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ÓÄÊ 539.4

Îöåíêà ÷óâñòâèòåëüíîñòè áåòîííîé àðî÷íîé ïëîòèíû, îñëàáëåííîé ðåàê-

öèåé ùåëî÷åé öåìåíòà ñ çàïîëíèòåëÿìè áåòîíà, ê âèäó êîíñòðóêöèîííûõ

ñîåäèíåíèé è ýôôåêòó ñîëíå÷íîé ðàäèàöèè

Ì. Ëàìåà, Ã. Ìèðçàáîçîðã

Ôàêóëüòåò ãðàæäàíñêîãî ñòðîèòåëüñòâà, Òåõíîëîãè÷åñêèé óíèâåðñèòåò èì. Ê. Í. Òóñè, Òåãåðàí,

Èðàí

Ðåàêöèÿ ùåëî÷åé öåìåíòà ñ çàïîëíèòåëÿìè áåòîíà ìîæåò âëèÿòü íà ïðåäåëüíóþ ïðî÷íîñòü

è êîíñòðóêöèîííûå õàðàêòåðèñòèêè ñìî÷åííûõ áåòîííûõ ñòðóêòóð, òàêèõ êàê àðî÷íûå ïëî-

òèíû. Êðîìå õèìè÷åñêè çàâèñèìûõ ôàêòîðîâ, òàêèõ êàê ïîäâåðæåííîñòü ùåëî÷íî-ñèëèêàò-

íûì ðåàêöèÿì, âëàæíîñòü, ñìåñü ìàòåðèàëîâ è ò.ï., ñóùåñòâóþò è äðóãèå, êîòîðûå óñëîæ-

íÿþò ìîäåëèðîâàíèå äàííîãî ïðîöåññà. Ïðè ýòîì âàæíîå çíà÷åíèå èìåþò ñëåäóþùèå ñòðóê-

òóðíûå ôàêòîðû: íàïðÿæåíèÿ, òðåùèíû è èõ ðàñïðåäåëåíèå, à òàêæå òåìïåðàòóðíûå ðàñ-

ïðåäåëåíèÿ â ïîâðåæäåííûõ ñòðóêòóðàõ. Òî÷íîñòü è àäåêâàòíîñòü ìîäåëèðîâàíèÿ âûøåóêà-

çàííûõ ôàêòîðîâ îáåñïå÷èâàþò âåðèôèêàöèþ ðàñ÷åòíûõ ðåçóëüòàòîâ. Íàïðÿæåííîå ñîñòîÿ-

íèå êîíñòðóêöèè îïðåäåëÿåòñÿ â îñíîâíîì ïàðàìåòðàìè ñîñòàâëÿþùèõ åå ñîåäèíåíèé, à

òåìïåðàòóðíîå ðàñïðåäåëåíèå – ñîëíå÷íîé ðàäèàöèåé. Ïðè îöåíêå ïîâåäåíèÿ âûïóêëî-âîãíóòîé

áåòîííîé ïëîòèíû, îñëàáëåííîé èç-çà ðåàêöèè ùåëî÷åé öåìåíòà ñ çàïîëíèòåëÿìè áåòîíà,

ó÷èòûâàþòñÿ ñîñòàâëÿþùèå ñîåäèíåíèé êîíñòðóêöèè è ñîëíå÷íàÿ ðàäèàöèÿ. Êðîìå ðåçóëüòà-

òîâ ðàñ÷åòîâ äëÿ êîíå÷íîé ñòàäèè ïîëó÷åíû îöåíêè ñ ó÷åòîì èñòîðèè íàãðóæåíèÿ ïëîòèíû.

Ïðè îöåíêå óðîâíÿ íàïðÿæåíèé îáà ôàêòîðà ÿâëÿþòñÿ î÷åíü âàæíûìè, îäíàêî ïðè îöåíêå

óðîâíÿ äîïóñòèìûõ ïåðåìåùåíèé ýôôåêò ñîëíå÷íîé ðàäèàöèè îêàçûâàåòñÿ ìåíåå êðèòè÷íûì.

Íà ïðîìåæóòî÷íûõ ñòàäèÿõ äåôîðìàöèè ïëîòèíû íàáëþäàåòñÿ äðóãàÿ òåíäåíöèÿ, ïðè÷åì

ó÷åò â ìîäåëè íåëèíåéíûõ ñâîéñòâ ìàòåðèàëîâ ìîæåò ïðèâåñòè ê êà÷åñòâåííî èíûì ðåçóëü-

òàòàì.

Êëþ÷åâûå ñëîâà: ðåàêöèÿ ùåëî÷åé öåìåíòà ñ çàïîëíèòåëÿìè áåòîíà, àðî÷íûå áåòîí-

íûå ïëîòèíû, ñòûêîâûå ñîåäèíåíèÿ, ìåòîä êîíå÷íûõ ýëåìåíòîâ, ýôôåêòû ñîëíå÷íîé

ðàäèàöèè.

Introduction. Alkali aggregate reaction (AAR) is a chemical phenomenon with

significant injuries to the concrete structures. Wet structures, especially those located in hot

regions are more impressible to the reaction. AAR injuries originate from expansion of the

AAR gel as well as degradation of concrete elasticity modulus and tensile strength.

Concrete dams are known to be from the most important structures subjected to AAR.

Discovering the reaction in 1940’s, it was found that it is not only dependent on the

medium chemical condition but also is affected by the structural and thermal status of the

damaged structure. In Fig. 1, dependency of the reaction to temperature and mechanical
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confinement is indicated. Variation of confinement (mainly due to the governing stress

distribution) and mean temperature value changes the reaction progression and its subsequent

effects. In the present paper, two impressive factors on the performance of the damaged

dams are considered:

(i) solar radiation which affects thermal conditions of the dam body;

(ii) contraction joints which impresses structural responses of the damaged dam.

a

b

c

Fig. 1. Dependency of AAR effects on mechanical confinement (a, b) ang thermal conditions (c).
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Léger et al. proposed a numerical approach for computing temperature variations in

two-dimensional models of concrete gravity dams. They showed that temperature gradient

generates tensile stresses at the surface that may lead to cracking. They neglected the

effects of solar radiation and deteriorative factors such as AAR [1]. Meyer and Mouvet

investigated thermal behavior of a concrete gravity dam in Switzerland utilizing finite

element method (FEM). Results showed that air temperature is not singly a good criterion

for estimation of internal temperature but solar radiation increases the whole dam

temperature up to 4�C. Moreover, the upstream water can affect temperature variation

amplitude [2]. Castellanos and Marin studied the effects of various parameters on thermal

behavior of concrete arch and gravity dams using a three-dimensional FE model [3].

Bofang proposed a series of analytical equations for thermal reservoir boundary conditions

of concrete dams including deep reservoirs [4]. Malla and Wieland modeled a rather small

arch-gravity dam in both linear and nonlinear conditions. In their research, AAR was

modeled and in lacking of an accurate simulation, solar radiationwas accounted for by

adding corrective values to the temperatures pertinent to downstream face (sunny side). In

their research, the volume expansion due to AAR was simulated using equivalent

temperature and was taken uniform over the whole dam body [5]. Malla and Wieland

analyzed an AAR-damaged dam using ADINA. In the performed nonlinear analysis,

AAR-induced inflation was modeled by equal temperature expansion [5]. In the presented

research by Curtis, a nonlinear FE-based analysis was performed on a hypothetical dam

using GROW 3D (without joints and construction stages). The analysis results showed high

importance of modeling stress dependency of the reaction; meanwhile it was indicated that

for attaining more reliable results, creep should be modeled in addition to AAR [6]. Parvini

et al. investigated seismic behavior of an AAR affected hydraulic structure as a case study.

They performed the dynamic analysis after a period of transient static analysis (with

consideration of AAR phenomenon), but the effects of solar radiation were not considered

during the analysis [7]. Noorzaei et al. analyzed a RCC dam using finite element approach.

They implemented the solar radiation effect by adding 1�C to ambient environment

temperature [8]. Sheibany and Ghaemian developed a detailed three-dimensional FE model

of a concrete arch dam immune from AAR. They found that probable cracks occur in very

narrow regions of downstream face, which is mainly due to thermal loads [9]. Introducing a

new phenomenological model for AAR, Saouma and Perotti developed a numerical

computer program for simulating structural effects of AAR. Verifying the model, they

simulated an AAR-affected arch-gravity dam, which led to accurate and reliable results. In

their research, during the thermal analysis phase, effects of solar radiation were not exactly

accounted for [10]. Jin et al. addressed a practical procedure for predicting non-uniform

temperature on the solar-exposed faces of arch dams. They found that the temperature

distribution on the upstream face depends on the reservoir water condition while the

downstream face temperature distribution is mainly influenced by solar radiation. They also

showed that this fact leads to forming thermal stresses and crack initiation [11]. Tokmechi

studied the probability of crack distribution and cracked zones percentage due to normal

alkali silica reaction in a sample RCC dam. He used Monte Carlo method to solve the

considered stochastic problem. The results showed that probability of crack distribution

dispersion varies from 0.01 to 0.4% for the considered case [12].

In the current paper, first of all a thermal analysis is performed on the Dez dam

considering all of the boundary condition. Solar radiation is also modeled in another

separate analysis. Afterwards, a computer program that is previously developed by the

authors (for simulating AAR effects) is utilized for modeling the selected case study.

Meanwhile, contraction joints are modeled in some of the analyses. Finally, the analyses

results are compared for assessing the effects of each of the three components, that is,

AAR, solar radiation and contraction joints.
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1. Simulation of Solar Radiation. Sun, the main energy resource of the globe,

transmits high values of energy through radiation to every exposed surface. Thermal

radiation is in fact a type of emission, so that, every surface hotter than absolute zero emits

electromagnetic waves containing significant amounts of energy. Radiation energy may be

absorbed by or emitted from surfaces. The total amount of absorbed energy is expressed by

[1]:

q aIa t� . (1)

Thermal radiation due to temperature difference between the surface and its peripheral

environment can be achieved using Stefan–Boltzman law given as [1]:

q eC T Tr s a�� �( ).4 4
(2)

During the current study, wasted heat between surface and air due to radiation is not

considered. Finally, Eq. (2) can be rewritten as a pseudo linear relation as following:

q h T Tr r a�� �( ), (3)

where hr is defined as

h eC T T T Tr s a a� � �( )( ).2 2
(4)

It’s worth mentioning that because of especial geometry of double curvature arch

dams, they have a high ratio value of area to volume, so it’s expected that they be affected

by solar radiation emissions. On the other side, because of their curved nature, amount of

sun light is different at different points of the dam body. In the current research, variation of

surface slope and other effective factors are taken into account and all the parameters used

in the provided thermal finite element model was calibrated utilizing the recorded data

extracted from the installed instruments within the dam body as referred in [13].

The overall thermal boundary condition of a generic concrete arch dam is depicted in

Fig. 2.

Fig. 2. Heat transfer mechanism for arch dams in 3D space.
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2. Modeling of Structural Joints and Construction Stages. In order to considering

effects of contraction joints as well as peripheral joint, they are modeled based on as-built

drawings using a kind of 3D node-to-node contact element [14]. Although this kind of

elements cannot endure tensile stresses but they tolerates compression in the normal

direction and shear forces in the plane tangential direction. When shear force resultant in

the joint exceeds the sliding resisting force, the two nodes of the element begin sliding

relative to each other. It’s worth mentioning that the joint sliding force is calculated using

coulomb elastic friction law. Presence of these elements makes a nonlinear condition for the

analyses [14]. On the other side, modeling of the dam construction stages are modeled

during the nonlinear analyses which would affect the results of analyses. Simulating of

construction stages is conducted based on the dam as-built drawings and reports.

3. Mathematical Formulation for Modeling AAR. Several series of mathematical

formulations were proposed by researchers for modeling structural effects of alkali-

aggregate reaction. Some of these models involve the required perquisites for coordinating

with characteristics of concrete dams. Furthermore, some of the models contain the last

findings about the reaction and indicate acceptable responses when employed during the

structural analyses [15]. The phenomenological model proposed by Saouma and Perotti is

one of the robust ones that originates from the governing chemical, physical and mechanical

realities about the phenomenon and profits by older presented models, as well [10, 16, 17].

The mathematical formulation of this model is utilized for developing the desired computer

program using finite element method. This model assumes that AAR follows with forming

a kind of gel which absorbs the medium moisture and expands with the passage of time.

Furthermore, the damaged concrete suffering from AAR experiences a degradation in some

of the mechanical properties where elasticity modulus and tensile strength are known to be

more impressible [17]. This model computes the AAR volumetric expansion rate by the

following equation:

� ( ) ( , ) ( , ) ( ) ( , ) ,� � � � 	 �
	 	vol

AAR
t t c ct f f f h t� 
 
 �

�
� �1

0
(5)

where �� is the maximum AAR volumetric expansion, �c and �t are expansion rate

descending factors which insert the effects of absorbing AAR gel by micro- and macro-

cracks, respectively, and � is the reaction kinetics index determined by Eq. (6):

� 	 � �
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(6)

in which  c and  l point to the characteristic and latency times, respectively. More

details about these parameters may be found in [17]. Equation (6) enforces a sigmoid curve

to the reaction progression in time.

The computed expansion rate by Eq. (5) may be utilized for determining the

volumetric expansion by a simple finite difference method. The computed AAR free

volumetric strain is then distributed into corresponding linear values. This is performed in

this model through an anisotropic approach which assign the linear strain portion of each

direction based on its governing confinement. This is justificatory considering the reaction

realities and is performed by three weighting factors pertinent to the three principal

directions:

� �i i vol
AARW� , i� 1, 2, 3. (7)
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The details of proposed approach for computing Wi may be accessible for readers in

[17]. Once the linear free strains are computed, the corresponding load vector may be

obtained within the provided finite element approach as following:

{ } [ ] [ ]{ } ,/F B D dve AAR
T AAR� � �

�

(8)

where [ ]B is the strain-displacement matrix, [ ]D is the modulus matrix, and { }� AAR is the

AAR linear free strains vector.

As mentioned before, AAR may considerably decrease elasticity modulus and tensile

strength. The effects is manifested gradually and intensifies up to a limitation for the

AAR-affected concrete. In the current study, Eqs. (9) and (10) are utilized for implementing

this effect during the analysis [17]:

E t E tE( , ) [ ( ) ( , )],	 � � 	� � �0 1 1 (9)

f t f tt t f( , ) [ ( ) ( , )],,	 � � 	� � �0 1 1 (10)

where E0 and ft, 0 are the primarily elasticity modulus and tensile strength, respectively,

� is the reaction progression index determined by Eq. (6), and �E and � f point to the

limiting ratios for degradation of elasticity modulus and tensile strength, respectively. It is

simply inferred that variation elasticity modulus in time results in direct changes in the

material modulus matrix and it make changes to some of the model load vectors [see Eq. (8)]

as well as the element and then the total structure stiffness matrix [see Eq. (11) for

computing the element stiffness matrix]. Therefore, AAR may be accounted for as a source

of nonlinearity for the conducted analyses.

[ ] [ ] [ ] .K B D dve
T� �

�

(11)

4. Details of Performed Analyses. After developing the utilized software for

implementing AAR and other aforementioned effects, a concrete double-curvature arch

dam was selected as case study and analyzed using the provided computer program. The

details and results of the analyses are brought in the current section.

4.1. The Case Study Specification. Dez dam is a large thin double-curvature

hydroelectric one built in 1963. The dam was constructed on the Dez River in the

Northwestern of Khuzestan province, nearby Andimeshk, Iran. It has a reservoir capacity

of 3.340 billion cubic meters (Fig. 3).

Fig. 3. Downstream view of Dez dam.
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The dam height is 203 m from the foundation and 190 m from the riverbed. For the

dam crown cantilever, the thicknesses at the crest elevation and base are 4.5 and 21 m,

respectively. Crest length is 212 m and its altitude is 354 masl. The current normal

operation level of the reservoir (after optimization) is 352 masl.

The dam body and its Pulvino are modeled using 648 and 144 elements, respectively

(Fig. 4a). In addition, reservoir and surrounding foundation rock are meshed to participate

in the numerical analyses, so that, the whole of provided model includes 8522 elements as

shown in Fig. 4b. The utilized elements for modeling concrete dam, Pulvino (the dam body

saddle) and foundation rock are 8-node brick elements with 8 integration points. Each node

has three translational degrees of freedom pertinent to global directions, x, y, and z.

Furthermore, the reservoir is modeled using 8-node fluid brick elements. It should be noted

that pressure is the only active degree of freedom of fluid element’s nodes (Fig. 4c).

Elasticity modulus, Poison’s ratio, density, and thermal expansion coefficient for the

dam body concrete are assumed to be 40 GPa, 0.2, 2400 N/m3, and 6 10 6� � � �C 1,

respectively. The modulus of deformations in saturated and unsaturated parts of the

foundation medium are taken as 13 and 15 GPa, respectively. All the above-mentioned

mechanical parameters were extracted from a comprehensive calibration procedure conducted

on the provided model in [18].

4.2. Analyses Results. Using the created FE model and the provided parameters as

described above, several analyses are arranged for considering effects of AAR, solar

radiation and joints on the performance of the selected double curvature arch dam.

Prior to the desired structural analyses, two transient thermal analyses are performed,

one of them with and another without implementing solar radiation effect. Results of the

thermal analyses, i.e., nodal temperatures, are arranged as several input files pertinent to all

Fig. 4. Finite element model of dam for thermal analysis (a); FE mesh of the overall model (b); cubed

and prism solid-thermal elements (c); peripheral and contraction joints (d).

a b

c d
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desired time steps. Based on the attained results, solar radiation changes distribution of

nodal temperatures, especially over the downstream surface. The curved geometry of arch

dams creates heat concentration at some areas. Because Dez dam is located in northern

hemisphere and considering that the axis of the dam has a slight angle (about 6�) to the

geographic south, the sun glows to the downstream face and makes heat concentration near

the abutments at middle elevations. On the other side, the effect of direct solar radiation is

almost negligible on the upstream face because it is not the dam sunny side.

Crest midpoint displacement is one of the sensible structural reactions of concrete

arch dams which is commonly monitored using the instruments installed over the dam

body. In Figs. 5 and 6, histories of crest displacements at the dam crown cantilever are

presented.

Based on what is observed, the second half of the diagrams depicted in Fig. 5

indicates that solar radiation does not significantly affect crest displacements in US/DS

direction. On the other side, joints tend to move crest toward downstream; these effects is

mitigated when AAR damages the dam body. Furthermore, AAR causes some deviation of

Fig. 5. History of crest horizontal displacements for all performed analyses.

Fig. 6. History of crest vertical displacements for all performed analyses.
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the crest toward upstream; this is more distinguished when contraction joints are present in

the conducted analysis.

Figure 6 again emphasizes on the aforementioned effect of solar radiation on the crest

displacement. Although in both Figs. 5 and 6, solar radiation effect in not ignorable in the

almost first half of the history duration pertinent to AAR-affected cases. In contrary to

horizontal displacements (Fig. 5), in all of the AAR-affected cases, vertical displacements

are not considerably affected by modeling of none of solar radiation or contraction joints.

Stress is very important index for structural designers or for other engineers when

identifying the probable damages of the structures. Clearly, the zones with high tensile

stresses are susceptible for initiation and propagation of macrocracks; furthermore, high

compressive stresses may be suitable for crushing or forming of microcracks. In Figs. 7–10,

contours of principal stresses pertinent to the last time step of the analyses are presented.

The abbreviations used in the figures are as:

Linear analysis with AAR, called as “L+A.”

Linear analysis with AAR, including solar radiation effects, called as “L+A+S.”

Nonlinear analysis (with joints) with AAR, called as “NL+A.”

Nonlinear analysis (with joints) with AAR, including solar radiation effects, called as

“NL+A+S.”

A summary about maximum values of aforementioned figures are presented in Table 1.

The above contours show that joints, as expected, may affect the stress distribution

within the dam body, especially, they mitigate the value of maximum tensile stress (max of

1st principal stress) in the corresponding analyses. On the other side, solar radiation may

increase the maximum and minimum of principal stresses in both tensile and compressive

aspects.

Fig. 7. Contours of 1st principal stresses on downstream face for the conducted analyses.
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In the lower block of Table 1 the ratio of the mentioned extreme values are compared.

Considering this part, it may be inferred that the most impressibility is witnessed about

maximum of 1st principal stresses (corresponding to maximum of tensile stresses) and

minimum of 3rd principal stresses (corresponding to maximum of compressive stress for

the cases including compression). Meanwhile, solar radiation effects on changing all

extreme values are small comparing with minimum of 3rd principal stress. In fact, solar

radiation may severely decrease the maximum of compressive stresses. On the other side,

simulating structural joint during the analyses may decrease tensile stresses while increase

compressive stresses, i.e., it prevails compression during the analyses.

T a b l e 1

Maximum and Minimum Values of Principal Stresses (for the Last Time Step)

Analyses 1st principal stresses (MPa) 3rd principal stresses (MPa)

max min max min

L+A

L+A+S

NL+A

NL+A+S

22.90

21.70

18.00

16.70

13.30

12.70

13.20

12.50

14.40

14.80

14.00

14.90

2.14

1.18

3.46

1.71

L+A/L+A+S

NL+A/NL+A+S

L+A/NL+A

L+A+S/NL+A+S

1.06

1.08

1.27

1.30

1.05

1.06

1.01

1.02

0.97

0.94

1.03

0.90

1.81

2.02

0.69

0.69

Fig. 8. Contours of 1st principal stresses on up-stream face for the conducted analyses.
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Fig. 9. Contours of 3rd principal stresses on downstream face for the conducted analyses.

Fig. 10. Contours of 3rd principal stresses on up-stream face for the conducted analyses.
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Along with the above contours which describe the last analyses step results

(corresponding to the middle of 30th year), to have a more comprehensive judgment,

similar contours pertinent to a middle time step are also presented. Considering Figs. 5 and

6, during the first half of the analyses period (especially before the time of 2500 days) the

differences of diagrams are more highlighted, therefore, the time step of 1800 is selected

and the relevant stress contours are presented in Figs. 11–14.

Table 2 and Figs. 11–14 indicate that impressibility of the principal stresses would be

intensified more when one selects a middle time step for evaluating the responses instead of

considering only the last time step. It’s worth noting that the results of earlier steps may affect

the subsequent analyses results. This is clearly more influential when material nonlinearity,

for example due to formation of crack profiles, is included in the provided models.

However this claim needs to be approved through future extensions of current research.

T a b l e 2

Maximum and Minimum Values of Principal Stresses (Related to Time of 1800 Days)

Analyses 1st principal stresses (MPa) 3rd principal stresses (MPa)

max min max min

L+A

L+A+S

NL+A

NL+A+S

16.60

18.20

7.99

14.60

�1.590

�0.045

�1.920

�1.800

6.88

12.40

3.98

10.60

�12.70

�8.09

�6.49

�8.62

L+A/L+A+S

NL+A/NL+A+S

L+A/NL+A

L+A+S/NL+A+S
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Fig. 11. Contours of 1st principal stresses on downstream face for the time of 1800 days.
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Fig. 12. Contours of 1st principal stresses on upstream face for the time of 1800 days.

Fig. 13. Contours of 3rd principal stresses on downstream face for the time of 1800 days.
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To assess the sensitivity of the analyses results to the aforementioned factors (solar

radiation and structural joints), a summary of the principal stress extreme values are

presented in Table 2.

4.3. Discussion. In the current research, the main objective is considering the effects

of AAR and solar radiation phenomena on the structural behavior of a thin high arch dam

developing a rigorous finite element based software. Contraction and peripheral joints

effects are simultaneously evaluated during the study procedure. The advantage of the

conducted analyses is that AAR, solar radiation and joints effects are considered together

for the first time. In fact, the main features modeled and considered in the current study are

as following:

(i) modeling contraction and peripheral joints as reported in as-built drawings;

(ii) modeling the effect of solar radiation and obtaining thermal distribution within the

dam body using a transient thermal analysis;

(iii) using the thermal and structural properties extracted from a comprehensive

calibration study;

(iv) modeling stage construction phenomena including joint grouting processes based

on the available constructional reports;

(v) considering the effects of both AAR and solar radiation phenomena on the

structural performance of the selected thin high arch dam.

As can be observed, almost all the affecting features were modeled in the conducted

analyses. However, a big shortcoming in the current research is modeling the mass concrete

as a linear elastic material. As found, the tensile stresses resulted from some of analyses

(those including AAR) are beyond the tensile strength commonly expected for mass

concrete.

Fig. 14. Contours of 3rd principal stresses on upstream face for the time of 1800 days.
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Conclusions. It may be concluded from the current study that both of the solar

radiation and contraction joints have significant effects on simulation of the AAR-affected

arch dam. When results of the last analyses steps are compared, it’s inferred that solar

radiation has no considerable effect on displacement pattern of the crest, although its effect

on stress values of the dam is not ignorable yet (especially when minimum of 3rd principal

stresses are considered). If results of the analyses in a time step at the first half of the

analyses period are considered another judgment may be inferred. During the aforementioned

period, when AAR advances toward its extreme level, solar radiation has more sensible

effect even on the displacement values. This is more important when material behavior

assumed nonlinear. In such cases, responses in earlier steps may approach the history trends

toward different values at the last steps. However, this is not accounted for in the current

research (where material behavior is assumed linear elastic) and may be followed during

the future studies. On the other side, contraction joints impress performance of the

considered arch dam in most of the studied conditions. Finally, it is felt that more case

studies need to be simulated and considered using the developed program for attaining a

more comprehensive judgment.

Ð å ç þ ì å

Ðåàêö³ÿ ëóãó öåìåíòó ³ç çàïîâíþâà÷àìè áåòîíó ìîæå âïëèâàòè íà ãðàíè÷íó ì³öí³ñòü ³

êîíñòðóêö³éí³ õàðàêòåðèñòèêè çìî÷åíèõ áåòîííèõ ñòðóêòóð, òàêèõ ÿê àðêîâ³ ãðåáë³.

Îêð³ì õ³ì³÷íî çàëåæíèõ ÷èííèê³â, òàêèõ ÿê ñõèëüí³ñòü äî ëóæíî-ñèë³êàòíèõ ðåàêö³é,

âîëîã³ñòü, ñóì³ø ìàòåð³àë³â ³ ò.ï., ³ñíóþòü é ³íø³, ùî óñêëàäíþº ìîäåëþâàííÿ äàíîãî

ïðîöåñó. Ïðè öüîìó âàæëèâå çíà÷åííÿ ìàþòü íàñòóïí³ ñòðóêòóðí³ ÷èííèêè: íàïðóãà,

òð³ùèíè é ¿õ ðîçïîä³ë, à òàêîæ òåìïåðàòóðíèé ðîçïîä³ë ó ïîøêîäæåíèõ ñòðóêòóðàõ.

Òî÷í³ñòü ³ àäåêâàòí³ñòü ìîäåëþâàííÿ öèõ ÷èííèê³â çàáåçïå÷óº âåðèô³êàö³þ ðîçðàõóí-

êîâèõ äàíèõ. Íàïðóæåíèé ñòàí êîíñòðóêö³¿ âèçíà÷àºòüñÿ â îñíîâíîìó ïàðàìåòðàìè

ñêëàäîâèõ ¿¿ ç’ºäíàíü, à òåìïåðàòóðíèé ðîçïîä³ë – ñîíÿ÷íîþ ðàä³àö³ºþ. Ïðè îö³íö³

ïîâåä³íêè îïóêëî-âãíóòî¿ áåòîííî¿ ãðåáë³, ùî îñëàáëåíà ÷åðåç ðåàêö³þ ëóãó öåìåíòó

³ç çàïîâíþâà÷àìè áåòîíó, âðàõîâóþòüñÿ ñêëàäîâ³ ç’ºäíàíü êîíñòðóêö³¿ ³ ñîíÿ÷íà

ðàä³àö³ÿ. Îêð³ì ðåçóëüòàò³â ðîçðàõóíêó äëÿ ê³íöåâî¿ ñòàä³¿ îòðèìàíî îö³íêè ç óðàõó-

âàííÿì ³ñòîð³¿ íàâàíòàæåííÿ ãðåáë³. Ïðè îö³íö³ ð³âíÿ íàïðóæåíü ö³ ÷èííèêè º

âàæëèâèìè, îäíàê ïðè îö³íö³ ð³âíÿ ïðèïóñòèìèõ ïåðåì³ùåíü åôåêò ñîíÿ÷íî¿ ðàä³àö³¿

º ìåíø êðèòè÷íèì. Íà ïðîì³æíèõ ñòàä³ÿõ äåôîðìàö³¿ ãðåáë³ ìàº ì³ñöå ³íøà òåí-

äåíö³ÿ, ïðè÷îìó âðàõóâàííÿ â ìîäåë³ íåë³í³éíèõ âëàñòèâîñòåé ìàòåð³àë³â ìîæå

ïðèâåñòè äî ÿê³ñíî ³íøèõ ðåçóëüòàò³â.
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