
Nordic Concrete Research – Publ. No. NCR 66 – ISSUE 1 / 2022 – Article 3, pp. 41-54 
 
 

41 
 

  
©  Article authors. This is an open access article distributed under 
the Creative Commons Attribution-NonCommercial-NoDerivs 
licens. (http://creaticecommons.org/licenses/by.nc-nd/3.0/). 

ISSN online 2545-2819 

ISSN print    0800-6377 

 

DOI: 10.2478/ncr-2022-0001 

Received: Feb. 11, 2022 

Revision received: March 18, 2022 

Accepted: March 28, 2022 

 
Reducing Thermal Crack Risks Caused by Restraint in Young Concrete - A 
Case Study on Walls of Water Tanks 
 

 

Dr. Majid Al-Gburi  
Lulea University of Technology 
Dept. of Structural and Fire Engineering 
Email: majid.al-gburi@ltu.se 

 

Dr. Jan –Erik Jonasson 
Professor 
Lulea University of Technology 
Dept. of Structural and Fire Engineering 
Email: jej@ltu.se 

 

Dr. Martin Nilsson 
Lulea University of Technology 
Dept. of Structural and Fire Engineering 
Email: martin.c.nilsson@ltu.se 

 
ABSTRACT 
     
Concrete cracks in structures such as water tanks and nuclear power stations cause anxiety to 
owners, contractors and engineers. These cracks may significantly increase the structure’s 
permeability and thus increase leakage, reduce durability, and eventually lead to loss of structural 
functionality. Therefore it is important to minimize their occurrence and size. To identify effective 
ways of minimizing cracking in young concrete segments, a parametric study was conducted using 
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the finite element method (FEM). Parameters considered include casting sequence, joint position, 
wall height, and cooling. The study examined continuous and jumped casting approaches to the 
casting of a cylindrical reinforced concrete tank for a sewage-treatment plant, with and without the 
application of the ‘kicker’ technique in which the lower part of the wall is cast with the slab. The 
main cause of cracking is thermal change and restraint imposed by adjacent older structures, and 
the FEM predictions agree well with experimental observations. Continuous casting is most 
effective at minimizing cracking because it creates only two contact edges between newly cast and 
existing structures producing the lowest level of restraint. The kicker technique is shown to be very 
effective for reducing restraint and consider rephasing.  
 
Keywords—Restraint cracks, early age, casting sequence, water tank walls. 
  
 
1. INTRODUCTION 

1.1. General overview  

 
Cracking in young concrete due to volume changes during the hydration process is a major cause 
of initial defects in concrete structures [1, 2]. Such cracks are caused by restraints imposed by 
adjoining structures and can lead to penetration of water, resulting in corrosion of the reinforcing 
steel and passage of liquids through the concrete wall [2, 3]. Cracks due to external restraints are 
among the most important types of cracks observed in young concrete. If the concrete is free to 
move, the member expands and contracts without cracking. However, all structural members are 
restrained to some degree [4]. The combination of shrinkage and restraint creates stresses. If the 
magnitude of these stresses exceeds the concrete’s tensile strength, cracks will appear. Accurately 
predicting and controlling the negative effects of these structures is vital for ensuring that new 
structures achieve their designed service lives and functional capabilities. It is particularly 
important in structures such as water tanks, which require solid concrete that prevents water 
leakage. To prevent thermal cracking, it is necessary to control the volumetric change that the 
concrete undergoes and/or to reduce the degree of restraint [5]. The degree of restraint is a critical 
factor in determining both the risk of early thermal cracking and the resulting crack width. The 
degree of restraint depends primarily on the contact area, relative dimensions and modulus of 
elasticity of the young concrete as well as the surrounding restraining materials, [6, 7, 8]. 

Basically, to avoid or control early cracking, it is necessary to reduce the member’s thermal 
movement (temperature peak and differences) and/or reduce the degree of restraint and/or to 
increase the member’s tensile strain capacity. Basic factors that influence early cracking include 
the composition of the new concrete mix (i.e. the type and content of cement, and the type and 
content of aggregate), temperature at casting, formwork material, degree of restraint represented 
by construction sequence and possible movement joints [8, 9]. 
 
Restraint can be reduced in various ways, for example by using appropriate casting sequences, 
shortening the section being cast, and applying an appropriate arrangement of construction joints 
[4, 10, 11]. Unfortunately, these methods do not always prevent crack formation. An alternative 
approach may thus be necessary to prevent or control early age cracks.  
The present study does not examine reinforcement even though it is well known that appropriate 
reinforcement can reduce crack widths. In part this is because reinforcement is known to be 
inefficient in concrete that has not yet cracked [12, 13]. Swedish construction strategies aim to 
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avoid early cracking altogether, which can be achieved by taking measures such as cooling the new 
concrete and/or heating the old concrete.  
 
 
1.2.  Research significance  

The purpose of this study is to characterize the distribution of stresses in the reinforced concrete 
walls of water tanks constructed using two different casting sequences: a continuous sequence with 
two contact edges (one at the base and the other one with an existing wall) and a jumped casting 
sequence with three contact edges (one with the base and two with existing walls), with or without 
the kicker technique( casting a part of the wall together with the slab, where the wall part is called 
a kicker), whereby part of the wall is cast with the slab. The different sequences are compared with 
respect to their ability to reduce early cracking. The study also examines the influence of the length 
to the height ratio (L/H) on the restraint level and the risk of wall cracking. The risk of cracking is 
examined for each casting sequence separately, and the effects of cooling the young concrete with 
cooling pipes are estimated.  
 
 
1.3.  Restraint  
 
The degree of restraint acting on the walls depends on the dimensions of the young concrete and 
the adjacent old member as well as their relative dimensions and stiffnesses (length/height). The 
risk of cracking in the fresh member is not constant; it is highest near the contact edges with 
adjoining structures and decreases towards the free edges (the top and sides) [11]. When casting a 
new element against an old structure, thermal volumetric changes will have profound effects on 
the tensile stresses and risk of cracking [14]. The degree of restraint can be expressed as a 
percentage, where 100 % denotes full restraint and 0 % corresponds to a complete absence of 
restraint.  
The restraint imposed by adjacent structures depends on the number and location of adjoining 
members. Figure 1a, free movement wall on slab. The simplest case is single-edge restraint that 
may occur in a wall that is cast on a slab in one stage (see Figure 1b). A more complex two-edged 
restraint, occur during the continuous casting of walls that are restrained at their base and along 
one edge (see Figure 1c), or in a roof that is cast on walls or columns (see Figure 1d). A still more 
complex case is three-edge restraint, which occurs when a new wall is restrained at its base and 
along two edges (sees Figure 1e). Finally, a slab or roof may be bonded along four edges, as shown 
in Figure 1f [14]. 
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Figure 1 – Illustrates different types of external restraint. Areas coloured in shades ranging from 
red to green are subject to considerable risk of through cracking. Modified from [14]. 
 
 
1.4. Reduction of the restraint 
 
Reduction of restraint is one of the most economical ways for reducing the risk of cracking in 
young concrete [15]. The casting sequence, length of casting and joint positioning all influence the 
degree of restraint experienced by a newly cast member. ‘Sequential’ or continuous casting 
produces less restraint than ‘alternate bay’ or jumped casting. In a ‘true’ continuous system, each 
newly cast section has only one restrained edge (see Figure 1b), minimizing its restraint. 
Conversely, jumped casting generates considerable tensions between the relatively rigid adjoining 
edges (compare Figures 1b and 1e). Therefore, continuous casting is better for limiting restraint 
cracking at edges [16]. The length-to-height ratio of the walls also affects the degree of restraint. 
Newly cast long walls experience a greater degree of restraint than walls with lower length-to-
height ratios [14]. Numerical simulations suggest that casting using the kicker technique is 
effective at reducing restraint and crack risk. The use of kickers changes the structural behaviour 
of the newly cast member, replacing a wall-on-slab edge with a wall-on-wall edge [15]. This 
manuscript discusses the usage of these tools and compares them to field data on the walls of 
concrete water tanks.  

 
 

2. METHOD OF CALCULATION  
 
2.1.  Description of the structure under investigation  
 
A cylindrical reinforced concrete tank was constructed to serve a large sewage-treatment plant in 
Cracow, Poland 2004. The tank’s cylindrical wall is 5.5 m high [17, 18, 19, 20], and its total 
circumference of 140 meters was divided into 10 segments. A cross-section of the tank’s wall and 
the location of construction joints are shown in Figure 2. It was cast using a jumping sequence [17] 
in which segments 2 and 10 were cast first, followed by segments 8 and 6. Each of these four 
segments was cast with a single restrained edge at the base. Next segments 5 and 3 were cast, with 
two restrained edges each: one at the base and one from the adjoining wall. The remaining segments 
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(1, 9, 7 and 4) were cast by infill bay casting and were restrained on three edges: at the base and 
by their two adjoining wall segments. One day before the tank wall’s completion, vertical cracks 
were found in almost all of its segments. The cracks occurred at a previously predicted distance 
(1.1 m) from the wall’s lower edge, thereby effecting the restraint from previous casting elements 
[19, 21].  
 
   
 
 
 
 
 
 
 
 

 

 

 

 
 
 
This study considers two alternative sequences of casting. The first is a continuous sequence in 
which the lower 1.5 m of the wall is cast with the slab (we refer to this protruding element of the 
slab as a ‘kicker’) and the length of the cast wall segments is allowed to vary to minimize the 
incidence of cracking as shown in Figure 3, see [15]. Worrying that the contractor may not agree 
to the execution of the 1.5 m high kicker as it is problematic to compact the concrete in it while 
maintaining the correct geometry of the foundation. Perhaps this is feasible only after a break of at 
least several hours after concreting the foundation. The second sequence differs in that all of the 
wall segments are 13.8m long; the kicker technique is used again, but the newly cast segments are 
also cooled using water pipes to further reduce the risk of cracking. In both sequences, newly cast 
segments have two contact areas, one with the base and one with the edge of the adjoining wall 
segment.  

  

1 

0.45m 

4m 

0.55m 

Figure 2 – Geometry of the cylindrical reinforced concrete tank and layout of its construction  
 joints [17]. 
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Figure 3 – Proposed new casting sequence for the cylindrical reinforced wall showing the  
 arrangement of the wall segments and the kicker. 
 
 
2.2.  Computational methods 

 
Restraint reduction is one of the most economical methods for reducing thermal cracking in young 
concrete. The casting sequence has an effect on the degree of restraint. The uniaxial restraint γR is 
obtained from 3D elastic finite element calculations using Abaqus software with brick elements 
with mesh size 0.25×0.25 m, which defined as shown below [8]:  
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Here, uiσ  = resulting stress from the elastic calculation, where i = a chosen direction in the concrete 
body; u = uniaxial coordinate in the i direction; oε∆  = the homogenous contraction in the concrete; 
and EC = Young’s modulus of the newly cast concrete. The crack risk (strain ratio) is calculated 
using the ConTeSt software package [22]. 
In Sweden crack risk analyses have, since more than 20 years, to be performed for civil engineering 
concrete structures, and the safety factors (relation tensile strength to tensile stress = S > 1) in the 
codes are dependent on the durability conditions for the structure. This design process might be 
denoted planning for “crack-free concrete structures”. Crack prediction was performed using the 
FE-based program Abaqus/6.12 [23]. This software can model concrete cracking using its 
“Cracking Model for Concrete” (CMC), which is only available in Abaqus/Explicit. CMC employs 
a special analytical technique purpose that uses an explicit dynamic FE formulation. Although 
developed for dynamic problems, the explicit version is very effective at describing highly non-
linear problems under static loading [21]. In this work, CMC was used to simulate the non-linear 
behaviour of concrete during and after cracking. The model assumes that the primary forces in the 
structure are tensile and that the compressive forces are relatively small. For this reason, the non-
linearity of concrete in compression is ignored. As volumetric induced strains in concrete are 
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mostly tensile and the tensile strength is low, it is likely that cracking will occur in the concrete. 
The model accounts for variations in the concrete’s temperature, tension stiffening and shear 
retention. It assumes that cracks start forming when the principal stress exceeds the concrete’s 
tensile capacity.  
 
 
3. RESULTS AND DISCUSSIONS  
 
The results of the numerical simulations of the different casting sequences are shown in Figures 4-
8; individual simulations and key findings are described in more detail below. 
 
 
3.1.  Estimating the optimal kicker height 

 

To begin with, the effect of kicker height on restraint was investigated by imposing a fixed segment 
length of 13.8 m and conducting simulations assuming a range of different kicker heights. Figure 
4 shows the variation in the restraint as a function of kicker height [15], the values at the bottom 
edge of the wall. The restraint is minimized at a kicker height of around 3.0 m. It would be quite 
difficult to cast a slab with such a tall kicker in a single casting, but our experience suggests that it 
should be possible to cast a 1.5m tall kicker with the slab. Experimental studies on the real-world 
tank revealed that the maximum circumferential tensile stresses in the walls occur at a height of 
1.1m [19, 20]. Therefore, a kicker height of 1.5m and a continuous casting sequence were proposed.  
 
 
 
         
 
 
 
 
 
 

Figure 4 – Variation of restraint with kicker height for the water tank walls. 
 
3.2.    The first casting  
The first segment will always have only one edge restraint. As shown in Figure 5, the degree of 
restraint will be 0.67.  The kicker technique reduces this restraint to 0.58. The crack risk is also 
affected by the kicker, which reduces the strain ratio from 0.955 to 0.852 as shown in Figure 6. 
According to Swedish national road standard [24], the crack index Ci should be 0.7 or less to be 
on the conservative side. A crack index is the ratio between the tensile strength of concrete and the 
maximum principal stress. Reducing the casting length changes the L/H ratio and thus the crack 
index. A casting length of 6m together with the application of the kicker technique reduces the 
restraint to 0.5 as shown in Figure 5. Restraint minimization is central to reducing crack risk; this 
reduction in restraint lowers the crack risk to 0.665 as shown in Figure 6. Calculating the risk of 
cracking requires calculating temperature changes and contraction, the details of which will not be 
focused on in this paper. However, all these things are considered in the ConTest calculation.[22].       
 

0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9

0 1 2 3 4 5 6
Kicker Height (m)

R
es

tra
in

t



Nordic Concrete Research – Publ. No. NCR 66 – ISSUE 1 / 2022 – Article 3, pp. 41-54 
 
 

48 
 

 
    
 
 
 
 
 
 
 
 
 
 
3.2. The second casting  
When casting the second segment, the proposed sequence generates two restraint edges, one at the 
base and one at the side edge. The presence of two contact areas reduces the restraint on the 
segment from 0.758 to 0.69 (see Figure 7). The kicker technique reduces the restraint further, to 
0.61 for a casting length of 13.8m.  Another decrease to 0.58 is possible if the casting length is 
reduced to 6m, as shown in Figure 7. The kicker also affects the crack risk, reducing the strain ratio 
(Ci) from 1.03 to 0.9 as shown in Figure 8.  
Figure 7 shows that while reducing the cast segment length to 6m (L/H=1.5) reduces the restraint 
to 0.58 the Ci = 0.84 is unacceptably high. Therefore, further shortening is needed. 
A casting length of 4 m (L/H=1) reduces the restraint to 0.53. Figure 8 shows that the predicted 
crack risk for a casting length of 4 m with a kicker is Ci = 0.7. The proposed casting length is 
compatible with the recommendations of Eurocode 2 [25], which recommends a maximum casting 
length of 5 m for 1.5 m wall heights, ACI committee [26] states that joint spacing should not exceed 
7.6 m.  
Although the codes’ specifications were consistent with the numerical results in this case, crack 
risks should always be evaluated using appropriate dimensions and boundary conditions for the 
member of interest rather than simply relying on codes. For the single restrained edge case, the crack 
width depends on the imposed restraining strain rather than the concrete’s tensile strength  
[27]. Furthermore, if the restraint increases, contraction will cause individual crack widths to increase 
but have no effect on the number of cracks, which are assumed to be independent. On the other hand, 
in three edge restraint, cracks usually initiate at the weakest section of the element and immediately 
propagate through the whole section [27]. If the restraint is increased in such cases, contraction will 
increase the number of cracks but have no effect on individual crack widths, which are determined by 
the load transferred from the concrete to the steel when a crack forms [28].   

In practice it may be impossible to avoid having some newly cast elements that are completely or 
partially enclosed by previously cast structural members. In such situations, other fracture 
reduction measures must be taken. Therefore, a general recommendation is to avoid intermediate 
or jumped segments as far as practically possible.  
In some situations a jumped sequence might be beneficial, for instance when small joint volumes 
(1.5m or less) are used. It is well known that the main parameters governing crack risk in young 
concrete are the degree of restraint, temperature change and the concrete’s properties. Therefore, 
in cases of three-edge restraint where additional restraint reduction is required to mitigate crack 
risk, additional reinforcement or cooling can be applied to the triply-restrained intermediate 
segments [29].  

Figure  5 – Variation of restraint with casting  
sequence . 
 

Figure  6.- Variation of crack risk with casting 
sequence. 
 

0.67

0.58
0.50

0
0,5

1
1,5

2
2,5

3
3,5

4
4,5

5

-0,4 -0,3 -0,2 -0,1 0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

Ref [15]  Sequeance 13.8 m
Propsed Sequeance 13.8 m
Proposed sequaence 6m

RestraintW
al

l H
ie

gh
t, 

m

0,955

0,8520,665

0
0,5

1
1,5

2
2,5

3
3,5

4
4,5

5

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 1,1 1,2

Ref [15]  Sequeance 13.8 m
Proposed Sequeance 13.8 m
Proposed Sequeance 6 m

Strain Ratio

W
al

l H
ei

gh
t, 

m

First casting 13.8m 
Proposed sequence 13.8m 
Proposed sequence 6 m 

First casting 13.8m 
Proposed sequence 13.8m 
Proposed sequence 6 m 



Nordic Concrete Research – Publ. No. NCR 66 – ISSUE 1 / 2022 – Article 3, pp. 41-54 
 
 

49 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3. The crack distribution 
 

Figure 9 shows the crack risk (strain) distribution for a first cast 13.8m-long water tank wall 
segment, as calculated using dynamic explicit FE methods in Abaqus. In general, the distance 
between cracks and the mapped strain distribution are in good agreement with experimental 
findings [17], as shown in Figure 10. Some secondary cracks can be detected in Figure 9 but not 
in Figure 10 because they are too small to be noticed with the naked eye. In the real segment, stress 
is concentrated to the weak points (cracks), increasing their width and the distance between them. 
The first cracks that form as the concrete cools following the hydration peak tend to be wider than 
subsequent cracks due to the loss of restraint in the regions adjacent to the first cracks [3].  
      
 
 
 
      
 
 
 
 
 
The use of a kicker replaces the wall-on-slab restraint with a wall-on-wall restraint. For a casting 
length of 13.8 m, the use of a kicker reduces the crack index (see Figure 6) and changes the strain 
distribution as shown in Figure 11. In the first casting, the strain is highest in the middle of the wall 
and near the base, decreasing on moving towards the free edges. It should be noted that cracks do 
not start at the base but higher in the wall because the cooling effect of the adjoining member 
lowers the concrete’s temperature near the base.  

 
 
 

Figure 7 – Restraint variation with casting 
sequence. 
 

Figure  8 – Crack risk variation with casting 
sequence. 
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For the jumped sequence, the predicted strain in the second cast walls is greater than in those cast 
first, as shown in Figure 12. The predicted distribution of strains in the horizontal direction is 
similar to the experimental results as shown in Figure 13. The crack patterns and sequence of crack 
development in the walls clearly illustrates the effects of the restraint on shrinkage cracking 
because cracks initially formed in the high restraint zone and propagated towards the lower restraint 
zones. In contrast, cracking of end-restrained members usually begins in the member’s weakest 
section and rapidly propagates through the whole section [8, 11]. 
The use of a kicker technique together with a reduced casting length of 4 m in the continuous 
sequence generates two contact areas for the second-cast segments, one with the base and one with 
the edge of the adjoining wall segment. This arrangement is predicted to reduce the risk of cracking 
(strain) relative to that for the jumped sequence with longer segments and no kicker, as shown in 
Figure 14. Tension cracking typically occurs in infill wall segments cast between two existing 
segments with continuous horizontal reinforcement throughout. Cracks will occur at the 
construction joints at either end of the segments and may also form within the segments depending 
on their length and other factors [3], namely the contact area between adjacent walls and the 
transfer of stress. A thicker adjoining wall will restrain the new casting more than a thinner wall 
with a smaller contact area. On the other hand, a thicker new wall is more able to withstand restraint 
from the adjoining walls. The restraint conditions have important effects on crack development, 
and changing the nature of the edge restraints can change the resulting crack widths [30]. Under 
the studied conditions, the restrained strain is only significant in relation to whether or not cracking 
occurs and how many cracks form.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 – Predicted strain distribution for a 13.8m- long first casting with a kicker.  
 
 
 

Figure 13 – Experimentally observed crack  
distribution for the second casting [17]. 

 

Figure 12 – Predicted strain distribution for 
the second casting of a 13.8 m long segment in 
the jumped sequence. 
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3.5.  Effect of cooling pipes on crack risk 
 

Another way to reduce the crack risk in a young concrete member is to cool it with water pipes, 
which was simulated in this study using the ConTeSt software package [22]. Figure 15 compares 
the predicted crack risk for three wall segments. The first is 13.8 m long and cast sequentially, 
giving a crack index of Ci = 1. The second case is cast using the kicker technique and is 4 m long 
resulting in a Ci of 0.7. The third case uses three cooling pipes (Ø=25mm) at heights of 0.75, 1.1, 
and 1.5m from the base of the wall, with no kicker, and achieves a predicted Ci of 0.85. These 
results suggest that the kicker technique together with a reduced casting length have the potential 
to greatly reduce crack formation in the field.  
 
 
 
 
 
 
 
 
 
 
 
 
4. SUMMARY 
 
In general, the development of optimized casting sequences is an effective way of reducing restraint 
and crack risk in young concrete wall segments. Continuous casting sequences with two contact 
edges (one between the new segment and the base slab, and the other between the new wall segment 
and an existing one) produce less restraint than alternative three-edge restraint jumped sequences. 
Moreover, the kicker technique is predicted to be very effective at reducing restraint in newly cast 
wall segments, as is the use of shorter casting lengths. The use of kickers can be combined with 
other measures, like cooling of the new concrete and/or heating of the old concrete, for reduction 
of crack risks. Using the kicker technique can increase the casting length while controlling the 
restraint to smallest possible value. By comparing estimations using the kicker technique with 
estimations using more common measures, such as cooling pipes and/or heating cables, the use of 
kickers are as sufficient as the more common actions to reduce the crack risks at early ages. 
Therefore, the casting proposed method is useful to reduce the risk of cracking and to minimize 

Figure 15 – The effect of cooling pipes on crack risk. 
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the cost. Although the predictions obtained in this work are broadly consistent with the 
recommendations outlined in existing building codes, there are no robust and general rules for 
determining the optimal location of contraction joints between wall segments. All new structures 
should therefore be examined individually in order to determine its optimal joint locations. 
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