3.2. The Effect of the Absence of
Injection on the Opening of the
Contraction Joints

The effects of the contraction joints were
considered by placing adjacent monolith at

a distance of 3 mm from each other and,
then, applying the vertical contact pressure
relationship to them. The 3 mm distance is
the initial distance between the joint
surfaces. If the distance increases beyond 3
mm after loading, the opening of the joint is
considered, and if the distance reduces to
less than 3 mm, the closing of the joint is
considered. For an investigation of the
effect of an absence of injection on the
opening of the contraction joints, the
following figures display the opening of the
joint surfaces under full injection and a lack
of injection with winter-time thermal
loading. Given that the opening is unknown
between monolith 0 and 1 in the left figure,
it is shown separately in the right figure.
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Figure 5. Joint Opening in m at a Normal Level and Under Wlnter Time Thermal
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Friction Coefficient of 1
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Figure 6. Joint Opening in m at a Normal Level and Under Winter-Time Thermal
Loading in the Nonlinear Analysis and with no Injection from a Level of 955 m Upward
in the Smooth Joint with Various Friction Coefficients
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Figure 7. Joint Opening in m at a Normal Level and Under Winter-Time Thermal
Loading in the Nonlinear Analysis and with no Injection from a Level of 915 m Upward
in the Smooth Joint with Various Friction Coefficients

As shown in Fig. 5, the joints have opened
near the upstream abutment under full
injection Since the dam moves downstream
under the loads, the upstream monolith near
the abutment undergo tension and
experience deformation at their upstream
faces with a reduction in thickness.

Furthermore, the dam displacements show
that the dam exhibits negative deformation
in regions with joint opening, indicating
block torsion in these regions. Hence, the
joint opening near the abutment can be
attributed to these two phenomena, namely
the shortening and torsion of the monolith



at the upstream face. In addition, given that
the analysis was performed under winter-
time thermal loading, one may conclude
that this loading contributes to the opening
of the joints due to a reduction in
temperature and the shrinking of the
monolith. The decrease in the friction
coefficient from 1 to 0, shown in Fig. 8,

: f2.997e-0p3

Max: +7.213e-

icrement 1: Step Time = 1.000
Primary Var: COPEN
Deformed Var: U Deformation Scale Factor: +1.000e+00

reduced the joint opening at the end
monolith owing to the further movement of
the monolith downstream. As the friction
coefficient increased from 1 to 10, no
significant difference was observed in the
joint opening distribution. The following
figures display the joint opening when the
shear key was (rough joint) used.
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Figure 8. Joint Opening in m at a Normal Level and Under Winter- Tlme Thermal
Loading in the Nonlinear Analysis and with Full Injection in the Rough Joint
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Figure 9. Joint Opening in m at a Normal Level and Under Winter- T|me Thermal
Loading in the Nonlinear Analysis and with no Injection in the Rough Joint from a
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Figure 10. Joint Opening in m at a Normal Level and Under Winter- T|me Thermal
Loading in the Nonlinear Analysis and with no Injection in the Rough Joint from a
Level of 915 m Upward
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As seen in the figures, the changes in the
opening of the joints in case of no injection
in the rough joint (shown in Figs. 8-10) are
similar to those for the smooth joint (Figs.
5-7). However, the maximum opening in
this case is larger than that in the case of the
smooth joint.  Moreover, the results
indicate that the maximum opening occurs
near the left abutment, and the openings on
the left side are generally larger than those
on the right side. In addition, the regions
with a maximum opening under the rough
joint case are mostly at the upper levels of
the dam (under maximum injection heights
of 915 m and 955 m).

3.3. The Effect of an Increase in the
Initial Joint Thickness on the Behavior of
the Dam with the Absence of Injection

For the impact of the initial joint thickness
on the dam’s behavior to be determined in

tep Time = 1,000

crement  1: St
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case of no injection, we increased the
distances between the contact surfaces
beyond 3 mm. However, the rest of the joint
parameters (the friction between the joint
surfaces, the vertical compressive force
defined between the adjacent monolith, and
the collision between the adjacent monolith
at a distance of 1.1 mm in the regions
without injection) were kept constant. As a
result, no difference occurred between the
stresses and displacement of the dam in the
case of the full injection in the contraction
joints. These analyses were performed as
examples and solely for joints without shear
keys and with a friction coefficient of 1 and
an increase in the joint thickness to 5 mm
and 1 cm at the 915 m and 955 m levels.
The figures below demonstrate the

distribution of the maximum principal
stresses under a maximum injection height
of 955 m.
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(B) A Joint Thickness of 1 cm
Figure 11. The Maximum Principal Stress Distribution at the Upstream and

Downstream of the Dam in Pa at a Normal

Level and Under Winter-Time Thermal

Loading in the Nonlinear Analysis and with no Injection from a Level of 955 m Upward
in the Smooth Joint with a Friction Coefficient of 1 and Various Joint Thicknesses

11



As shown in the above figures, an increase
in the joint thickness to 5 mm increased the
tensile stresses in the dam's body compared
to the 3 mm thickness. A further increase to
1 cm increases the tensile stresses in the
dam body near the injection location
beyond 3 MPa, while this value is only 2
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1.000

MPa for a thickness of 5 mm and less than
1 MPa for a thickness of 3 mm.

The distribution of the maximum principal
stresses is shown in the figure below for a
study of the impact of a rise in the no-
injection height under an increase in the
initial thickness of the joint.
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(B) A Joint Thickness of 1 cm
Figure 12. The Maximum Principal Stress Distribution at the Upstream and
Downstream of the Dam in Pa at a Normal Level and Under Winter-Time Thermal
Loading in the Nonlinear Analysis and with no Injection from a Level of 915 m Upward
in the Smooth Joint with a Friction Coefficient of 1 and Various Joint Thicknesses

As shown in the above figure, a rise in the
no-injection height increased the tensile
stresses in the dam's body compared to the
case with a maximum injection height of
955 m (Fig. 9), such that the almost
upstream face of the dam is under tension.
This increase in stress has exceeded 5 MPa
at a joint thickness of 1 cm near the
injection location. These results indicate
that, in case of no injection in the joints in a
double-curvature dam with a relatively low
initial thickness of the joints (about 3 mm
in these studies), the dam design in the
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regions with no injection (or incomplete
injection) act as a horizontal curve by
moving downstream under the applied
hydrostatic loads. This action takes part in
the transfer of the loads with a small delay.
The delay in the formation of the horizontal
curve action slightly affects the stress
distribution while significantly influencing
the deformations in the dam. The minimum
principal stress distribution is shown in the
following figure for a study of the impact of
the increase in the initial joint thickness on
the compressive stress in the dam.
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(B) A Joint Thickness of 1 cm
Figure 13. The Minimum Principal Stress Distribution at the Upstream and
Downstream of the Dam in Pa at a Normal Level and Under Winter-Time Thermal
Loading in the Nonlinear Analysis and with no Injection from a Level of 955 m Upward
in the Smooth Joint with a Friction Coefficient of 1 and Various Joint Thicknesses

According to the figure, an increase in the
initial  joint  thickness reduced the
compressive stresses at the upstream and
downstream  crests of the dam.
Nevertheless, the compressive stresses at
the upstream and downstream injection
locations and at the downstream abutment
increased in parallel and lower than the
injection location. This increase in
compressive stress at a joint thickness of 1
cm was 1.79 MPa higher than that at a joint
thickness of 3 mm. As shown in the figure
above, with an increase in the no-injection
height, the compressive stresses at the
upper section of the dam at the upstream
and downstream sides increased compared
to the case with no injection above 955 m
(Fig. 13). Moreover, the compressive
stresses at the downstream abutment
increased considerably, especially for the
dam with a joint thickness of 1 cm. The
following  figures  demonstrate  the
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distribution of displacement in the dam
with an increase in the joint thickness. A
comparison of the above two figures with
displacement results from the nonlinear no-
injection analysis without a shear key and
with an initial joint thickness of 3 mm
indicates that an increase in the initial joint
thickness significantly increases the dam
displacements. Specifically, in the case
with a maximum injection height of 955 m
with initial joint thicknesses of 5 mm and 1
cm, the displacement increased by 24% and
68%, respectively. Similarly, the increase
corresponding to the case with a maximum
injection height of 915 m with initial joint
thicknesses of 5 mm and 1 mm were 34%
and 111%, respectively. The following
figures show the distribution of vertical
stress between the joint surfaces for an
investigation of the impact of the initial
joint thickness on the vertical stresses in the
case of a lack of injection.
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Figure 14. The Minimum Principal Stress Distribution at the Upstream and
Downstream of the Dam in Pa at a Normal Level and Under Winter-Time Thermal
Loading in the Nonlinear Analysis and with no Injection from a Level of 915 m Upward
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(B) A Joint Thickness of 1 cm
Figure 17. The Distribution of Vertical Compressive Stress on the Contact Surfaces
Between the Adjacent Monolith 0 and 1 in Pa at a Normal Level and Under Winter-
Time Thermal Loading in the Nonlinear Analysis and with no Injection from a Level of
955 m Upward in the Smooth Joint with a Friction Coefficient of 1 and Various Joint
Thicknesses

According to the above figure, with an
increase in the initial thickness in regions
with no injection, no contact is created
between the joint surfaces, especially for
the joint with an initial thickness of 1 cm.
Hence, the vertical stresses between the
contact surfaces remain 0 or very small
unless in the middle monolith mostly in the
joints with an initial thickness of 5 mm. It
is also observed that the vertical
compressive stress in the injected parts,
especially at the injection location, is higher
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compared to the joint with an initial
thickness of 3 mm. Specifically, the
maximum vertical compressive stress in the
joint with an initial thickness of 1 mm
increased by 2.6 MPa relative to that in the
joint with an initial thickness of 3 mm. The
distribution of the vertical stresses between
the joint surfaces due to an increase in the
no-injection height with initial thicknesses
of 5 mm and 1 cm are displayed in the
figures below.



Step: Tempload

Increment 1: Step Time = 1.000

Primary Var: CPRESS

Deformed Var: U Deformation Scale Factor: +1.00e+00

43e+007

Max: +1.3

CPRESS

+1.32e+07
+1.28e+07
- +1.12e+07
+9.60e+06
- +8.00e+06
- +6.40e+06
+4.80e+06
- +3.20e+06
- +1.60e+06
+0.00e+00

Max: +1.32e+07
Elem: B0-1.193
Node: 34

(A) A Joint Thickness of 5 mm

z

ol

Step: TemplLoad

Increment 1: Step Time = 1.000

Primary Var: CPRESS

Deformed Var: U Deformation Scale Factor: +1.00e+00

CPRESS
+1.65e+07
+1.28e+07

- +1.12e+07
+9.60e+06
+8.00e+06
+6.40e+06
+4.80e+06
+3.20e+06

- +1.60e+06
+0.00e+00

Max: +1.65e+07
Elem: B0-1.193
Node: 34

(B) A Joint Thickness of 1 cm
Figure 18. The Distribution of Vertical Compressive Stress on the Contact Surfaces
Between the Adjacent Monolith 0 and 1 in Pa at a Normal Level and Under Winter-
Time Thermal Loading in the Nonlinear Analysis and with no Injection from a Level of
915 m Upward in the Smooth Joint with a Friction Coefficient of 1 and Various Joint
Thicknesses

A comparison between the case with a
maximum injection height of 955 m (Fig.
17) and the above figure indicates that a rise
in the no-injection height resulted in more
contact between the monolith in the regions
with no injection along with considerable
deformations. Accordingly, the vertical
compressive stresses in the regions with
injection and at the injection location
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increased compared to the case with a
maximum injection height of 955 m. This
rise in stress was 2.6 MPa in the joint with
an initial thickness of 1 cm and 1.1 MPa in
the joint with an initial thickness of 5 mm.
The figures below show the distribution in
the joint opening at two different no-
injection levels with an increase in the
initial joint thickness.
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Figure 20. Joint Opening in m at a Normal Level and Under Winter-Time Thermal
Loading in the Nonlinear Analysis and with no Injection in the Smooth Joint from
Different Levels Upward with a Friction Coefficient of 1 and a Joint Thickness of 5 mm
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Figure 22. Joint Opening in m at a Normal Level and Under Winter-Time Thermal
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As seen in the figures, the changes in the
opening of the contraction joints were
similar as the joint thickness increased, and
only the relative opening of the joints
increased .The largest value occurred at a
joint with a thickness of 1 mm and at a
maximum injection height of 915 m,
indicating a 1.4 mm increase in the opening
near the abutment compared to an initial
thickness of 3 mm. Due to the large distance
between the monolith at a maximum
injection height of 955 m and a joint
thickness of 1 cm, most of the monolith in
the upper part did not come into contact. On
the other hand, for the no-injection case
with an initial thickness of 3 mm and a
maximum injection height of 955 m, most
of the upper monolith, and for a joint with
an initial thickness of 5 mm, the middle
monolith came into contact at the end of the
loading.

4. Conclusion

Due to the complexity of the arched
concrete dam structure, the design of this
type of structure requires high experience
and knowledge [25, 26]. The present
research analyzed three numerical models
with the aim of investigating the possible
effect of incomplete injection in the
contraction joints on double-curvature arch
dams under hydrostatic loads. These
models consist of a linear, integrated, and
homogeneous model and two nonlinear
models considering the nonlinear behavior
resulting from two different types of
common contraction joints in the dam's
body. The obtained results can be
summarized as follows:

1. The lack of injection led to a significant
increase in the maximum principal stresses
at the upstream section of the dam, such that
a large part of this section, which originally
worked under compression, is now under
tension. The tensile stresses at the upstream
abutment and the downstream crest also
increased.

2. Under no injection conditions, the
minimum principal stresses at the crest
were reduced while the compressive
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stresses at the downstream abutment and
downstream and upstream of the middle of
the dam body increased.

3. With no injection into the contraction
joints, the dam displacements significantly
increased. Specifically, the displacements
of the crest doubled for a joint without shear
keys. However, the displacements further
increased with a rise in the maximum
injection height.

4. A lack of injection considerably
increased the vertical compressive stresses
between the contact surfaces. These
stresses were increased almost twofold near
the injection stop level. For example, the
stresses between monolith zero and one
increased from a maximum of 5.13 under
complete injection to 11.3.

5. The results indicate that even with full
injection in the contraction joints, openings
can occur on the surfaces of these joints,
mostly near the foundation. A lack of
injection increases these openings although
by a smaller amount compared to full
injection. The amount of opening in the
surfaces between the end monolith also
increases, being higher in joints with shear
keys than those without.

6. According to the results, with an increase
in the joint thickness under the absence of
joint injection, considerable amounts are
added to the maximum principal stresses,
minimum  principal  stresses, dam
displacement, and the vertical compressive
force between the contact surfaces.

7. As a general conclusion, the lack of
injection at the upper surfaces of the dam
does not significantly undermine the safety
of the dam under static loads in case the
incomplete injection height and the joint
thickness are small. However, when the
height of incomplete injection and the
distance between the adjacent monolith
increase, the dam may be at risk against
static loads. Hence, sufficient attention
must be paid to the injection of contraction
joints in arch dams.
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