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Abstract 

To guarantee serviceability of large gravity dams, which are 

erected by roller-compacted concrete (RCC), seepage and 

associated uplift at the upstream face must be avoided. In 

special cases, this requires the prevention of crack formation 

in the RCC periphery, caused by thermal restraint due to 

hydration heat and climatic conditions. 

Using the finite element method, this contribution shows how 

to quantify the risk of crack formation in the periphery of 

large RCC-gravity dams. In this context a positive influence 

of an impervious facing wall, consisting of reinforced 

conventional mass concrete (CMC), was detected.  

The influence of the facing thickness on the stress condition 

in the RCC surface is very clear to see. 

As a result of this finding, the contribution gives guidelines 

for the design of the CMC face under consideration of the 

construction method. 

Introduction 

Under certain conditions the use of roller compacted concrete 

(RCC) allows the most economic erection of large gravity 

dams. 

To guarantee serviceability of such constructions seepage and 

associated uplift at the upstream face must be prevented. For 

this, different methods are available. The most common types 

are an upgrading of the RCC tightness at the surface by grout 

enrichment and vibrated casting, an application of 

geomembrane systems or the erection of a reinforced 

conventional concrete facing (CMC) in front of the RCC, 

placed simultaneously with the RCC or in advance.  

Every solution is limited by robustness, duration aspects or 

complexity. In cases, where thermal cracking in the RCC and/ 

or debonding of lift joints are likely and later revision is 

impossible, crack formation in the periphery of the RCC dam 

has to be avoided. Compared to other sealing systems a 

watertight concrete facing influences the risk of crack 

formation in the RCC periphery positively.  

A realistic quantification of the risk of crack formation in the 

RCC periphery and the positive effect of a CMC face will be 

allowed by finite element investigations, taking into account 

the interaction between facing wall (CMC) and dam body 

(RCC) with special regard to hydration heat, different 

hardening behaviour of both materials and climatic conditions 

at service state. 

The calculation model, input parameters and boundary 

conditions as well as the approach and analysis of the 

investigation will be introduced. 

Investigation on the RCC periphery 

The investigations were carried out by applying the finite 

element method. With the intention of determining the stress 

condition in the RCC periphery, which depends mainly on 

horizontal restraint, only one particular construction stage has 

to be considered. In general those construction stages are 

called blocks and they have got a height up to 60 m, a width 

of about 35 m and depths according to the dam body. Those 

blocks were erected in lifts with an average height of about 

4 m, where every lift consists of a multitude of 30 cm thick 

roller compacted layers. Due to the fact, that the horizontal 

restraint results out of the interaction along the depth of the 

block, the segment of research can be restricted to one single 

lift. Therefore suitable boundary conditions had to be 

formulated to take the overall behaviour into account. 

As indicated in Figure 1, decreases the influence of the 

considered block depth towards the dam core. Verified by 

parameter studies the depth considered for the investigation 

on the RCC periphery amounts at least 20°m. 

 

Figure 1: Segment of research. 

 

Beside concrete's material behaviour during the hardening 

process, the main aspects of the investigation on the stress 



condition in the RCC periphery are the geometry of the 

construction stage, the placement process of the different 

layers within and the consideration of a CMC face in case of 

its existence. 

 

Influences of stress conditions in RCC periphery  

The stress condition in the RCC periphery is mainly 

determined by thermal stresses due to hydration heat and 

changes of ambient air temperature, including the temperature 

shock followed by different water levels in the reservoir. 

Those thermal stresses are caused by high temperature 

gradients between the interior of the dam body and the 

exposed faces. The interior is characterized by very low heat 

dissipation due to the low thermal conductivity of the 

concrete and the large distance to the exposed faces. However 

the exposed faces quickly adapt the air temperature and its 

seasonal variations. 

Furthermore, the construction sequence has to be taken into 

account. The stress condition of the RCC periphery is mainly 

affected in an early state, where adjacent, already finished 

blocks have got definite influence on the resulting stresses. 

According to Figure 2, the most unfavourably stress state 

results in the free block, where tensile stresses are not 

reduced by the compressive stress originated from the heating 

phase. 

 

 

Figure 2: Different phases of construction. 

 

Tensile stresses will only appear due to restraint between the 

different concrete layers and the interaction between 

differences in the temperature development across the depth 

of the upstream periphery, Figure 3. In case of a CMC face, 

there is an additional interaction between the CMC and the 

RCC because of their different material behaviour. 

 

 

Figure 3: Interaction in the upstream periphery, left: between 

different layers, right: across the depth of the dam body. 

 

Material Properties  

The thermal restraint is influenced by the material properties 

of the specified concrete. 

In case of a composite structure consisting of CMC and RCC 

the consideration of the diverging properties of both materials 

in their characteristic values and time dependent hardening 

process is required. 

The properties of the selected CMC represent usual mass 

concrete corresponding to a strength class of C20/25 and a 

consistency of F5 according to DIN 1045-1 [1]. The RCC 

parameters are based on material properties of the dam body 

analysis [2]. 

For this study thermal and mechanical material behaviour was 

estimated by the hydration degree, described by the model of 

Jonasson [3], Figure 9. 

 

 

Figure 4: Hydration degree in case of isothermal conditions 

for CMC and RCC. 

 

The dependence of the hydration rate on the concrete 

temperature was considered by the concept of maturity from 

Arrhenius/Freiesleben [4]. Because of non confirmed 

information about the activation energy, the maturity 

development of RCC was assumed equal to CMC. 

Additionally the maximum degree of hydration was limited to 

αmax = 0.9 to account for a restricted amount of water 

available in the hydration process. 

The temperature appearing in the dam structure depends on 

the hydration heat of the concrete, its specific heat capacity 

and conductivity. The heating potential of the concrete 

corresponds to its adiabatic temperature rise at infinite time. 

Heat is released according to the hydration rate of the 

considered element. At the same time, the conductivity of the 

concrete causes a heat flow to the environment or adjacent 

element. The parameters used in this study are shown in 

Table 1. 

 

TABLE 1: THERMAL MATERIAL BEHAVIOR 

Parameter unit RCC CMC 

∆Tadi,∞ K 21.18 29.38 

Conductivity W/(mK) 2.311 2.100 

Specific heat kJ/(kgK) 1.004 0.9800 

Heat capacity kJ/(m³K) 2401 2304 

Density kg/m³ 2396 2351 

Hydration heat  kJ/m³ 51000 74500 



While casting, concrete has no solid properties and can be 

considered as a fluid. With the beginning of hydration, 

concrete develops its characteristic properties. The beginning 

of solidification was determined by the method of the critical 

hydration degree according to Byfors [5], which was taken as 

αcrit = 0.187. Based on this, the concrete's strength and 

stiffness development was simulated with the Brunswick 

material model [6] in dependency on progress of hydration, 

(Figure 10). This approach is generally approved. 

 

 

Figure 5: Evolution of elastic modulus and adaptation to the 

Brunswick material model. 

 

Beside evolution of stiffness, the amount of restraint is 

governed by the thermal expansion and the lateral strain. Both 

change during the very early stage of hardening, but the 

differences decrease essentially up to the beginning of 

solidification. Because of this it was justified to take the 

thermal expansion coefficient αT = 10
–5

 K
-1

 and the Poisson’s 

ratio µ = 0.2 as constant over time. 

In addition to the thermal strain, shrinkage deformations also 

occur in the concrete. Both an autogenously part and a part 

caused by the dehydration of concrete during its hardening 

contribute to shrinkage. Both were neglected within the 

framework of this investigation. For the CMC (strength class 

C20/25) the stress-effective autogenously decrease of volume 

after solidification is less than 30 µm/m [1]. For RCC the 

corresponding value is even smaller because of the lower 

cement ratio. Shrinkage caused by drying can only take place 

locally, i.e. at the exposed faces, due to the large dimensions 

of the dam structure. 

An evaluation close to reality must take into account the 

viscoelastic effects in concrete. These were included 

approximately by the method of Byfors [5] introducing an 

effective elastic modulus as given below in equations (1a) and 

(1b), respectively. 
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The approximation used, mainly describes the viscoelasticity 

of the young concrete while the viscoelasticity of the older 

concrete is underestimated. 

 

Calculation Model  

The model used for this investigation was created with 3D- 

finite elements and represents a segment near the upstream 

area. With a height of 3.9 m according to a stack of 13 layers 

with a thickness of 0.3 m and suitable boundary conditions at 

the edges of the system, a realistic simulation of heat 

development and restraint conditions for the layer in the 

middle of the model could be achieved. The restriction of the 

model-depth and -height was justified by a comparative 

analysis. 

 

 

Figure 6: Finite element idealization. 

 

Bearing in mind the strong temperature gradient to be 

expected in the upstream periphery, the element mesh was 

refined in these regions. Release of hydration heat and 

development of solid properties were treated separately for 

every element by conserving the hydration degree. For each 

layer the time of placement as well as the different behaviour 

of CMC and RCC was taken into account, illustrated in 

Figure 6 by the different colours for the elements. 

The different layers and the CMC-RCC-interface were 

assumed to be fully bonded to each other, which is applicable 

when the concrete is placed fresh in fresh with sufficient 

compaction. As a result of the construction method, a 

transition zone between RCC and CMC with increasing 

material properties was considered at the first 0.5 m in RCC 

periphery. 

At the free surfaces, variation of the ambient air temperature 

was considered with the assumptions of the dam body 

analysis, shown in Figure 7. 

 

 



 

Figure 7: Average air temperature per month. 

 

With respect to heat generation for every layer the ambient 

temperature and solar radiation at the time of placement had 

to be taken into consideration. The environmental conditions 

used for this time are shown in Figure 8. 

 

 

Figure 8: Daily climatic conditions during casting in August 

 

After concreting had finished the thermal exchange between 

dam and air was allowed only in the upstream periphery. The 

heat transfer was approximately assumed as 16 W/Km
2
 which 

corresponds to moderate wind conditions. Only in the first 

96 hours after placement this heat transfer was limited to 

5.2 W/Km
2
 to take into account insulating effect of the 

formwork. 

 

The approach was verified by different research projects [7] 

[8]. 

 

Case Studies 

Different cases were treated analytically to get a broad view 

on the interaction between the CMC face and the RCC body 

in its entirety. The variation of different parameters allowed 

in each case to study the influence of weather effects, 

construction method, construction speed, time of placement 

and thickness of the CMC face. The analyses were run over a 

time period of 1 year, with January as the time of determining 

tensile stresses. 

Figure 9 shows the results obtained for the erection of a RCC 

dam without a CMC face. Due to high temperature gradients 

in the surface area, high tensile stresses occur and crack 

formation in the periphery of the RCC body is likely, which 

will influence negatively the durability of the construction 

and the permeability of the lift joints. 

 

 

Figure 9: Thermal restraint in the upstream periphery without 

CMC face due to hydration and climatic conditions, above: 

temperature at selected points, below: stress across depth. 

 

However the arrangement of a reinforced layer of 

conventional concrete in front of the RCC body will be 

beneficial to the RCC, as the CMC face protects the RCC 

from unfavourable temperature effects due to daily and 

seasonal temperature variation and change of the water level 

in the reservoir. Also the strong temperature gradient due to 

hydration heat transfer is shifted from the periphery of the 

RCC body to the CMC face. Figure 10 shows the insulating 

effect of a CMC face according to its thickness. 

 

 

Figure 10: Evolution of temperature in the RCC depending on 

the thickness of CMC 



Figure 11 shows detailed temperature results and the 

accompanying stress distribution in case of a 1.50 m thick 

CMC face, erected simultaneously with the RCC. The stress 

condition in the periphery of the RCC is considerably 

reduced. 

 

 

Figure 11: Thermal restraint in the RCC periphery with 1.5 m 

CMC face due to hydration and climatic conditions, above: 

temperature at selected points, below: stress across depth. 

 

According to Figure 12, a CMC thickness of 1.5 m would be 

enough to prevent crack formation in the RCC. 

 

 

Figure 12: Influence of CMC face on stress condition in the 

RCC periphery, stress across depth after 180 days. 

 

Calculations with a variation of construction speed, reducing 

the maximum time between placing two consecutive lifts from 

six hours to two hours, as well as the assumption of concrete 

placement in May according to a fresh concrete temperature 

of 25 °C and the following changes in ambient air 

temperature showed, that the given assumptions capture the 

most unfavourable case. 

Furthermore an advancing CMC construction 14 days ahead 

of RCC placement was investigated. The resulting 

temperature distribution is shown in Figure 13. 

 

 

 

Figure 13: Evolution of temperature in the upstream 

periphery, CMC face constructed ahead of RCC. 

 

In this case full bond between the CMC and the RCC can not 

be achieved, but the unavoidable roughness of the CMC 

surface in addition to the effects of the anchoring 

reinforcement crossing the joint between the CMC and the 

RCC will result in frictional resistance allowing the 

assumption of a partial bond between the CMC and the RCC 

to be made. Comparative analyses were performed 

considering as limiting cases a weak bond as well as a full 

bond, Figure 14. 
 

 

 

Figure 14: Influence of CMC face construction in advance: 

stress distribution in the upstream periphery after 180 days. 



Although this construction method would offer different 

advantages in the construction progress, the amount of 

required reinforcement will increase because of a changing 

stress distribution in the CMC and the need for anchoring 

between the dam body and the facing wall. 

Conclusion 

From the analyses performed it becomes apparent that there is 

a favourable influence of the CMC face with regard to stress 

development near the periphery of the RCC. The temperature 

gradient due to heat transfer from the surface and the 

resulting tensile stress develop already in the CMC and its 

effect on the RCC is reduced. Similarly, the effects of 

seasonal changes in ambient temperature on the RCC 

decrease. The positive influence of the CMC face and the 

amount of reinforcement required for crack width control 

substantially depend on the construction concept applied for 

the facing, while other parameters such as construction speed, 

time of construction and variation of fresh concrete 

temperature in a range of ± 5K are of minor influence. 

With the assumption of a simultaneous placement of CMC 

and RCC a monolithic construction arise with full bond 

between facing wall and dam body. Additionally the 

favourable heat flow and the insulation characteristics 

minimize the amount of reinforcement required for crack 

width control. The disadvantage of this method is that 

production and placement of CMC as well as of RCC have to 

be simultaneous, not permitting delays. Hence, a strict 

organization and coordination of work routines is required as 

well as to implement a strict quality control to guarantee a full 

bonded and sufficiently compacted transition zone. Further, 

the climbing formwork is single faced and hence relies on 

cantilever action, which requires stronger supports and in turn 

might result to be more costly. 
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