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Introduction
Much of the hydraulic structures like arch concrete dams are 

rapidly approaching, or in some cases have already passed their 
original design life. It is not surprising to say that these old concrete 
structures which some of their surfaces are submerged in the water 
for a long time, experience more degradation in their mechanical 
features than those structures which remain in dry environmental  

 
conditions along their operational life Dam Safety Technology 
Development Program 2005 [1]. This phenomenon may probably 
be the result of, to some extent, the effects of saturation of micro 
voids in the concrete mass Wittmann [2]; Pihlajavaara [3,4]) or/
and to some extent of the chemical dissolution reactions that 
occur in the wet concrete parts Kuhl et al. [5]; Nguyen et al. [6]. 
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Besides the effect of water, some unexpected external loads, like 
severe earthquake loads, can cause the degradation of strength and 
integrity of old concrete arch dams.

Consequently, it can be outlined that the weakening of aged 
concrete arch dams may have resulted from two main factors: 

1. Time variant external loading, and 

2. Environmentally induced loading. The first load category 
may consist of a sudden reduction of the reservoir water level, 
earthquake excitations, mountain slippage, and abnormal 
temperature changes Chen and Ren [7]; Camara and Oliveira 
[8]; Ghanaat [9].The second main source includes moisture and 
heat transferASTM 1985 [10]; Cerny and Rovnanikova 2002 
[11], freeze-thaw action, dissolution processes such as calcium 
leaching Ekström[12], and chemical expansive reactions such 
as sulfate attack or alkalisilica reaction Ardito et al. [13]; 
Moshtagh and Ghaemian [14]; Wang et al. [15]. 

Three different approaches have been persuaded until today 
to address and contribute the effects of these two different origin 
types of loading in the analysis of aged concrete arch dams:

1. The first method studies the changes in the characteristics 
of transmitted and received waves which travel through the 
thickness of the arch dam. This nondestructive test method is 
used for estimating the strength and elastic properties of mass 
concrete and for locating and characterizing voids and cracks 
within the structure Bond et al. [16,17].

2. Development of mathematical models which quantify and 
measure the aging effects in structural analysis is the second 
method [5,6,9,15,18,20].

3. In the third group, named as diagnosis approaches, 
the damage diagnosis methods have been implemented for 
identification of degraded strength parameters such as elastic 
modulus of the dam Wittmann [2]; Maier et al. [21]; Fedele et al. 
[22]; Garbowski et al. [23]. 

The diagnosis approaches include five different strategies: 

1. Assessment of long-term monitoring observations and 
comparison with past behavior of the same dam and/or similar 
dams Alvin et al. 2003 [24], 

2. Local identification of concrete constitutive parameters 
on the surfaces by flat jacksFedele and Maier 2007 [25].

3. Local identification of concrete constitutive parameters 
in depth by overcoring or dilatometric techniques Fedele et al. 
2005 [26].

4. Dynamic vibration by vibrodynes and measurements 
through accelerometers and identification of young modulus 
distributions based on modal analysis in linear dynamics 
Salawu 1997 [27], and 

5. Hydrostatic loading attributable to fast reduction in water 
surface in the reservoir, measurement of deformations by 
instruments of the dam such as pendulums, collimators and/
or interferometric radar and statical overall inverse analysis 
of elastic moduli through a linear finite element model (FEM) 
or nonlinear FEM if vertical block relative movements are 
considered Ardito et al. [28]; Ardito and Cocchetti [29]; Fedele 
et al. [22].

Aggressive environment can contribute into the diminishing of 
the concrete mechanical properties directly or indirectly. Concrete 
is being deteriorated with time under the effects of ambient 
temperature and moisture fluctuations. A rise in temperature 
or moisture content of concrete can cause expansion; inversely, 
a drop in temperature or drying is generally associated with 
contraction or shrinkage in concrete, on the other hand. Under 
these repeatable circumstances, if concrete deformations are 
prevented or restrained, stresses build-up within this worldwide 
construction material. Consequently, these environmental-induced 
cyclic stresses can lead to the deterioration of concrete.

The Dez concrete arch dam is located in an aggressive condition 
from the environmental point of view based on the study of Naik 
(1985) [30]. According to this study, the worst environmental 
condition of concrete is occurred when the weather is hot and 
contains high humidity. He described this situation quantitatively 
and specifically mentioned that at an air temperature of 122 °F 
and relative humidity of 100%, concrete becomes weak both in 
compression and tension. He added more that this is a critical 
condition for which the maximum load for a concrete structural 
member should be re-computed. Holding this issue in mind, it 
is interesting to note that the ambient temperature in the site 
location of the Dez dam reaches to 50 °C (122 °F) in the summer. 
Remembering this circumstance, on the other hand, the upstream 
face of the Dez dam at the same time is exposed dominantly to the 
reservoir water and therefore it is rational to suppose that some 
portions of the upstream face of the dam are completely saturated. 
So, it is no surprise if the environmental condition of the Dez dam 
in some days of the summer is classified as an aggressive condition.

Downie [31] performed a comprehensive study on the effects of 
heat and moisture transport within the concrete on its mechanical 
properties. He concluded that higher temperature and degrees of 
saturation will yield lower concrete strength in compression, tension 
and corresponding modulus of elasticity. He added more that these 
two factors have negligible effect on Poisson’s ratio. Additionally, 
De Borst and Peeters [32] found that the high temperature has 
a considerable effect on concrete creep strains. They declared 
that rising of temperature accelerates the creep of concrete 
considerably. Furthermore, the mechanism of force bearing in an 
arch dam is to transfer the hydrostatic pressure of the reservoir 
horizontally to the abutments and vertically to the foundation. At 
the Dez arch dam, because of the narrow shape of the canyon (V 
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shape), the forces mainly are transferred in the horizontal direction 
with arch actions so the concrete of the Dez dam even near to the 
crest is under strong sustained compressive pressure U.S. army 
corps of engineers [33]-Engineering and Research Center [34]. This 
pressure near to the foundation is triaxial and near to the crest is 
biaxial because of the different thicknesses of these portions. So, 
the creep of the Dez concrete is inevitable and as a consequence the 
degradation of integrity and stiffness of the dam due to this creep is 
steadily becoming more progressive Ruiz MF et. al. [35].

Besides to the above-mentioned direct physical environmental 
effects, the indirect chemical effects of the environment caused the 
concrete of the Dez dam to degrade progressively with time. High 
potential source of chemical degradation of the Dez dam is the cal-
cium leaching. According to what reported by Dodds [36], the Dez 
river water is completely saturated with CaCO3. So, based on find-
ings of Cerny and Rovnanikova [11] reported in their book, Trans-
port Processes in Concrete, in the upstream face of the Dez dam, 
high hydrostatic pressures cause the water to diffuse into the inner 
parts of the concrete layers and dissolves the dissoluble hydration 
products, specifically in this case, i.e. the Ca(OH)2 of the cement 
paste. That dissolution is strongly possible because some amounts 
of the free carbon dioxide CO2.nH2O in the reservoir water of the 
Dez dam react with CaCO3 existed in that water to form carbonic 
acid H2CO3. This acid water diffuses into the concrete and dissolves 
the hydrated products and transports them to the reservoir water. 
This process leads to an increase in porosity of the concrete and 
consequently to decrease of the integrity and strength of the con-
crete Ekstrom [12]. Foregoing mentioned environmental factors 
along with the unexpected external mechanical loadings such as 
abutment movements or a sudden reduction in the reservoir water 
level or occasionally moderate earthquakes (all of them have oc-
curred during the Dez dam life) are strengthening this hypothesis 
that the initial mechanical properties of the young dam can be dete-
riorated during a long period of time (dam is 42 years old). Deteri-
oration of concrete is both a physical and chemical phenomenon of 
the cement paste, the aggregate and the paste-aggregate interface. 
If degradation of concrete is progressing over time, the concrete 
structure may not be able to withstand the designed loads even 
if they have not changed (Report DSO-05-05-2005) Even if there 
is no aggressive chemical in contact with the concrete of the dam, 
Nguyen et. al. [6] as it was mentioned, the saturation-dependent 
internal stresses acting on the nano- and microscales develop as a 
consequence of molecular adsorption and capillary condensation. 
Bangert et. al. [37] Moisture movement in porous media of con-
crete of the dam may initiate cracks, and in turn, cracks strongly 
affect the permeability of the concrete Grasberger and Meschke 
[38]. In the present study, as a promotion to the previous attempt 
of the authors and his co-workers Labibzadeh et. al. [39], the deg-
radation of mass concrete of the Dez dam was evaluated in more 
detail using a more sophisticated numerical degradation model. 

In that preceding work, it was demonstrated that the concrete of 
the Dez dam has been deteriorated and its mechanical properties 
have been changed after a long time (approximately 45 years) from 
which the dam is under service. Furthermore, in that attempt, the 
degraded mechanical properties of the dam were identified using 
a novel thermo-elastic inverse numerical model developed in that 
previous research Labibzadeh et. al. [39]. It should be noted that 
in that research, it was postulated that this degradation has a ho-
mogeneous and isotropic nature. Although the obtained results of 
some core tests conducted recently on this old dam by a consulting 
engineering group verified the predicted results obtained from the 
mentioned above numerical model and confirmed that degradation 
in general undoubtedly, they could not guarantee the homogeneity 
and isotropy of this deterioration with the same degree of certainty. 
Hence, in the first part of this research, the degradation of dam’s 
concrete was considered as a heterogeneous and anisotropic pro-
cess and it was decided to investigate the validity of this hypothesis 
using that numerical model which was developed in previous study 
Labibzadeh et. al. [39]. For the sake of brevity, the description of 
that analytical model (thermo-elastic inverse model) has not dis-
cussed again here. But it should be noted that, in that model, an 
error or residual function has been defined which plays the princi-
pal role in that mentioned above validity process. In other words, 
it is postulated in this study that if the computed value of the error 
function from the new proposed sophisticated model which will be 
described in the next section is obtained smaller than the corre-
sponding value in the previous work, it can be concluded that the 
new numerical model has a more realistic feature and is more reli-
able. This assumption, in fact, is a foundation that this new research 
is going to be built on that. So, the degree of the reliability of the 
obtained results depends on the degree of the soundness of that 
assumption. The above mentioned error function in this study sim-
ilar to the previous work, in fact, indicates the difference between 
the computed displacement vector of the nodal points of the dam 
obtained from the new presented enhanced thermo-elastic inverse 
model and those obtained from the inverse pendulums of the dam. 
Hence, the smaller the error values the more degree of the reliabil-
ity of the implemented analytical model. It should be noted that the 
difference between the new model and the old model used in pre-
ceding study is that in the present model, the material constitutive 
behavior of concrete of the Dez dam is considered to be transverse-
ly isotropic in contrast to the old version which was considered 
as isotropic and also the degradation of the dam is defined to be 
heterogeneous in opposite to the forgone work which was postu-
lated as a homogeneous phenomenon. At the end of the part one of 
the paper, the obtained results will confirm that the degradation of 
the concrete mechanical properties of the Dez dam has a heteroge-
neous and anisotropic feature. Second part of this study deals with 
the seismic assessment of this dam considering obtained degraded 
elastic strength against to the Tabas ground motion. 
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Part I: Transversely isotropic elastic degradation

As it was mentioned in the previous research, the behavior of 
the dam and its abutments are still elastic based on the observations 
from the instruments located in the dam and supports besides 
to the available geological and geotechnical report of the dam at 
construction time Labibzadeh et. al. [39]. From the heterogeneity 
point of view, it must be said that the environmental conditions at 
the upstream and downstream faces of the Dez dam are completely 
different. The upstream face of the dam is in permanent contact 
with the reservoir water which is completely saturated whereas the 
downstream of the dam is exposed to the ambient weather which 
is nearly dry. The wetness in Dez dam accelerates the degradation 
whereas dryness slows it down. The temperatures in these regions 
are also different. Temperature values at upstream are moderate 
and at downstream are excessive. Excessive temperatures 
accentuate the deterioration and moderate temperatures play 
it down for concrete. So, the moisture content and temperature 
change significantly through the thickness of the dam at each 
altitude level. In addition, the variation of these two environmental 
parameters with respect to time is not the same for the upstream 
and downstream faces. Therefore, it is rational to expect that the 
concrete deterioration of the Dez dam cannot be a homogeneous 
process along the dam thickness. Furthermore, the moisture and 
temperature are also changing along the height direction of the 
dam. Hydrostatic pressure varies linearly from the top to the bottom 
of the dam with high magnitudes at the bottom. So, the moisture 
can penetrate and affect lower parts of the dam more effectively 
than the upper portions. On the other hand, because of the different 
sunshine expositions, the temperature would change along the 
height of the dam both in upstream and downstream faces. Hence, 
the concrete deterioration cannot be a homogeneous process along 
the dam height look likes the discussed thickness direction.

On the orientation of the anisotropy, it should be noted here that 
the biaxial stress resultant at the in-planes of the Dez dam (parallel 
planes to the dam upstream/downstream surfaces) remains ap-
proximately constant due to the main actions imposed on the dam: 
hydrostatic pressures and gravity loads. The existence of higher 
compressive stresses in arches than those verified in cantilevers at 
the dam upper portions and at the same time the actions of higher 
compressive stresses in cantilevers than those developed in arches 
at lower altitudes of the dam may interpret well the above men-
tioned hypothesis. Apart from these natural boundary conditions, 
the essential boundary conditions of the Dez dam also strengthen 
the idea of the transversely isotropic nature of the elastic degrada-
tion tensor of the Dez concrete dam. The elongations of the dam in 
arch and cantilever directions are nearly the same but are much 
greater than the dam elongation in the thickness direction. So, it is 
rational to expect that the degradation mechanism has different ef-
fects on the in-planes and out-of-planes (planes regarded as being 
perpendicular to in-planes) of the dam see Figure 1.

Figure 1: Transversely isotropic elastic degraded nature of 
Dez concrete.

It should be emphasized here that; the authors of this paper 
like to Fedele et. al [22], believes that the degradation of concrete 
due to the environmental effects only could be merely considered 
as an isotropic damage process in average behavior of the dam. 
However, due to past extreme loadings from Fedele and his 
collaborators’ point of view and from the opinion of the authors of 
this article due to permanent main ordinary loadings as well as past 
extreme loadings, this damage process can be transformed into an 
anisotropic process. Past extreme loadings such as earthquakes or 
unusual reservoir water reductions can produce diffused cracks 
within the concrete and on the other hand, the permanent main 
actions e.g. hydrostatic and gravity loads can provide a dominant 
state of stresses in the concrete, each of them makes the evolution of 
the long-term deterioration of the dam to take anisotropic features.

After extensive examination of the literatures, the authors 
concluded that Oliveira et. al. 2010 [40] and Garbowski et. al, 
2011 [23] are probably the only two diagnostic studies conducted 
on concrete dams considered the degradation of concrete as an 
anisotropic process. Oliveira and his collaborators performed a 
modal analysis on the Cabril arch dam located in Portugal using an 
inverse analysis method for dam material parameter identification. 
However, they have only modeled a small damaged zone (cracked 
zone) of the dam with an orthotropic transversely isotropic elastic 
constitutive law and considered the rest of the dam as isotropic 
material. Moreover, they have assumed that two of the fifth 
independent elastic modulus e.g. the elastic modulus and Poisson’s 
ratio of the plane of isotropy are known values and only three 
remained unknown material parameters were identified in their 
research. On the other hand, Garbowski et al. [23] performed an 
inverse analysis on a roller compacted concrete dam using the so 
called DIC technique (Digital Image Correlation) for analyzing the 
obtained images from a portion of the surface of the dam which 
experienced some displacements under the pressure imposed on 
it with a flat-jack through a T-shaped slots. They have identified 
the elastic and shear modulus of the concrete in the presence of 
orthotropy. They reported that the advantage of their method was 
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that no data from extensometers were needed. Although Garbowski 
and his colleagues have performed a worthwhile attempt for 
diagnosing the material parameters of the dam, but the authors of 
this paper believe that their approach may suffer from two main 
drawbacks. Firstly, the accuracy of obtaining results is strongly 
dependent on the accuracy of the field operations and related 
mathematical theories. Secondly, the results are obtained from a 
local portion and under an artificial procedure (virtual loadings 
and virtual resulted displacements), so they cannot be extended 
easily to the global mass concrete of the dam. Apart from these 
two mentioned deficiencies, they have considered the dam as a 
homogeneous medium and taken the Poisson’s ratio components 
of transversely isotropic elastic tensors as known parameters. So, 
they have only identified three remained other parameters like the 
work of Oliveira et al. [40].

This issue motivated the authors of this article to investigate 
in more detail the long-term aggression of concrete of the Dez dam 
in the presence of anisotropy using the innovative thermal inverse 
analysis labibzadeh et. al. 2014 [39]. 

Considering Figure 1, the constitutive law for the long-term 
deterioration of Dez concrete can be stated as a relation (1):
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In the above relation, denotes the Young’s modulus along the 
x-axis (axis of elastic symmetry) and indicates the corresponding 
elastic parameter in the plane of isotropy e.g. Y-Z plane herein. is 
Poisson’s ratio, characterizing the transverse strain reduction in 
plane of isotropy (Y-Z) due to tensile stress in a direction normal 
to it (X). represents also Poissin’s ratio but in the plane of isotropy. 
stands for the shear modulus for planes normal to plane of isotropy.

Methodology
According to equation (1), in this study, five independent 

constants of the compliance matrix; C; were considered in a general 
form to be the unknowns and extensive trials have been made 
to identify them through a thermal inverse analysis algorithm 
described in detail in labibzadeh, et al. [39]. The dam was sub-
divided into nine individually homogeneous zones in the thickness 
direction and into six similar sections along the height of the dam. 
To each of these sub-regions, the above mentioned five unknowns 
consist of two Young’s modulus, two Poisson’s ratios and one 

shear modulus were attributed as representative of the long-term 
concrete damage to be estimated. This subdivision was performed 
taking into account the Dez dam geometrical characterizations and 
construction practice stages as well as optimization of the time 
consumes for each analysis to be completed. Figure 2 shows a part of 
the dam with the scheme used for sub-dividing. The Word ‘Block’ in 
this figure marks the vertical cantilevers of the dam separated with 
the contraction joints. These contraction joints were contributed in 
the F.E. thermal inverse analyses.

Figure 2: Dez dam sub-divisions.

The unknowns mentioned before were determined through 
performing F.E. thermal inverse analyses and subsequent to each 
of these analyses performing parameter identification. To this end, 
for each assumed set of five unknown parameters, a Finite Element 
(F.E.) analysis has been performed taking into account the thermal 
loads induced in the dam due to ambient temperature gradients 
as well as hydrostatic and gravity loads. The details of F.E. model 
was completely described in the previous accompanied paper 
Labibzadeh et al. [39]. A schematic F.E. model of the dam has been 
depicted in Figure 3 & 4 and the true F.E. model has been shown in 
Figure 5.

Figure 3: Dez dam sub-divided from downstream view.
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Figure 4: Dez dam schematic F.E. model. Figure 5: F.E. Model of the Dez dam and its support.

For dam and its geologic support modeling; 27241 and 4327 
elements; correspondingly 2503 and 3471 nodal points were used 
respectively, leading to considering of 17992 degrees of freedom for 
the problem in hand. The temperature gradient for each nodal point 
in F.E. model was obtained using the records of the thermometers 
located within the dam body. Based on these data records, the 

gradient was defined as the difference between the recorded 
temperatures of a node in two different days of a specific year; in 
this study 2007s; see Figure 6. These days were selected in such a 
way that provides a relatively noticeable temperature difference in 
the nodes with no significant difference in the reservoir water level 
of the dam.

Figure 6: Recorded water level, upstream and downstream temperatures-2007s.
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By performing each F.E. analysis, relative displacements of the 
nodal points of the dam were computed and recorded in a vector 
named as (computed displacement vector). This vector is a function 
of those mentioned unknown parameters; based on the theory of 
elasticity rewritten in F.E. framework briefly here (Eqs. 2 to 4) 
where in turn includes two Young’s modulus, two Poisson’s ratios 
and one shear modulus, according to Eq. (1).

s c sK U F=     (2)

T
sK B BDdv

Ω

= ∫    (3)

( ); ; ; ;H V V HV HD f E E Gν ν=
     (4)

 
1 1

;
n n

t s t s
i i

K K F F
= =

= =∑ ∑       (5)

In relations 2 to 4, is the stiffness matrix; denotes the 
corresponding nodal force vector contains the effects of gravity, 
hydrostatic and thermal actions; is the strain-displacement matrix; 
indicates the transversely isotropic elastic fourth tensor ([ ] [ ] 1D C −= ) 
and is the volume of each sub-divisions of the dam. Eq. (5) states that 
the total stiffness and force vector are obtained through assembling 
procedure in F.E. method. After that, the vector was subtracted from 
a vector collecting their experimental data counterparts (recorded 
displacements in each node with pendulums) to obtain a residual 
vector 

( )R p : 
 ( ) ( )s cR p u u p= −  (6)

It should be noted here that the recorded displacements are 
limited to specific regions of the dam where the inverse pendulums 
are located. For the other regions, rational interpolation and 
extrapolation schemes have been followed to obtain the required 
unavailable data. Then, a traditional discrepancy function J was 
formulated as a quadratic form of obtained residuals as follows:

                                  ( ) ( ) ( )J Tp p p= R I R     (7)

where denotes the identity matrix. The solution is defined as a 
set of the variables { }p  which minimizes the function J.

Long-Term deterioration: heterogeneously and ortho-
tropically 

After performing sensitivity analyses on the material 
parameters, it was revealed that the function J did not alter through 
the variation of the thermal expansion coefficient so this parameter 
was considered as a constant and equal to the value which obtained 
before from the previous study of the authors; thermal expansion 
coefficient= 1/˚C Labibzadeh et al. [39]. However, it was also pointed 
out that the magnitude of error function J changes noticeably when 
the Poisson’s ratios change. This is in contrast to the results of 
Oliveira et al. [40] and Garbowski et al. [23]. In the following, the 
obtained results of this study have been outlined in Table 1-3. For 
the sake of brevity, all the results are not presented here Table 1-3.

Table 1: Variation of function J versus the variation in Young’s modulus.

HE VE 331eu 315eu 315eu 1J 2J 3J J
Zone Zone Computed 

relative 
displacements 

at level-315

Computed 
relative 

displacements 
at level-315

Computed 
relative 

displacements 
at level-285

1 5 9 1 5 9

2.5 3.2 2.7 2.5 3.2 2.7 1.164E-02 8.072E-03 2.230E-03 3.504E-08 8.495E-07 2.212E-07 1.106E-06

2.5 3.2 2.6 2.6 3.2 2.7 1.387E-02 7.637E-03 2.312E-03 5.869E-06 2.376E-07 1.507E-07 6.258E-06

2.5 3.2 2.7 2.6 3.2 2.8 1.218E-02 7.898E-03 2.020E-03 5.326E-07 5.593E-07 4.626E-07 1.554E-06

2.5 3.2 2.8 2.6 3.2 2.9 1.606E-02 8.063E-03 2.072E-03 2.121E-05 8.341E-07 3.946E-07 2.244E-05

2.6 3.2 2.7 2.5 3.2 2.6 2.198E-02 9.898E-03 1.579E-03 1.109E-04 7.554E-06 1.257E-06 1.197E-04

2.6 3.2 2.8 2.5 3.2 2.7 2.788E-02 9.122E-03 1.049E-03 2.700E-04 3.891E-06 2.725E-06 2.766E-04

2.6 3.2 2.9 2.5 3.2 2.8 2.255E-02 8.721E-03 1.148E-03 1.233E-04 2.470E-06 2.407E-06 1.281E-04

2.5 3.2 2.7 2.7 3.2 2.8 1.506E-02 7.234E-03 1.263E-03 1.304E-05 7.046E-09 2.064E-06 1.511E-05

2.5 3.2 2.7 2.7 3.2 2.9 2.079E-02 7.691E-03 1.716E-03 8.723E-05 2.929E-07 9.675E-07 8.849E-05

2.7 3.2 2.8 2.5 3.2 2.7 2.573E-02 7.965E-03 1.912E-03 2.039E-04 6.635E-07 6.216E-07 2.052E-04

2.7 3.2 2.9 2.5 3.2 2.7 2.702E-02 8.177E-03 1.161E-03 2.425E-04 1.055E-06 2.369E-06 2.459E-04

2.5 3.2 2.8 2.8 3.2 2.9 1.812E-02 6.046E-03 2.181E-03 4.455E-05 1.219E-06 2.689E-07 4.604E-05

2.5 3.2 2.8 2.8 3.2 3 1.532E-02 6.321E-03 2.121E-03 1.499E-05 6.877E-07 3.347E-07 1.602E-05

2.8 3.2 2.9 2.5 3.2 2.8 3.321E-02 8.107E-03 1.296E-03 4.737E-04 9.153E-07 1.972E-06 4.765E-04

2.8 3.2 3 2.5 3.2 2.8 3.161E-02 8.011E-03 2.270E-03 4.065E-04 7.411E-07 1.846E-07 4.074E-04

2.6 3.2 2.7 2.7 3.2 2.8 1.768E-02 8.019E-03 1.831E-03 3.881E-05 7.548E-07 7.554E-07 4.032E-05

2.6 3.2 2.7 2.7 3.2 2.9 2.071E-02 7.924E-03 1.034E-03 8.578E-05 5.990E-07 2.774E-06 8.916E-05
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2.6 3.2 2.7 2.7 3.2 3 1.868E-02 7.928E-03 2.226E-03 5.229E-05 6.053E-07 2.243E-07 5.312E-05

2.7 3.2 2.8 2.6 3.2 2.7 3.374E-02 6.792E-03 2.421E-03 4.967E-04 1.279E-07 7.774E-08 4.969E-04

2.7 3.2 2.9 2.6 3.2 2.7 3.226E-02 6.190E-03 1.491E-03 4.332E-04 9.214E-07 1.462E-06 4.356E-04

2.7 3.2 3 2.6 3.2 2.7 3.811E-02 5.186E-03 1.996E-03 7.108E-04 3.857E-06 4.961E-07 7.152E-04

2.6 3.2 2.8 2.8 3.2 2.9 2.627E-02 7.773E-03 2.297E-03 2.195E-04 3.882E-07 1.626E-07 2.200E-04

2.6 3.2 2.8 2.8 3.2 3 1.983E-02 8.168E-03 2.024E-03 7.019E-05 1.036E-06 4.566E-07 7.168E-05

2.8 3.2 2.9 2.6 3.2 2.8 3.804E-02 6.567E-03 1.770E-03 7.071E-04 3.394E-07 8.655E-07 7.083E-04

2.8 3.2 3 2.6 3.2 2.8 3.070E-02 6.405E-03 1.502E-03 3.707E-04 5.549E-07 1.436E-06 3.727E-04

2.7 3.2 2.8 2.8 3.2 2.9 2.636E-02 7.075E-03 3.704E-03 2.223E-04 5.666E-09 1.008E-06 2.233E-04

2.7 3.2 2.8 2.8 3.2 3 2.877E-02 8.391E-03 3.040E-03 3.000E-04 1.540E-06 1.159E-07 3.016E-04

2.8 3.2 2.9 2.7 3.2 2.8 4.411E-02 6.127E-03 2.507E-03 1.067E-03 1.047E-06 3.739E-08 1.068E-03

2.8 3.2 3 2.7 3.2 2.8 3.730E-02 7.346E-03 2.145E-03 6.684E-04 3.860E-08 3.078E-07 6.687E-04

2.8 3.2 2.9 2.9 3.2 3 2.908E-02 7.287E-03 1.465E-03 3.108E-04 1.873E-08 1.526E-06 3.124E-04

2.8 3.2 2.9 2.9 3.2 3.1 2.480E-02 6.211E-03 2.047E-03 1.784E-04 8.821E-07 4.262E-07 1.797E-04

2.9 3.2 3 2.8 3.2 2.9 3.334E-02 8.887E-03 1.550E-03 4.792E-04 3.019E-06 1.323E-06 4.835E-04

2.9 3.2 3.1 2.8 3.2 2.9 3.739E-02 9.267E-03 2.048E-03 6.727E-04 4.481E-06 4.257E-07 6.776E-04

2.5 3.2 2.6 2.6 3.2 2.7 1.387E-02 7.637E-03 2.312E-03 5.869E-06 2.376E-07 1.507E-07 6.258E-06

2.5 3.2 2.6 2.6 3.2 2.8 1.418E-02 7.898E-03 2.020E-03 7.452E-06 5.593E-07 4.626E-07 8.474E-06

2.5 3.2 2.6 2.6 3.2 2.9 1.356E-02 8.063E-03 2.072E-03 4.433E-06 8.341E-07 3.946E-07 5.662E-06

2.5 3.2 2.6 2.6 3.2 3 1.427E-02 7.448E-03 1.291E-03 7.977E-06 8.882E-08 1.985E-06 1.005E-05

2.5 3.2 2.6 2.6 3.2 3.1 1.379E-02 7.305E-03 1.028E-03 5.469E-06 2.404E-08 2.795E-06 8.288E-06

2.5 3.2 2.6 2.7 3.2 2.8 2.106E-02 7.234E-03 1.263E-03 9.236E-05 7.046E-09 2.064E-06 9.443E-05

2.5 3.2 2.6 2.7 3.2 2.9 2.079E-02 7.691E-03 1.716E-03 8.723E-05 2.929E-07 9.675E-07 8.849E-05

2.5 3.2 2.6 2.7 3.2 3 1.173E-02 7.667E-03 4.699E-03 7.947E-08 2.669E-07 3.996E-06 4.342E-06

2.5 3.2 2.6 2.7 3.2 3.1 1.037E-02 6.358E-03 4.776E-03 1.169E-06 6.274E-07 4.308E-06 6.104E-06

2.5 3.2 2.6 2.8 3.2 2.9 1.512E-02 6.046E-03 2.181E-03 1.350E-05 1.219E-06 2.689E-07 1.499E-05

2.5 3.2 2.6 2.8 3.2 3 1.332E-02 6.321E-03 2.121E-03 3.505E-06 6.877E-07 3.347E-07 4.528E-06

2.5 3.2 2.6 2.8 3.2 3.1 1.150E-02 8.198E-03 2.340E-03 2.621E-09 1.099E-06 1.293E-07 1.231E-06

2.5 3.2 2.6 2.9 3.2 3 1.329E-02 7.752E-03 2.228E-03 3.385E-06 3.628E-07 2.227E-07 3.970E-06

2.5 3.2 2.6 2.9 3.2 3.1 1.124E-02 8.084E-03 2.655E-03 4.414E-08 8.722E-07 2.025E-09 9.184E-07

2.5 3.2 2.6 3 3.2 3.1 1.028E-02 7.480E-03 2.296E-03 1.368E-06 1.087E-07 1.633E-07 1.640E-06

2.5 3.2 2.7 2.6 3.2 2.7 1.383E-02 6.668E-03 2.216E-03 5.657E-06 2.320E-07 2.343E-07 6.123E-06

2.5 3.2 2.7 2.6 3.2 2.8 1.218E-02 7.898E-03 2.020E-03 5.326E-07 5.593E-07 4.626E-07 1.554E-06

2.5 3.2 2.7 2.6 3.2 2.9 3.150E-02 6.966E-03 1.730E-03 4.022E-04 3.386E-08 9.403E-07 4.031E-04

2.5 3.2 2.7 2.6 3.2 3 1.996E-02 6.377E-03 1.911E-03 7.248E-05 5.977E-07 6.219E-07 7.370E-05

2.5 3.2 2.8 2.6 3.2 2.7 1.964E-02 6.408E-03 2.044E-03 6.701E-05 5.503E-07 4.306E-07 6.799E-05

2.5 3.2 2.8 2.6 3.2 2.8 1.570E-02 7.646E-03 1.921E-03 1.808E-05 2.458E-07 6.062E-07 1.893E-05

2.5 3.2 2.8 2.6 3.2 2.9 1.606E-02 8.063E-03 2.072E-03 2.121E-05 8.341E-07 3.946E-07 2.244E-05

2.5 3.2 2.9 2.6 3.2 2.7 2.873E-02 6.529E-03 3.069E-03 2.987E-04 3.857E-07 1.358E-07 2.992E-04

2.5 3.2 2.9 2.6 3.2 2.8 2.546E-02 7.490E-03 3.255E-03 1.962E-04 1.155E-07 3.083E-07 1.966E-04

2.5 3.2 2.9 2.6 3.2 2.9 2.395E-02 7.750E-03 2.836E-03 1.563E-04 3.600E-07 1.861E-08 1.566E-04

2.5 3.2 2.9 2.6 3.2 3 2.329E-02 8.238E-03 1.722E-03 1.401E-04 1.184E-06 9.573E-07 1.423E-04

2.5 3.2 2.7 2.7 3.2 2.8 1.506E-02 7.234E-03 1.263E-03 1.304E-05 7.046E-09 2.064E-06 1.511E-05

2.5 3.2 2.7 2.7 3.2 2.9 2.079E-02 7.691E-03 1.716E-03 8.723E-05 2.929E-07 9.675E-07 8.849E-05

2.5 3.2 2.7 2.7 3.2 3 2.664E-02 8.045E-03 1.432E-03 2.306E-04 8.018E-07 1.609E-06 2.330E-04

2.5 3.2 2.8 2.7 3.2 2.8 3.522E-02 7.201E-03 1.013E-03 5.649E-04 2.569E-09 2.848E-06 5.677E-04

2.5 3.2 2.8 2.7 3.2 2.9 3.113E-02 8.342E-03 1.722E-03 3.871E-04 1.422E-06 9.571E-07 3.895E-04

2.5 3.2 2.8 2.7 3.2 3 2.666E-02 7.811E-03 1.258E-03 2.313E-04 4.363E-07 2.080E-06 2.338E-04
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2.5 3.2 2.9 2.7 3.2 2.8 2.731E-02 7.176E-03 1.023E-03 2.515E-04 6.574E-10 2.811E-06 2.543E-04

2.5 3.2 2.9 2.7 3.2 2.9 3.103E-02 6.291E-03 1.436E-03 3.832E-04 7.375E-07 1.599E-06 3.855E-04

2.5 3.2 2.9 2.7 3.2 3 2.652E-02 7.417E-03 2.569E-03 2.270E-04 7.116E-08 1.724E-08 2.271E-04

2.5 3.2 2.7 2.8 3.2 2.9 2.726E-02 7.053E-03 1.293E-03 2.500E-04 9.376E-09 1.981E-06 2.520E-04

2.5 3.2 2.7 2.8 3.2 3 2.918E-02 6.696E-03 1.347E-03 3.145E-04 2.063E-07 1.829E-06 3.166E-04

2.5 3.2 2.8 2.8 3.2 2.9 1.812E-02 6.046E-03 2.181E-03 4.455E-05 1.219E-06 2.689E-07 4.604E-05

2.5 3.2 2.8 2.8 3.2 3 1.532E-02 6.321E-03 2.121E-03 1.499E-05 6.877E-07 3.347E-07 1.602E-05

2.5 3.2 2.9 2.8 3.2 2.9 2.256E-02 5.037E-03 1.420E-03 1.234E-04 4.464E-06 1.639E-06 1.295E-04

2.5 3.2 2.9 2.8 3.2 3 1.463E-02 5.097E-03 1.221E-03 1.008E-05 4.215E-06 2.187E-06 1.648E-05

2.5 3.2 2.7 2.9 3.2 3 1.928E-02 6.546E-03 1.549E-03 6.136E-05 3.654E-07 1.324E-06 6.305E-05

2.5 3.2 2.8 2.9 3.2 3 2.827E-02 6.839E-03 2.526E-03 2.828E-04 9.665E-08 3.029E-08 2.830E-04

2.5 3.2 2.9 2.9 3.2 3 1.985E-02 5.927E-03 1.861E-03 7.055E-05 1.495E-06 7.035E-07 7.275E-05

2.6 3.2 2.7 2.7 3.2 2.8 1.768E-02 8.019E-03 1.831E-03 3.881E-05 7.548E-07 7.554E-07 4.032E-05

2.6 3.2 2.7 2.7 3.2 2.9 2.071E-02 7.924E-03 1.034E-03 8.578E-05 5.990E-07 2.774E-06 8.916E-05

2.6 3.2 2.7 2.7 3.2 3 1.868E-02 7.928E-03 2.226E-03 5.229E-05 6.053E-07 2.243E-07 5.312E-05

2.6 3.2 2.7 2.8 3.2 2.9 1.804E-02 7.265E-03 1.577E-03 4.340E-05 1.311E-08 1.260E-06 4.467E-05

2.6 3.2 2.7 2.8 3.2 3 1.712E-02 6.115E-03 1.620E-03 3.216E-05 1.072E-06 1.167E-06 3.440E-05

2.6 3.2 2.7 2.9 3.2 3 1.578E-02 6.912E-03 2.776E-03 1.879E-05 5.681E-08 5.825E-09 1.885E-05

2.6 3.2 2.8 2.8 3.2 2.9 2.627E-02 7.773E-03 2.297E-03 2.195E-04 3.882E-07 1.626E-07 2.200E-04

2.6 3.2 2.8 2.8 3.2 3 1.983E-02 8.168E-03 2.024E-03 7.019E-05 1.036E-06 4.566E-07 7.168E-05

2.6 3.2 2.9 2.9 3.2 3 2.239E-02 8.356E-03 2.664E-03 1.197E-04 1.454E-06 1.282E-09 1.211E-04

2.7 3.2 2.8 2.8 3.2 2.9 2.636E-02 7.075E-03 3.704E-03 2.223E-04 5.666E-09 1.008E-06 2.233E-04

2.7 3.2 2.8 2.8 3.2 3 2.877E-02 8.391E-03 3.040E-03 3.000E-04 1.540E-06 1.159E-07 3.016E-04

2.7 3.2 2.9 2.9 3.2 3 1.500E-02 7.309E-03 3.861E-03 1.259E-05 2.519E-08 1.349E-06 1.396E-05

2.8 3.2 2.9 2.9 3.2 3 2.908E-02 7.287E-03 1.465E-03 3.108E-04 1.873E-08 1.526E-06 3.124E-04

2.8 3.2 2.9 2.9 3.2 3.1 2.480E-02 6.211E-03 2.047E-03 1.784E-04 8.821E-07 4.262E-07 1.797E-04

2.8 3.2 2.9 3 3.2 3.1 1.871E-02 7.094E-03 3.035E-03 5.274E-05 3.169E-09 1.125E-07 5.286E-05

2.9 3.2 3 2.9 3.2 3 1.530E-02 6.909E-03 2.650E-03 1.483E-05 5.792E-08 2.480E-09 1.489E-05

2.9 3.2 3 2.9 3.2 3.1 2.051E-02 7.064E-03 2.648E-03 8.214E-05 7.463E-09 2.674E-09 8.215E-05

2.9 3.2 3 3 3.2 3.1 2.192E-02 6.544E-03 2.879E-03 1.096E-04 3.670E-07 3.211E-08 1.100E-04

Table 2: Variation of function J versus the variation in Poisson’s ratios.

Vv HVv
331eu 315eu 285eu

1J 2J 3J JComputed relative 
displacements at 

level-315

Computed 
relative 

displacements 
at level-315

Computed 
relative 

displacements at 
level-285

0.15 0.15 1.124E-02 8.084E-03 2.655E-03 4.414E-08 8.72E-07 2.03E-09 9.184E-07

0.15 0.16 1.74E-02 6.96E-03 3.90E-03 3.522E-05 3.647E-08 1.452E-06 3.671E-05

0.15 0.17 1.59E-02 7.96E-03 3.10E-03 1.999E-05 6.525E-07 1.620E-07 2.080E-05

0.15 0.18 1.26E-02 8.08E-03 2.37E-03 1.256E-06 8.621E-07 1.107E-07 2.229E-06

0.15 0.19 1.20E-02 7.61E-03 2.45E-03 3.126E-07 2.137E-07 6.212E-08 5.884E-07

0.15 0.2 1.50E-02 8.18E-03 2.25E-03 1.242E-05 1.057E-06 2.015E-07 1.368E-05

0.15 0.21 1.45E-02 7.90E-03 3.06E-03 9.010E-06 5.553E-07 1.281E-07 9.693E-06

0.15 0.22 2.19E-02 6.46E-03 2.67E-03 1.101E-04 4.780E-07 6.523E-10 1.106E-04

0.15 0.23 2.26E-02 7.51E-03 3.05E-03 1.248E-04 1.330E-07 1.226E-07 1.250E-04

0.15 0.24 3.02E-02 6.70E-03 2.72E-03 3.523E-04 2.042E-07 3.035E-10 3.526E-04
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Table 3: Variation of function J versus the variation in shear modulus.

HG 331eu 315eu 285eu 1J 2J 3J J
Zone Computed 

relative 
displacements 

at level-315

Computed relative 
displacements at 

level-315

Computed 
relative 

displacements 
at level-285

1 5 9

1.26 1.39 1.35 1.201E-02 7.612E-03 2.451E-03 3.126E-07 2.137E-07 6.212E-08 5.884E-07

1.20 1.40 1.25 1.310E-02 7.596E-03 1.150E-03 2.712E-06 1.990E-07 2.404E-06 5.315E-06

1.20 1.40 1.30 1.035E-02 8.115E-03 2.358E-03 1.199E-06 9.307E-07 1.171E-07 2.247E-06

1.20 1.40 1.35 1.014E-02 7.298E-03 2.046E-03 1.718E-06 2.193E-08 4.275E-07 2.168E-06

1.25 1.40 1.30 1.414E-02 7.224E-03 2.025E-03 7.233E-06 5.415E-09 4.560E-07 7.694E-06

1.25 1.40 1.35 1.260E-02 8.827E-03 1.582E-03 1.320E-06 2.813E-06 1.250E-06 5.383E-06

1.25 1.40 1.30 1.315E-02 7.376E-03 2.045E-03 2.887E-06 5.088E-08 4.288E-07 3.366E-06

1.30 1.40 1.35 1.232E-02 7.265E-03 2.762E-03 7.625E-07 1.332E-08 3.896E-09 7.797E-07

1.25 1.40 1.35 1.330E-02 7.440E-03 1.083E-03 3.440E-06 8.398E-08 2.615E-06 6.140E-06

1.30 1.40 1.35 1.211E-02 7.322E-03 2.488E-03 4.338E-07 2.960E-08 4.511E-08 5.085E-07

1.35 1.40 1.40 1.782E-02 7.324E-03 1.638E-03 4.060E-05 3.026E-08 1.128E-06 4.176E-05

1.25 1.40 1.30 1.295E-02 7.176E-03 2.324E-03 2.242E-06 6.595E-10 1.417E-07 2.384E-06

1.25 1.40 1.35 1.369E-02 6.704E-03 1.487E-03 5.001E-06 1.993E-07 1.470E-06 6.671E-06

1.25 1.40 1.30 1.481E-02 6.548E-03 1.165E-03 1.126E-05 3.628E-07 2.355E-06 1.398E-05

1.30 1.40 1.35 1.323E-02 7.318E-03 1.767E-03 3.168E-06 2.814E-08 8.710E-07 4.067E-06

1.30 1.40 1.40 1.041E-02 7.171E-03 1.573E-03 1.072E-06 4.575E-10 1.270E-06 2.342E-06

1.30 1.40 1.35 1.267E-02 7.050E-03 1.768E-03 1.497E-06 9.936E-09 8.685E-07 2.375E-06

1.35 1.40 1.40 1.530E-02 7.592E-03 1.703E-03 1.481E-05 1.951E-07 9.943E-07 1.600E-05

1.35 1.40 1.35 1.165E-02 7.310E-03 1.306E-03 4.040E-08 2.550E-08 1.943E-06 2.009E-06

1.35 1.40 1.40 1.300E-02 7.287E-03 1.080E-03 2.397E-06 1.864E-08 2.625E-06 5.041E-06

1.30 1.40 1.35 1.063E-02 7.337E-03 1.431E-03 6.790E-07 3.515E-08 1.609E-06 2.324E-06

1.35 1.40 1.40 1.311E-02 7.350E-03 1.390E-03 2.755E-06 3.996E-08 1.716E-06 4.511E-06

1.35 1.40 1.40 1.772E-02 8.298E-03 1.800E-03 3.928E-05 1.317E-06 8.094E-07 4.141E-05

1.20 1.35 1.25 1.299E-02 6.137E-03 1.509E-03 2.386E-06 1.026E-06 1.418E-06 4.830E-06

1.20 1.35 1.30 1.159E-02 7.349E-03 1.389E-03 1.822E-08 3.957E-08 1.720E-06 1.778E-06

1.20 1.35 1.35 1.440E-02 7.837E-03 1.813E-03 8.729E-06 4.723E-07 7.863E-07 9.988E-06

1.25 1.35 1.30 1.491E-02 7.145E-03 1.377E-03 1.198E-05 2.411E-11 1.750E-06 1.373E-05

1.25 1.35 1.35 1.085E-02 7.378E-03 1.054E-03 3.659E-07 5.195E-08 2.708E-06 3.126E-06

1.25 1.35 1.30 1.427E-02 7.216E-03 2.332E-03 7.930E-06 4.349E-09 1.353E-07 8.069E-06

1.30 1.35 1.35 1.556E-02 7.403E-03 2.183E-03 1.693E-05 6.388E-08 2.676E-07 1.726E-05

1.25 1.35 1.35 1.753E-02 7.183E-03 2.109E-03 3.692E-05 1.122E-09 3.491E-07 3.727E-05

1.30 1.35 1.35 1.734E-02 7.250E-03 1.669E-03 3.468E-05 9.990E-09 1.062E-06 3.575E-05

1.25 1.35 1.30 1.329E-02 6.119E-03 1.375E-03 3.393E-06 1.063E-06 1.755E-06 6.211E-06

1.25 1.35 1.35 1.688E-02 8.095E-03 1.790E-03 2.947E-05 8.932E-07 8.278E-07 3.119E-05

1.25 1.35 1.30 1.316E-02 7.283E-03 1.122E-03 2.927E-06 1.780E-08 2.490E-06 5.435E-06

1.30 1.35 1.35 1.189E-02 8.339E-03 1.191E-03 1.928E-07 1.414E-06 2.278E-06 3.885E-06

1.30 1.35 1.35 2.008E-02 8.453E-03 1.106E-03 7.448E-05 1.698E-06 2.540E-06 7.872E-05

1.35 1.35 1.35 2.001E-02 8.073E-03 1.201E-03 7.332E-05 8.517E-07 2.249E-06 7.642E-05

1.30 1.35 1.35 2.327E-02 7.395E-03 1.768E-03 1.397E-04 5.996E-08 8.695E-07 1.406E-04

1.20 1.45 1.25 2.223E-02 6.386E-03 1.011E-03 1.162E-04 5.844E-07 2.853E-06 1.197E-04

1.20 1.45 1.30 2.173E-02 6.584E-03 1.514E-03 1.056E-04 3.209E-07 1.406E-06 1.074E-04
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1.20 1.45 1.35 1.396E-02 6.365E-03 1.213E-03 6.324E-06 6.156E-07 2.210E-06 9.150E-06

1.25 1.45 1.30 1.014E-02 7.095E-03 1.094E-03 1.711E-06 3.058E-09 2.581E-06 4.295E-06

1.25 1.45 1.35 1.169E-02 6.700E-03 1.509E-03 5.532E-08 2.025E-07 1.418E-06 1.675E-06

1.25 1.45 1.30 1.005E-02 6.385E-03 1.421E-03 1.956E-06 5.846E-07 1.636E-06 4.177E-06

1.30 1.45 1.35 1.341E-02 7.533E-03 1.294E-03 3.847E-06 1.469E-07 1.977E-06 5.971E-06

1.25 1.45 1.35 1.564E-02 6.916E-03 1.231E-03 1.757E-05 5.473E-08 2.159E-06 1.978E-05

1.30 1.45 1.35 1.638E-02 6.877E-03 1.027E-03 2.429E-05 7.449E-08 2.798E-06 2.716E-05

1.35 1.45 1.40 1.745E-02 6.803E-03 1.184E-03 3.600E-05 1.207E-07 2.298E-06 3.842E-05

1.35 1.45 1.45 1.167E-02 6.505E-03 2.020E-03 4.986E-08 4.159E-07 4.630E-07 9.287E-07

1.35 1.45 1.40 1.110E-02 6.726E-03 1.341E-03 1.248E-07 1.796E-07 1.847E-06 2.151E-06

1.25 1.45 1.30 1.284E-02 6.662E-03 1.361E-03 1.937E-06 2.380E-07 1.792E-06 3.967E-06

1.25 1.45 1.35 1.148E-02 6.357E-03 1.505E-03 7.182E-10 6.286E-07 1.429E-06 2.058E-06

1.25 1.45 1.30 1.880E-02 6.789E-03 1.227E-03 5.398E-05 1.301E-07 2.169E-06 5.628E-05

1.30 1.45 1.35 2.201E-02 7.031E-03 1.289E-03 1.115E-04 1.412E-08 1.991E-06 1.135E-04

1.30 1.45 1.40 1.423E-02 7.098E-03 1.360E-03 7.723E-06 2.753E-09 1.795E-06 9.520E-06

1.35 1.45 1.40 2.115E-02 6.732E-03 1.366E-03 9.406E-05 1.745E-07 1.781E-06 9.601E-05

1.30 1.45 1.35 2.574E-02 7.287E-03 1.364E-03 2.042E-04 1.868E-08 1.786E-06 2.060E-04

1.35 1.45 1.40 1.149E-02 7.488E-03 1.268E-03 1.391E-09 1.142E-07 2.050E-06 2.166E-06

1.35 1.45 1.35 1.706E-02 7.296E-03 1.120E-03 3.149E-05 2.128E-08 2.495E-06 3.401E-05

1.35 1.45 1.40 1.532E-02 6.688E-03 1.478E-03 1.501E-05 2.130E-07 1.494E-06 1.672E-05

1.30 1.45 1.35 1.437E-02 6.869E-03 1.373E-03 8.515E-06 7.895E-08 1.760E-06 1.035E-05

1.35 1.45 1.40 2.181E-02 7.003E-03 1.374E-03 1.073E-04 2.152E-08 1.758E-06 1.091E-04

1.40 1.45 1.45 1.607E-02 6.581E-03 1.485E-03 2.131E-05 3.236E-07 1.476E-06 2.311E-05

1.35 1.45 1.40 1.947E-02 6.620E-03 1.499E-03 6.425E-05 2.804E-07 1.442E-06 6.597E-05

In the above tables, the word ‘zone’ points to the subdivisions 
numbered in Figure 2 and, are defined based on the Eq. 7 as below:          

                     ( )( ) ( )( )
1

285285285285

T

scI u P uscJ u P u= −−
                    

( )( ) ( )( )
2

315315315315

T

scI u P uscJ u P u= −−       

( )( ) ( )( )
3

331331331331

T

scI u P uscJ u P u= −−                                                                                                  (8)                            

denotes for example the computed relative displacement at the 
elevation 285 of the dam and refers to the recorded corresponding 
value with pendulums. The relation between the function J and is 
defined as below:

1 2 3J J J J= + +       (9)     

In Table 1 and stand for the out-of-plane and in-plane elastic 
modulus respectively. As it is seen in that table, for each of this 
modulus, three different columns have been assigned. Each column 
indicates a zone of the dam (Figure 2); zone 1 denotes upstream, 
zone 5 marks central and finally zone 9 refers to downstream parts 
of the dam. 331cu , 315cu and indicate the relative displacement 
component in upstream-downstream direction of the dam, which 
have been computed by the proposed FE numerical model at 
the elevations 331, 315 and 285 of the dam in which there exist 

corresponding recorded values by the inverse pendulums of the 
dam i.e. 331cu

, 315cu
and. As it has been explained in the previous 

study, the relative displacements are in fact the difference between 
displacements of a particular point of the dam in two different days 
of the year 2007 which these days as are specified in Figure 6 are 
selected in such a way that the level of the reservoir is the same 
for these days but there is the maximum difference between the 
temperatures recorded by thermometers for them labibzadeh et al. 
[39]. 1J , 2J  , 3J  and error function J  in Table 1 are those parameters 
that defined in eqs. (8) and (9). The same parameters have been 
used in Tables 2 & 3. In Table 2, and HVv  refer to the Poisson’s 
ratios at out-of-plane and in-plane respectively see Figure 1. The 
last independent material parameter as defined by eq. (1) is the 
which denotes the out-of-plane shear modulus of the dam and used 
in Table 3. It is worth mentioning that the above tables have been 
shown in this paper in an order agrees with the order that inverse 
parameter identifications were performed in this attempt. Hence, 
the optimum or minimum of error function J can be found in the last 
table Table 3. This value (5.085E-07) is ten times smaller than the 
corresponding value obtained before by the authors Labibzadeh 
et al. [39], e.g. 1.37 E-06 based on the assumption of homogeneity 
and isotropy. Therefore, the question was asked in the beginning of 
this article now can be replied; the long-term deterioration process 
of concrete of the Dez dam is both heterogeneous and anisotropic. 
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Figure 7-9 show the variations of the identified material parameters 
in a typical vertical section of the Dez dam.

Figure 7: Variation of the out-of-plane HE   and in-plane   
VE  elastic modulus (GPA) in a typical vertical section of 

the Dez dam

Figure 8: Variation of the out-of-plane HVv   and in-plane Vv   
Poisson’s ratios in a typical vertical section of the Dez dam.

  

    ( )2 1
V

V
V
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Figure 9: Variation of the out-of-plane HG   and in-plane VG   shear modulus (GPA) in a typical vertical section of the Dez dam. 

Based on the obtained results, the central part of the dam has 
not altered yet by any degradation due to aging. By moving from this 
central part to the downstream and upstream faces of the dam, it 
was observed that the elastic modulus decreased significantly. This 
reduction is more noticeable for the out-of-plane elastic modulus 
e.g. elastic modulus along the upstream-downstream direction in 
comparison to the in-plane elastic modulus (plane of isotropy) of 
the dam. With respect to the Poisson’s ratio on the other hand, it 
was revealed that the long-term damage of this parameter is not a 
heterogeneous and anisotropic process like to what observed for 
the elastic modulus and is a homogeneous and orthotropic damage. 
The out-of-plane Poisson’s ratio was obtained greater than in-plane 

correspondent value. A similar observation of Poisson’s ratio was 
obtained for the shear modulus. The out-of-plane shear modulus 
was obtained smaller than the in-plane corresponding value. These 
results confirm that the small thickness of the Dez dam and the 
actions of the main loads establish a state of stress which makes the 
long-term degradation of the Dez dam to be anisotropic. At the same 
time, the change in hydrostatic pressure and gravity loads along the 
height of the dam as well as the existence of a difference between 
the environmental conditions at upstream and downstream faces 
of the dam are responsibles for heterogeneity in that mentioned 
damage evolution.
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Part II: Seismic Response of the Strength Degraded Dam

As it was demonstrated in the first part of this study, the 
strength of the Dez dam has been reduced during its service life. 
In this part, in order to evaluate the seismic behavior of the dam 

in its current condition, it was simulated against to an earthquake 
excitation. For this study, the horizontal and vertical acceleration 
records of Tabas earthquake have been used. These records are 
shown in Figure 10 & 11. 

  

    

Figure 10: Tabas earthquake recorded at Tabas station.

Figure 11: Dam-reservoir-foundation model of the Dez 
dam.

The element types used for FE simulation of the dam-reservoir-
foundation system have been outlined in Table 4. The length of the 
reservoir was considered as three times of the height of the dam 
in the above-mentioned FE simulation. Hence, the seismic waves 
travel to the far end of the reservoir are completely damped.

Table 4: Element library of the dam-reservoir-foundation model

Part Number Element type

Arch dam 4672 Solid- 8 node

 

Foundation 853 Solid-8 node
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Reservoir 8503 Fluid- 8node

 

Total 14028

      To show the influence of long-term effects of the Environment 
as well as reservoir interaction on the response of the dam three 
different systems have been considered.

• System A: The dam with degradation strength.

• System B: The dam without degradation strength.

• System C: results of the dam with Hariri and Mirzabozorg’s 
[41] assumptions.

The following response quantities for these systems have been 
compared:

• Accelerations of the dam.

• Displacements at the crest of the dam.

• Envelope of max principal stress.

• Maximum crest displacement envelops.

• Periods of dam-reservoir-foundation.

Also, Hariri and Mirzabozorg’s [41] assumptions were:

• Dam is isotropic and homogeneous

• theories based on plasticity and fracture mechanics

• continuum crack modeled

• the un-damaged state

Figure 12 shows different reservoir levels.

Figure 12: Reservoir levels considered.

Maximum crest displacements envelop for different blocks for 
two states, with strength depredation and without depredation 
have depicted in Figure 13.

Figure 13: Maximum crest displacement envelop at level water 188m (17 blocks).

According to Figure 13, in all blocks, considering strength deg-
radation increases the displacement of crest and this enlargement 
is more pronounced for the middle blocks. Time-history of crest 

displacement at the crest cantilever resulted from conducted analy-
ses corresponding to maximum water reservoir level and the com-
parison between there states are shown in Figure 14.
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Figure 14: Water elevation 188m.

It may be seen that the displacement responses at the crest 
begin from some initial values. These values are obtained from an 
initial analysis done under the static loading before the dynamic 

analysis started. The 30 first periods of dam-reservoir-foundation 
system in four different water levels for monolithic dam body were 
depicted in Figure 15.

Figure a-d 15:
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In spite of changing of the depth of the reservoir, modal periods 
of the dam-reservoir-foundation system obtained in the current 
study by the assumption of strength degradation are smaller than 

the corresponding values obtained by Hariri and Mirzabozorg [41]. 
The measuring line for Figure 17-19 was shown in Figure 16.

Figure 16: Measure Line.

Figure 17a-d: Non-concurrent displacement envelope for upstream nodes.
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Figure 18a-d: Non-concurrent velocity envelope for upstream nodes.

By changing the reservoir depth, different dam responses have 
been calculated. Figure 17 shows non-concurrent envelopes of 
displacement along the height of the crown cantilever of the dam 
extracted from Hariri and Mirzabozorg [41], with and without 
strength degradation assumptions in various performance levels.

In the considered systems and the depths of reservoir, the 
amounts obtained by Hariri and Mirzabozorg [41] have the smallest 
displacements and the dam with strength degradation have the 

largest displacements. Figure 18 represents non-concurrent 
velocity envelope along the height of the central cantilever.

The quantitative comparisons among the peak values of 
different response quantities for Hariri and Mirzabozorg [41] 
and the current model with strength degradation show Table 5 
that the displacements, velocities, and accelerations get changed 
significantly with the consideration of strength degradation (Figure 
19).
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Table 5: 

Displacements (mm) Velocity (m/s) Acceleration (m/s^2)

Hariri (2011) Current Study Hariri (2011) Current Study Hariri (2011) Current Study

Up stream Down stream Up stream Down stream

Level (IV) -19.1 77.2 -20.071 84.934 1.093 1.183 24.0 26.472

Level (III) -36.2 45.4 -41.128 51.007 1.064 1.210 27.54 29.500

Level (II) -45.8 39.5 -46.897 42.051 1.087 1.273 31.75 35.056

Level (I) -44.8 36.5 -45.739 37.581 1.157 1.219 40.64 45.270

Figure 19 a-d: Non-concurrent acceleration envelope for upstream nodes.
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For convenience of the readers in better investigating of the 
change in the seismic resistance of the Dez dam, the envelope of the 
non-concurrent maximum and minimum principal stresses on the 
upstream and downstream faces of the dam have been compared 
with the results obtained by Hariri and Mirzabozorg [41] in Figure 

20 through 27. It should be mentioned that these researchers did 
not consider any degradation for the mass concrete of the dam. As 
it can be seen from Figure 20-23, current study shows considerable 
reduction in the compressive regions (blue colored) of the dam due 
to ageing effects.

Figure 20 a,b: Envelope of max principal (S1) Stress upstream and downstream Level of Water: 188m.
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Figure 21 a,b: Envelope of max principal (S1) Stress upstream and downstream Level of Water: 155m.

Figure 22 a,b: Envelope of max principal (S1) Stress upstream and downstream Level of Water: 101m.
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Figure 23 a,b: Envelope of max principal (S1) Stress upstream and downstream Level of Water: 56m.

Conclusion 
In this paper, subsequent to the previous attempt done by the 

authors on the Dez dam Labibzadeh et al. [39] and based on that, an 
effective thermo-elastic inverse analysis has been implemented for 
in-detail elastic property identification of this dam after a long time 
being passed from its operation time. In this new work, the property 
of age-related degradation of the dam was investigated from the 
heterogeneity as well as anisotropy point of views. By reviewing 
the obtained results, it was revealed that the ongoing deterioration 
of the concrete material of the Dez dam is a heterogeneous and 

orthotropic process. Heterogeneity is due to the difference in the 
environmental conditions circumvented the dam as well as the 
change of hydrostatic and gravity loads along the height of the dam 
and anisotropy because of the shape of the dam and the state of 
stresses resulted from the permanent external loading exposed 
on the dam. Furthermore, the effects of this degradation were 
investigated in the seismic response of the dam. Obtained results in 
this stage demonstrated that the deterioration of the mass concrete 
of the dam leads to the enlargement of the tensile stresses in the 
dam which indicates a reduction in the seismic resistance and 
subsequently in the dam safety design factors (Figures 24-27). 
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Figure 24 a,b: Envelope of max principal (S3) Stress upstream and downstream Level of Water: 188m.

Figure 25 a,b: Envelope of max principal (S3) Stress upstream and downstream Level of Water: 155m.
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Figure 26 a,b: Envelope of max principal (S3) Stress upstream and downstream Level of Water: 101m.

Figure 27 a,b: Envelope of max principal (S3) Stress upstream and downstream Level of Water: 56m
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