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 Abstract: Avoiding the formation of shrinkage cracks is one of the most important tasks in 
construction of concrete industrial floors. Cracks appear on the surface of floors when the non-
linear processes in the structure lead to internal stresses that exceed the actual tensile strength of 
the concrete. The tensile stresses developed depend on the constrained deformation of the floor 
during shrinkage and the elastic modulus of the material of the concrete slab. However, on the top 
surface of the floor, the tensile stresses can be increased, if the shrinkage deformations are 
constrained by the uneven evaporation and the generated friction between the sub-base and the 
floor. The value of friction coefficient is depended primarily on the surface roughness of the sub-
base and the type of polyethylene foil used between the sub-base and the concrete slab. The paper 
presents the results of experimental investigations on the friction coefficient and the effects of its 
value on the cracking process of industrial concrete floor slabs. 
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1. Introduction 

 The constrained shrinkage, that generates tension in the floor, is resulted from the 
uneven evaporation along the cross section and also the friction between the concrete 
floor and the sub-base surface.  
 In this subject, several researchers have carried out tests on specimens to investigate 
this phenomenon [1], [2] [3] or made statements on the subject [4], [5], [6]. Based on 
their experimental results the following observations were made: 
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• The shrinkage deformation of the specimens depends upon geometrical 
characteristics, technology of casting, environmental conditions and the 
evaporating surface area of the specimens;  

• The thickness of the specimen fundamentally influences the shrinkage 
deformations along the cross-section. Thicker specimens with smaller 
evaporating Surface/Volume (A/V) ratio undergo smaller shrinkage deformation 
and its ultimate value is reached at a later time; 

• The constrained deformation can be described by the differences of the 
measured shrinkage deformation at the edges and the center line of the 
specimen;  

• The rate of friction between the sub-base and the concrete floor is a fundamental 
factor for the formation of tensile stresses that cause cracks in the floor. 

 Fig. 1 shows the friction free deformation of a prism specimen that is capable to 
evaporate through three sides. The test’s results mean good basis for this research, 
however real conditions at industrial floors differ from this idealized case, therefore 
further considerations are needed to be made. In case of industrial floors water can 
evaporate only through the upper surface of the floor slab and the friction between the 
sub-base and the slab constrains deformations at the lower surface. Both effects 
generate additional tensile stresses that increase the probability of cracking.  

 

Fig. 1. Shrinkage strain along rectangular cross section, [2] 

 The friction between connecting surfaces was considered a shear-like effect in 
earlier literature [7], [8], [9] and was described by using Mohr-Coulomb criteria. In 
these models the surface roughness of the sub-base was taken into account by the 
cohesion factor. In case of small normal stresses and surfaces with small roughness the 
slip of the connecting surfaces can simply occur, and the proposed formulas could 
describe the real behavior with appropriate accuracy. However, in case of higher normal 
stresses and surface roughness (described as the elevation difference between two points 
at the surface of the slab) the shear stresses considerably increase [10], because relative 
slip of the connecting surfaces requires break of the contacts. To take account of this 
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effect Barton [7], [8], [11] further developed the previously proposed formula as 
follows: 
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where �n is the normal stress; c is the cohesion; �b is the basic friction angle of the 
surface; JRC is a parameter that accounts for the difference between the actual 
roughness of the surface and a perfectly smooth surface; JCS is a parameter that 
describes the shape and contacting surface of the grains in the sub-base.  
 In the tests carried out the required forces were measured that initiated and 
maintained the movement of plate specimens with a given weight and size on sub-bases 
of various type. The method was developed to investigate the effect of the contact 
between the sub-base and the concrete slab on the formation of cracks in the slab. This 
contact was characterized by the friction coefficient. Based on the results of these tests a 
model has been developed to describe the constrained deformations and the additional 
tensile stresses formed in the concrete slab. 

2. Description of tests 

 Test series were carried out to gain better knowledge on the problem described 
above and help to develop an appropriate calculation model. The configuration of the 
test is shown on Fig. 2. 

 

Fig. 2. Friction test  

 The boundary conditions of the tests were the followings: 

• The tests were carried out on a vertically fixed surface; 
• The sub-base layer was laterally fixed; 
• As there were no measurable sagging anticipated for the applied 30-60 kg 

concrete plates, the application of a 10 cm thick sub-base layer with hand 
compaction in two layers was considered appropriate. The applied sand and 
0/45 fine and coarse aggregate sub-base materials were well compactable. 
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However, it was more difficult to compact the 4/11 course aggregate layers as 
the fine particles were missing from this material;  

• After compaction the unevenness of the surface was minimized. According to 
Lohmeyer [3] the working surface of the sub-base should be made in a way that 
the difference between the actual and designed elevation of the surface, and the 
difference between the elevation of two points selected on any 4 m length 
section do not exceed 2 centimeters; 

• The roughness of the sub-base varied according to the application of three 
different materials (sand, 0/45 and 4/11 course aggregates); 

• The concrete slab was prepared on two-layer, 80 and 150 micron thick 
PolyEthylene (PE) foils into a mould;  

• The size of the mould (50 cm x 50 cm x 5 cm) was large enough to ensure 
proper contact between the slab and the sub-base; 

• During the tests gradually increasing pulling force was applied with the help of 
gravity.  

 The test was carried out in three series: 

• Test series I: The weight of the slab specimens were 30 kg in all cases. The 
surface roughness of the sub-base was varied according to the applied materials 
(sand, 4/11, 0/45 aggregates). Two layers, 80 micron thick PE foils were applied 
between the slab and the sub-base; 

• Test series II: The weight of the slab specimens were 30 kg in all cases. The 
surface roughness of the sub-base was varied according to the applied materials 
(sand, 4/11, 0/45 aggregates). Two layers, 150 micron thick PE foils were 
applied between the slab and the sub-base; 

• Test series III: The weight of the slab specimens were 60 kg in all cases. The 
surface roughness of the sub-base was varied according to the applied materials 
(sand, 4/11, 0/45 aggregates). Two layers, 150 micron thick PE foils were 
applied between the slab and the sub-base. 

 Following the test the unevenness of the bottom surface of the slab specimens was 
measured. This value (e.g. the difference from a perfectly smooth surface) was  
0.7-1.0 cm in case of the concrete slab casted on 0/45 sub-base and maximum 0.5 cm 
for the one casted on the 4/11 sub-base. In case of sand sub-base the surface of the 
concrete slab was much smoother and the unevenness of the surface remained  
below 0.3 cm. 
 As it was expected [12] the effect of the shear stress between the layers has 
measurably decreased by the use of a thicker foil, and also the movement of the 
specimen slabs has slowed down. This very slow movement can be explained by the 
fact that the difference between the bonding and sliding friction coefficients becomes 
negligible with the application of an appropriately thick foil, and consequently the steep 
parts and the hoops of the diagram in Fig. 3 disappears. 
 The individual results of the test series are given as follows (Table I-Table III): 
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Fig. 3. Connection between the shear strength, the normal stress and the displacement, [7] 

Table I 

The measured friction coefficient, test series I 

Sub-base 
Net 

weight 
[kg] 

Pulling 
force [kg]

Friction 
coefficient

Movements of 
element 

0/45 - slightly wet 30.6 31.7 1.0 
gradually 

accelerating 

0/45 - dry 30.8 26.8 0.9 
gradually 

accelerating 
sand - dry 33.2 21.8 0.7 slow 

sand - wet in paches 35.1 25.5 0.7 slow 
4/11 - dry-slightly 

wet, rough-flat grains
31.4 31.8 1.0 fast 

4/11 - dry-slightly 
wet, rough-flat grains

35.2 39.9 1.1 fast 

 Weight of specimen: 30 kg, thickness of foils: 80 micron  

Table II 

The measured friction coefficient, test series II 

Sub-base 
Net weight 

[kg] 
Pulling 

force [kg] 
Friction 

coefficient
Movements of 

element 
0/45 - dry 34.5 33.5 0.97 medium speed 
0/45 - dry 33.7 38 1.13 medium speed 
sand - dry 36 20 0.56 very slow 
sand - dry 34 19.5 0.57 very slow 

4/11 - dry-slightly wet, 
rough-flat grains 

29.5 26.8 0.91 medium speed 

4/11 - dry-slightly wet, 
rough-flat grains 

32.3 29.2 0.90 medium speed 

 Weight of specimen: 30 kg, thickness of foils: 150 micron 
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Table III 

The measured friction coefficient, test series III 

Sub-base 
Net weight 

[kg] 
Pulling 

force [kg] 
Friction 

coefficient
Movements of 

element 
0/45 - dry 61.5 68 1.11 medium speed 
0/45 - dry 63 72 1.14 medium speed 
sand - dry 60.7 34 0.56 very slow 
sand - dry 62 36.5 0.59 very slow 

4/11 - dry-slightly wet, 
rough-flat grains 

62 59 0.95 medium speed 

4/11 - dry-slightly wet, 
rough-flat grains 

63.5 60.8 0.96 medium speed 

 Weight of specimen: 60 kg, thickness of foils: 150 micron 

3. Results 

 Based on the measure data it can be stated that: 

• With the application of thicker foils the movement of the slab specimens has 
considerably slowed down, as the difference between the bonding and sliding 
friction coefficients has practically disappeared; 

• The increase in the weight of the specimens from 30 kilograms to 60 kilograms 
resulted measurable change in the friction coefficient only in the case of the sub-
base made with 4/11 aggregate; 

• The significance of uneven evaporation and the friction is demonstrated in 
Fig. 4.  

Fig. 4. Effect of uneven evaporation and friction 

In case of single-sided evaporation, the evaporating water amount and also the 
maximum value shrinkage strikingly decrease (2). Because of the distribution of 
the evaporating water amount, the diagram is shifted as signed (3). The neutral 
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plane takes a new position, but the areas signed with striped curve between the 
diagrams can approximately be taken as equal areas. Consequently the normal 
component of the stress resulted forces is equal to zero [13]. The friction effect 
developed on the bottom surface of the slab further constrains deformations 
along the bottom fiber (4). Consequently tensile stresses increase on the upper 
side of the slab specimen. The effect of the friction coefficient is more 
determining in case of slabs with smaller thickness, and this effect gradually 
decreases with enhanced slab thickness. 

• The development of shrinkage, concrete’s modulus of elasticity and tensile 
strength in time can be accurately described by the application of appropriate 
material models (e.g. ACI 209, Bazant B3, CEB MC90, EC etc.) [14], [15], 
[16]. Based on the knowledge of the constrained deformations along the cross 
section and the development of the elastic modulus in time, the tensile stresses 
in the upper fiber of the slab due to the uneven evaporation and friction effects 
can be predicted. Comparison of actual tensile stresses with the actual tensile 
strength of the slab (Fig. 5) can give the critical time intervals when formation 
of cracks can be expected [17]. This knowledge enables the application of 
suitable measures to avoid cracks. 

 

Fig. 5. Background of the formation of cracks 

4. Conclusions 

 It has been pointed out that the constrained deformations of concrete in industrial 
slab structures are influenced mainly by the uneven evaporation from the surface and 
the friction between the sub-base and the concrete. Conclusions of the analytical and 
experimental research carried out bring us closer to the accurate description of the 
actual tensile strength distribution along the cross section of the slab caused by 
constrained deformations. The results of the survey help develop suitable technical 
solutions to prevent crack formation in industrial floor slabs. 
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