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ABSTRACT: Thermal cracking of a concrete arch dam is assessed through non-linear finite element 

analyses (NLFEA). A recently developed non-linear material model for concrete and embedded 

reinforcement elements are used for this purpose. Transient thermal analyses are performed to establish 

temperature distributions for the subsequent mechanical analysis. The main focus of the study has been 

to evaluate deformations of the structure. It is found that the use of non-linear material models have 

significant impact on the results from the analyses; the predicted maximum deformation in the middle 

part of the dam increases by 58% for January, which is found to be the most critical month both with 

respect to stresses and deformations. The results presented herein demonstrate that the use of a full 3D 

non-linear material model for concrete contribute to increase the physical understanding of the structural 

response. Even though a non-linear analysis of this type is more costly than a linear FE analysis (LFEA), 

today’s computer hardware makes it possible for the engineer to perform a full NLFEA within 

reasonable time. 

1 Introduction 

Thermal cracking of concrete dams is a common challenge in Northern countries where large 

temperature differences between winter and summer months occur. This paper addresses the 

response of a typical concrete arch dam in a workshop case prepared for the “14th ICOLD 

International Benchmark Workshop on Numerical Analysis of Dams” [1]. The arch dam was 

analyzed with both linear and non-linear material models for concrete and with contact elements 

in the interface between dam and rock. Transient thermal analyses were used to generate 

temperature distributions over a period of two years. Further, these were included in subsequent 

mechanical analysis to assess the response of the structure due to effects of gravity loads, water 

pressure and enforced deformations due to temperature variations. 

 

2 Analysis methodology 

The FE analyses, including both linear and non-linear material models, were performed 

according to the flow chart in Figure 1. Presumptions and results for the thermal and structural 

analyses, are presented in Sections 3 to 5, respectively. Ambient temperatures for water and air 

over a period of two years were used in the transient, thermal analyses, see Figure 2. Note that 

no results for the configuration in Figure 2b are reported herein. 

 

The loads were applied in three main steps in the FE analysis. Step 1: Self weight of the dam 

structure, step 2: Water pressure, and step 3: Thermal loads based on temperature fields from 

the thermal analysis. The third step contained several temperature configurations, see Figure 2, 

and a response time of 27 months was simulated. The hydrostatic water pressure on concrete 

and rock that was applied in step 2, is illustrated in Figure 3. The water level was presumed 

constant at the level of the crest in all analyses. 
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Figure 1: FE analysis flow chart. 

 

   

a) A cold year followed by a warm year b) A warm year followed by a cold year 

Figure 2: Ambient temperatures for air and water.  

 

 

Figure 3: Water pressure distribution corresponding to water level at the crest [MPa]. 

3 FE model 

The FE model of the dam was established in the general purpose FE software Ansys [2]. Ver. 

18.0 was used for all analyses – both in Ansys Workbench and in Ansys APDL. The complete 

FE model, including both rock and concrete, is shown in Figure 4. The model consist of a mesh 

of eight-noded hexahedral elements for the dam and four-noded tetrahedral elements for the 

rock. For more detailed description of the elements used in the analyses, see Section 3.1. 

Transient thermal analysis

Ansys Workbench, ref. chap. 4

- Warm year followed by cold year

- Cold year followed by warm year

LFEA: Structural analysis

Ansys Workbench, ref. Section 5.1

- Linear material models

- Non-linear contact between rock and concrete

- Gravity loads, water pressure and temperature
distributions from thermal analysis

NLFEA: Structural analysis

Ansys APDL, ref. Section 5.2

- Non-linear material model for concrete and reinforcement

- Non-linear contact between rock and concrete

- Gravity loads, water pressure and temperature
distributions from thermal analysis



 

 

                

Figure 4: FE model of concrete arch dam and surrounding rock volume.                              

3.1 Elements 

It was considered important to achieve a regular and compatible mesh of hexahedral elements 

for the concrete arch in the structural analysis of the dam. The dam mesh is shown in Figure 5. 

Note that in the NLFEA, the non-linear material model for concrete was applied on the arch 

part of the dam only. A linear material model was used for abutment and spillway. Four 

elements through the thickness of the dam has been used. Further details on the mesh for the 

thermal and structural analysis are given in Tables 1 and 2, respectively. 

 

 
Figure 5: FE mesh of concrete elements. 

 

 

Table 1: Mesh details – Thermal analysis. 

Model component Element type No. of elements 

Rock Four-noded tetrahedral 113 766 

Concrete – Linear part  Eight-noded hexahedral 36 367 

Concrete – Non-linear part Eight-noded hexahedral 22 144 

Contact elements Four-noded surface-to-

surface contact element 

5 624 

Target elements Four-noded target element 5 624 

Surface elements Four-noded thermal 

surface element 

23 770 

 

Concrete

arch dam

Rock

Abutment and spillway modelled

with linear material

Arch part of dam 

modelled with non-
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Table 2: Mesh details – Structural analysis. 

Model component Element type No. of elements 

Rock Four-noded tetrahedral 113 766 

Concrete – Linear part  Eight-noded hexahedral 

with enhanced strain 

formulation [4] 

36 367 

Concrete – Non-linear 

part 

Eight-noded hexahedral 

with enhanced strain 

formulation [4] 

22 144 

Reinforcement elements Embedded reinforcement 11 072* 

Contact elements Four-noded surface-to-

surface contact element 

5 624 

Target elements Four-noded target element 5 624 

Surface elements Four-noded surface element 

for load application 

8 794 

*  Embedded in eight-noded hexahedral elements. 5 536 on each face with two 

reinforcement layers upstream and three downstream   

 

3.2 Material data 

The concrete material properties for the dam and spillway corresponds to concrete strength 

class C30/37, see Table 3. 

 

Table 3: Material properties – Concrete. 

Material parameter Value Unit 

Modulus of elasticity 33 GPa 

Poisson’s ratio  0.2    - 

Density 2 300 kg/m3 

Compressive strength 38 MPa 

Thermal expansion 10-5 K-1 

Thermal conductivity 2 W/(m K) 

Stress/strain free temperature 4 ⁰C 

Specific heat capacity 900 J/(kg K) 

 

The reinforcement correspond to KS 40, according to an expired Swedish standard, with mean 

material parameters according to Table 4. 

 

Table 4: Material properties – Reinforcement. 

Material parameters Value Unit 

Modulus of elasticity 200 GPa 

Poisson’s ratio  0.3    - 

Density 7 800 kg/m3 

Yield stress 360 MPa 

Ultimate strength 600 MPa 

Ultimate strain 0.15    - 

Thermal expansion coefficient 10-5 K-1 

Stress/strain free temperature 4 ⁰C 

 



 

 

The rock material was considered linear elastic and free of weakness zones, fractures, etc. The 

material properties are given in Table 5.  

Table 5: Material properties – Rock. 

Material parameters Value Unit 

Modulus of elasticity 40 GPa 

Poisson’s ratio  0.15    - 

Density 2 700 kg/m3 

Thermal conductivity 3 W/(m K) 

Stress/strain free temperature 4 ⁰C 

Specific heat capacity 850 J/(kg K) 

3.3 Non-linear concrete material model 

In the NLFEA, a three-dimensional material model, with smeared, fixed, non-orthogonal 

cracking was used for the concrete. The material model was based on the work of Kotsovos 

[3,4], and the version that was used is fully described elsewhere [5]. The material model 

requires only one input parameter, the compressive strength of concrete. The non-linear 

material response for concrete subjected to a uniaxial stress state is shown for compressive 

stress states with 5% and 10% confining pressure in Figure 6a. Based on the three-dimensional 

fracture criterion used in the material model, the uniaxial tensile strength can be derived to be 

fct = 2.4 MPa, and the uniaxial tensile behavior is shown in Figure 6b. 

  
a) Compression b) Tension 

Figure 6: Stress-strain curves for concrete C30/C37. 

3.4 Convective heat transfer properties 

The convective heat transfer coefficients, given in Table 6, were used in the transient thermal 

analyses. 

 

Table 6: Convective heat transfer coefficients in the thermal analyses. 

Region Value [W/(m2K)] 

Downstream surface of the arch dam – air 4 

Concrete – air   13 

Concrete – water  500 

Concrete – rock  1000 

Rock – air 13 

Rock – water  500 



 

 

3.5 Reinforcement system 

In the NLFEA, reinforcement was included in the arched part of the dam, see the part with grey 

color in Figure 5. The reinforcement system is illustrated in Figure 7. 

 

 

 

a) Horizontal section showing system [1] b) System implemented in FE model 

Figure 7: Reinforcement system.  

 

3.6 Boundary conditions 

The bottom face and vertical faces of the rock volume were modelled as fixed. The interface 

between the dam and rock was modelled with contact elements. The contact behavior was set 

to “rough”. This means that uplift was permitted, and for regions that were in contact, sliding 

was prevented. 

 

4 Results from non-linear transient thermal analyses 

The thermal analyses were conducted in Ansys Workbench [2]. Ambient temperatures and 

convective heat transfer coefficients were defined for different surfaces, see Section 3.4. The 

resulting temperature field distributions as a function of time were input to the structural 

analyses. Based on the temperature curves in Figure 2 and the material parameters presented in 

Sections 3.2 and 3.4, a transient thermal analysis was performed. Results from the coldest 

month, January, and the warmest month, July, are given in Figures 8 and 9, respectively. 

 

  
a) January b) July 

Figure 8: Temperature distributions for the complete FE model. 

Upstream

Downstream

Downstream

Upstream



 

 

 

  
a) January b) July 

Figure 9: Temperature distributions across the midsection of the dam. 

 

5 Results from structural analyses 

Structural analyses were performed with both linear material, see Section 5.1, and non-linear 

materials for concrete and reinforcement, see Section 5.2. The loads were applied similarly in 

both analyses, as described in Section 2. Further, all analyses were performed with non-linear 

geometrical effects included. For the analyses with linear material models, it was found that the 

use of non-linear geometry in the solution algorithm did not alter the results significantly. 

 

5.1 Linear material models 

Results from the extreme months are presented in Figures 10 and 11. Note that the maximum 

crest deformation in global x-direction for gravity loads and water pressure, i.e. a case excluding 

temperature, was 30 mm on the crest of the dam in the LFEA. This value increased to 64 mm 

for January and decreased to 8 mm in July. 

 

  
a) January b) July 

Figure 10: LFEA deformation in x-direction [mm]. Scale 200:1. 

Both deformations and maximum principal stresses are significantly higher for January 

compared to July. Thus, based on the LFEA, it was expected that the stresses in concrete and 

reinforcement and the degree of cracking is higher in the winter months. It was also expected 

that large areas of the downstream face will be cracking in January according to Figure 11 a). 

 



 

 

  
a) January b) July 

Figure 11: LFEA maximum principal stresses exceeding concrete tension capacity fct = 2.4 

MPa. [MPa]. 

5.2 Non-linear material models 

Results from the extreme months are given in Figures 12 and 13. Note that the maximum crest 

deformation in global x-direction for gravity loads and water pressure, i.e. case excluding 

temperature, was 31 mm on the crest of the dam in the NLFEA. This value increased to 75 mm 

for January and decreased to 9 mm in July.  

 

  
a) January b) July 

Figure 12: NLFEA deformation in x-direction [mm]. Scale 200:1. 

 

 
 

a) Gravity loads and water pressure without 

temperature 

b) Close-up on lower left corner 

  
c) January d) July 

Figure 13: Cracks on downstream face. 
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Crack patterns for the downstream face are illustrated in Figure 13. Note the prevalence of 

extensive horizontal cracks in the middle part of the dam. 

5.3 Comparison LFEA vs. NLFEA 

Deformation results for different paths on the dam structure are summarized in Figure 14. The 

deformations vary between the LFEA and NLFEA, especially for the horizontal midsection, 

i.e. path A-1 to A-2. Here the maximum deformation values increase with 58 % for January, 42 

% for July and with 19 % for the case without temperature, i.e. the case NLstat in the figure. 

 

     

a) Paths on the dam structure b) Path C1 – C2 

    
c) Path A1 – A2 d) Path B1 – B2 

Figure 14: Deformation in global x-direction. Notations: NL = NLFEA, L = LFEA. 

 

For the NLFEA the stresses in reinforcement increase substantially for January and decreases 

for July compared to the configuration without temperature, in particular for the vertical 

reinforcement layers on the downstream face. This shows the importance of evaluating 

temperature loads in the design of dams. 

 

The predicted gap in the interface between dam and rock for January is shown in Figure 15 for 

LFEA and NLFEA, respectively. Two aspects should be noticed: i) the maximum gap predicted 

with the LFEA, 7.3 mm, is significantly less compared to the NLFEA, 18.8 mm and ii) the 

contact status for the NLFEA is much smoother than for the LFEA. This can be explained by 

the fact that the linear concrete material model in the LFEA has infinitely large capacity both 

in  compression and tension. Due to geometry of the contact surface, the dam will have a 

tendency to settle on hard points on the rock. Thus, the use of non-linear material models can 

likely improve solution convergence in models where contact is introduced.  
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a) LFEA b) NLFEA 

Figure 15: Gap between dam and rock in January [mm]. 

6 Conclusions 

The importance of using a non-linear material model for concrete when evaluating deformations 

of dams has been demonstrated in this paper. Substantial difference in deformation predictions 

from a LFEA to a NLFEA has been illustrated. This was especially pronounced in temperature 

cases for the horizontal midsection of the dam, where an increase of maximum deformation of 

58% was calculated for the coldest month. Extensive prevalence of horizontal cracking was 

observed in the middle part of the dam on the downstream side in the NLFEA. In simple terms, 

this resulted in increased flexibility of the FE model which further led to increased 

deformations. Maximum principal stress plots of stresses above the tension capacity of 

concrete, fct, from the LFEA were good predictors for occurrence of cracked regions in the 

NLFEA. The thermal cracking of concrete was shown to be extensive on the downstream side 

of the dam.  

 

The work with transient thermal analyses and NLFEA of the dam, is an example of the complex 

analyses the engineer can perform on large concrete structures of today. The analysis time for 

the NLFEA was approximately 2 hours with a typical hardware configuration  available for a 

structural engineer these days. Hardware and analysis time were in other words not limiting 

factors for the analysis work. 
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