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Limit values of accelerated carbonation resistance to meet EC2 durability requirements 

Vedran Carević*1), Ivan Ignjatović1) 

1) University of Belgrade, Faculty of Civil Engineering, Department for Materials and Structures, Bulevar kralja Aleksandra 73,                 
11000 Belgrade, Serbia 

 
A r t i c l e  h i s t o r y  A B S T R A C T  

Although accelerated carbonation resistance has been extensively tested, there are 
no recommendations for the application of test results in codes of practice. The main 
objective of this study was to determine the limit values of accelerated carbonation 
resistance to satisfy the required service life of reinforced concrete structures with 
concrete covers as prescribed in EN 1992-1-1. The service life of 50 years was 
considered, as well as all carbonation exposure classes (from XC1 to XC4). A full 
probabilistic analysis was conducted using the fib-Bulletin 34 carbonation prediction 
model. Using the limit state function and a defined reliability index, the upper limits 
of the inverse effective carbonation resistance (R–1

ACC) for all exposure classes and 
in a function of concrete   cover depth were determined. The determined values of 
R–1

ACC presented in this study represent the upper limit of the average value, as well 
as the maximum deviation of one sample in relation to this average value. Thus, a 
simple assessment of concrete quality is allowed in terms of carbonation resistance 
based on the accelerated carbonation depth measurements. 
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1 Introduction 

Concrete is considered a building material with good 
durability properties. However, cases of insufficient service 
life are not uncommon [1]. The main reason for the 
deterioration of reinforced concrete (RC) structures is the 
corrosion of steel reinforcement. Reinforcement is protected 
by the surrounding concrete, which is a highly alkaline 
environment with a pH value of approximately 13 [2]. This 
ensures chemical protection of steel reinforcement with a 
thin oxide (passivation) layer. Carbonation-induced 
corrosion has been reported as a major durability problem in 
the urban environment, considering the large number of 
buildings that are exposed to a CO2-rich environment [3]. 
Carbonation is the process by which CO2 from the 
atmosphere enters concrete pores and reacts with the alkalis 
in the concrete matrix (Ca(OH)2), lowering the pH of the 
concrete. When the pH value of concrete drops below 9, the 
chemical protection of the reinforcement will be degraded, 
and reinforcement corrosion can start [2]. 

The carbonation depth in natural conditions directly 
influences the concrete cover depth required for the desired 
service life [4]. Since natural carbonation is a very slow 
process, measured in years, carbonation resistance is 
usually determined based on accelerated carbonation tests. 
There are several ways to accelerate the carbonation 
process (increase in air pressure or temperature), but the 
most commonly used method is to increase the CO2 
concentration. This increase is done in specialized 
chambers, where the concentration of CO2 can be up to a 

 
*  Corresponding author: 
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thousand times higher than in natural conditions. In different 
standards and technical recommendations, a great variety of 
CO2 concentrations are prescribed, ranging from 1% to 50% 
[5]. It has been shown that under a CO2 concentration of 2%, 
as proposed by the fib-Bulletin 34 [6], there will be no 
significant difference between the natural and accelerated 
carbonation processes [7,8]. There will be a difference in 
carbonation depth when comparing natural and accelerated 
carbonation, but the kinetics of the process will not change 
(there will be no increase in humidity and the formation of 
different compounds). This is important because fib-Bulletin 
34 [6] allows the use of accelerated carbonation depth for the 
prediction of natural carbonation depth over time using the 
proposed prediction model. 

Although accelerated carbonation resistance has been 
extensively tested, there are no recommendations for the 
application of test results in codes of practice, such as EN 
1992-1-1 [9]. In current codes, the durability of concrete is 
ensured by a sufficient concrete cover and prescribed 
composition or compressive strength [10]. A concrete cover 
is defined for each exposure class to carbonation and service 
life duration. Also, the minimum concrete strength classes 
that can be used for certain exposure classes are defined. 
The prescribed composition (minimum amount of cement 
and maximum water-cement ratio) of concrete is only a 
recommendation in SRPS U.M1 206-1 [10]. Having in mind 
the increasing use of concrete with recycled and waste 
materials, pozzolanic cements, as well as the use of fillers 
that reduce the amount of cement in concrete, this 
recommendation is not adequate. Different concrete types, 
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although belonging to the same strength classes, do not 
have the same durability properties, and vice versa [4]. Also, 
prescribing the minimum amount of cement is not in line with 
the agenda of reducing CO2 emissions in the construction 
industry [11]. The cement industry causes approximately 7–
10% of all anthropogenic origin CO2 emissions [12], which 
impacts the environment and causes significant greenhouse 
gas emissions. 

On the other hand, there is no carbonation resistance 
criteria defined in SRPS U.M1 206-1 [10], as defined for 
other durability related properties such as chloride ingress, 
freeze-thaw effect, and water permeability. Therefore, the 
limit values of characteristic parameters should be defined 
so that each concrete must satisfy these requirements during 
the accelerated testing in order to meet the requirements of 
the prescribed service life with the prescribed concrete 
covers. 

2 Objectives and Methodology 

Concrete carbonation resistance has already been the 
topic of many studies, but the use of test results to determine 
concrete cover depth according to EN 1992-1-1 [9] is still 
unknown. Therefore, the objective of this study was to 
determine the limit values of accelerated carbonation 
resistance to satisfy the required service life of RC structures 
for different exposure classes prescribed in EN 1992-1-1 [9]. 
The standard S4 structural class defined in EN 1992-1-1 [9] 
was considered corresponding to a service life of 50 years, 
as well as all exposure classes to carbonation (from XC1 to 
XC4). 

In order to define the concrete resistance that 
corresponds to prescribe concrete cover, it is necessary to 
know the development of carbonation depth over time under 
natural exposure conditions. For that purpose, fib-Bulletin 34 
[6] was used: 

( ) ( ) ( )1

c e c t ACC t sx t 2 k k k R ε C t W t−=     +     (1) 

where, xc(t) is carbonation depth at the time t [mm], ke is 
environmental function [-], kc is execution transfer parameter 
[-], kt is regression parameter with average value of 1.25 [-], 
R-1

ACC is inverse effective carbonation resistance of concrete 
[(mm2/year)/(kg/m3)], εt is error term with average value of 
315.5 [(mm2/year)/(kg/m3)], Cs is CO2 concentration [kg/m3] 
and W(t) is weather function [-]. 

The fib-Bulletin 34 [6] was chosen because it allows the 
carbonation depth to be obtained while taking into account 
both the environment and curing conditions and concrete 
properties. A previously formed database [4] was used. Fib-
Bulletin 34 [6] proposed an accelerated test with a CO2 
concentration of 2% for 28 days. If a different CO2 
concentration is used, for example, the new European 
standard for accelerated carbonation resistance EN 12390-
12 [14] specifies a CO2 concentration of 3% for 70 days, R–

1
ACC values can be calculated using the expression defined 

in the LIFECON D 3.2 Service Life Models project [13]: 

where, xc is the average carbonation depth (m), Cs is CO2 
concentration (kg/m3) and t is the duration (s) of the 
accelerated carbonation test.The use of Eq. (2) enables the 

use of the results of any accelerated carbonation test for 
calculation of R–1

ACC [8].  

3 Definition of parameters for the probabilistic 
approach of service life design 

The important aspect in selecting the prediction model 
(fib model) is the nature of the input data. If parameters are 
treated as continuous stochastic variables, defined by mean 
values, standard deviations, and probabilistic density 
functions, the model is probabilistic. A fully probabilistic 
approach makes it possible to determine the service life that 
is characterized by a  defined probability of failure. Therefore, 
it was decided to apply the fully probabilistic approach in this 
study. Based on this, it is possible to define the limit state 
function of reinforcement depassivation caused by 
carbonation as follows: 

( )( ) ( )

( ) ( )12

c c

e c t ACC t s

g c,x t c x t

c k k k R C t W t−

= − =

= −     +   
 (3) 

where c is concrete cover (mm). 
The value of the nominal concrete cover is usually 

chosen in terms of the environment in which the concrete will 
be used. The corresponding design value for different 
exposure classes is defined in EN 1992-1-1 [9]. Although 
strictly determined, its actual value in practice varies due to 
the inevitable irregularities that occur during the construction 
phase. Therefore, this parameter should be considered as a 
stochastic variable instead of a constant value. However, for 
the calculation of service life from a durability point of view, 
instead of nominal concrete cover, which is a stochastic 
variable, the minimum concrete cover from durability 
conditions (cmin,dur) should be used. This depth is a 
deterministic value and represents the minimum concrete 
cover depth necessary in order to achieve the desired 
service life. In EN 1992-1-1 [9] a minimum concrete cover in 
the range of 15 to 30 mm is prescribes for exposure classes 
from XC1 to XC4, for a standard S4 structural class 
corresponding to a service life of 50 years. The final 
(nominal) value of the concrete cover (cnom) will be increased 
by a typical standard deviation for concrete covers (Δcdev), 
which depends on the type and quality of execution works: 

nom min,dur devc c c= +  (4) 

To solve the limit state function, it is necessary to define 
certain parameters, first of all the exposure conditions. The 
mean atmospheric CO2 concentration (Cs) was estimated by 
the fib-Bulletin 34 [6] as 0.00082 kg/m³ or 0.05% by volume, 
taking into account that the current value will increase even 
more (due to the greenhouse gas effect). According to some 
data [13], the standard deviation is fairly constant at 0.0001 
kg/m3. 

The execution transfer parameter (kc) takes into account 
the influence of concrete curing conditions on the 
carbonation resistance. All measures taken to prevent 
premature concrete drying (water treatment, air conditioning 
while the surface of the concrete is covered, etc.) are 
considered to guarantee proper curing. The execution 
transfer parameter is defined as: 

7

bc

c
cur

t
k

 
=  
 

 (5) 

2

2

1 c
ACC

s

x
R

C t

−
 

=  
   

 (2) 
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where, tc is period of curing (days), and bc is regression 
exponent (-). 

It should be emphasized that the value of the exponent 
bc in Eq. (5) can vary depending on the type of concrete. For 
instance, a slow pozzolanic reaction of fly ash may require 
longer curing time in order to achieve the highest possible 
carbonation resistance. Van Den Heede [16] noted that, for 
concrete with fly ash, the recommended values proposed in 
fib-Bulletin 34 [6] can still be used. The mean value (–0.567), 
standard deviation (0.024) and normal distribution have been 
adopted for the bc exponent. The curing period (tc) of 7 days 
was adopted because it is assumed that this is the standard 
time of curing on site, as well as the curing time prescribed 
in fib-Bulletin 34 [6] for the accelerated carbonation test. 

The environmental function (ke) takes into account the 
influence of natural relative humidity (RHreal) on carbonation 
depth: 

( )

( )

100

100

gc
fc

real

e fc

ref

1- RH /
k

1- RH /

 
 =
 
 

 (6) 

where, RHreal is environment relative humidity (%), RHref  is 
referent relative humidity (%), fc is exponent (–) and gc is 
exponent (–). 

As proposed in the fib-Bulletin 34 [6], parameter ke 

represent the relative humidity of the carbonated concrete, 
instead of the environmental humidity. Due to the fact that 
these data are not easily available and that the carbonation 
process takes place only in the concrete surface layer, it is 
reasonable to use the values of environmental relative 
humidity. Such data for RHreal is usually collected from the 
meteorological stations near the site location. Since the 
lower relative humidity limit is significantly different from zero 
and the upper limit is 100%, it is appropriate to assume that 
these parameters are beta-distributed with the upper and 
lower limits. In this study, a lower limit of 40% and an upper 

limit of 100% were adopted. An assessment of relative 
humidity and distribution parameters for particular exposure 
classes, has been carried out in accordance with the 
descriptions that can be found in EN 1992-1-1 [9] and rele-
vant studies [13]. Adopted values are presented in Table 1. 

Certain specificities existed only within the classes XC1 
and XC4. For the XC4 class, wetting and drying cycles were 
presented through a large standard deviation (16%), where 
as the mean value was taken based on recommendations 
from the literature [6,13,17]. The XC1 class represents two 
opposite exposure conditions: completely wet or completely 
dry. The relationship between the carbonation depth and 
relative humidity is a parabolic curve, with a maximum of 
50% to 60% RH [18–20]. In other words, the carbonation 
depth under dry or extremely high humidity conditions should 
be similar. This is based on a physical model of the 
carbonation process. Under dry conditions, the CO2 
available in the air cannot be dissolved in pores (due to a 
lack of humidity), which slows down the carbonation process. 
On the other hand, under extremely high humidity, CO2 
cannot diffuse through the saturated pore solution, which 
also slows down the carbonation process. The 
environmental function should reflect the nature of the 
process. However, parameter ke, as already emphasized, 
represents the relative humidity of the carbonated concrete 
layer rather than the relative humidity of the environment. 
According to Eq. (6), the value of the parameter ke under dry 
conditions is up to 36% higher compared with conditions of 
moderate humidity (RH = 65%). This causes a problem in 
determining the service life under dry conditions. Since the 
XC1 class defines structures under dry or extremely high 
humidity conditions, a high relative humidity of 92% [13] was 
used to determine the concrete service life for this class. This 
will lead to more reliable results for the XC1 exposure class. 
The adopted beta distribution functions for all exposure 
classes are presented in Figure 1. 

 

 

Figure 1. The beta distributions with adopted parameters for all exposure classes [21] 
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Table 1. Input parameters of the limit state function for service life prediction 

Parameter Distribution μ σ Unit 

cmin,dur 

XC1 Constant 15 – mm 

XC2 Constant 25 – mm 

XC3 Constant 25 – mm 

XC4 Constant 30 – mm 

RHreal 

XC1 Beta 
92 

(40*) 
6 

(100*) 
% 

XC2 Beta 
79 

(40*) 
9 

(100*) 
% 

XC3 Beta 
65 

(40*) 
10 

(100*) 
% 

XC4 Beta 
75 

(40*) 
16 

(100*) 
% 

RHref Constant 65 – % 

fc Constant 5.0 – – 

gc Constant 2.5 – – 

tc Constant 7 – days 

bc Normal –0.567 0.024 – 

Cs Normal 0.0008 0.0001 kg/m3 

t Constant 50 – year 

kt  Normal 1.25 0.35 – 

εt  Normal 315.5 48 (mm2/year)/(kg/m3) 

R-1
ACC Normal variable CoV 10% (mm2/year)/(kg/m3) 

* Lower and upper limit of the beta distribution 
 
 

The mean values for kt and εt and their distribution 
functions are proposed in the fib-Bulletin 34 [6]. For the 
weather function, it was adopted that the concrete was 
sheltered from rain in order to obtain the maximum 
carbonation depth (the most unfavourable case). The only 
unknown parameter in this limit state function is the inverse 
effective carbonation resistance (R-1

ACC). Since the 
determination of the limit value was the subject of this study, 
the value of R-1

ACC was varied. A normal distribution with a 
coefficient of variation (CoV) of 10% was used. 

Overviews of the applied distributions (mean value, 
standard deviation, lower and upper bound) for each of the 
input parameters of the limit state function are shown in 
Table 1. 

The reliability index (β) and the probability of failure (Pf) 
associated with the limit state function (Eq. (3)) was 
calculated using the First Order Reliability Method (FORM). 
According to the fib-Bulletin 34[6], in order to qualify concrete 
for use, the reliability index must meet the requirements for 
the depassivation limit state (β ≥ 1.3), which corresponds to 
Pf ≤ 0.10. 

4 Results and discussions 

The relationship between the reliability index and R-1
ACC 

is shown in Figure 2 for all carbonation exposure classes. 
Using a defined reliability index (β ≥ 1.3), the maximum 

values of the inverse effective carbonation resistance for all 
exposure classes were determined, assuming the minimum 
concrete cover for each exposure class given in [9]. Since R-

1
ACC represents the inverse carbonation resistance, an 

increase in the coefficient represents a decrease in the 
resistance and vice versa. Therefore, the upper limit of the 
R-1

ACC value was determined.The relationship between 
exposure classes and the inverse effective carbonation 
resistance for the service life of 50 years is shown in Table 
2. The values in Table 2 represent the average value of the 

upper limit that needs to be achieved, as well as the 
maximum deviation of the individual sample. The maximum 
deviation of an individual sample was determined based on 
CoV of 10%. 

 

 

Figure 2. The relationship between reliability index            
and R-1

ACC 
 
As previously mentioned, extreme environments (very 

high or low humidity) slow down the carbonation reaction 
considerably. For the exposure class XC1, which represents 
a very dry or humid environment, the allowed average value 
is 5200 (mm2/year)/(kg/m3). Although the exposure class 
XC2 represents a more aggressive carbonation 
environment, a similar value (5150 (mm2/year)/(kg/m3)) was 
determined. The reason was the higher concrete cover depth 
prescribed in EN 1992-1-1 [9] for exposure class XC2 
compared to XC1 (see Table 1). Exposure class XC3 
represents a moderate humidity environment, and as such, 
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is most suitable for carbonation development. It is therefore 
not surprising that the lowest value of the inverse effective 
carbonation resistance is obtained for the XC3 exposure 
class. Also, the prescribed concrete cover depth (25 mm) is 
the same as for exposure class XC2, which represents a less 
harsh environment. 

 
Table 2. Average and maximum values of R–1

ACC for 
different carbonation exposure classes 

Exposure class R–1
ACC(mm2/year)/(kg/m3) 

 Average Maximum 

XC1 < 5200 5700 
XC2 < 5150 5650 
XC3 < 3600 3950 
XC4 < 5600 6150 

 
Although wet and dry cycles prolong the depassivation 

time, the constant change in relative humidity leads to an 
increase in the corrosion rate during the propagation phase 
[21] and therefore the highest inverse effective carbonation 
resistance for  XC4 exposure class. However, EN 1992-1-1 
[9] as well as the fib-Bulletin 34 [6] define service life only 
through the depassivation phase, not taking into account the 
propagation period in the service life calculation. The 
question arises as to whether this concept of prescribing a 
concrete cover depth for this exposure class (wet and dry 
cycles) has potentially considered the propagation period. 
This could open the possibility of considering one part of the 
propagation period in defining the service life of RC 
structures. 

In addition to the upper limits of R-1
ACC for concrete 

covers defined in EN 1992-1-1 [9], an analysis was also 
performed for concrete covers in a range of 10-40 mm, Table 
3. This allows the determination of the required concrete 
cover depth for a defined exposure class based on the 
concrete carbonation resistance tested by accelerated 
carbonation tests. On the contrary, for the determined 
carbonation resistance, the table provides the necessary 

concrete cover. The higher the concrete carbonation 
resistance, the smaller the concrete cover is required and 
vice versa. This is in line with the service life design concept. 

When comparing values within the same concrete cover 
depth (cmin), the highest values of R–1

ACC were obtained for 
exposure class XC1. These values are several times higher 
compared to other exposure classes, regardless of the 
concrete cover depth. This was expected, given that this 
exposure class represents the least aggressive environment. 
R–1

ACC values for exposure class XC2 were approximately 
three times lower than those for exposure class XC1. For 
exposure classes XC3 and XC4, the values were similar 
regardless of the concrete cover depth. The values of R–1

ACC 
for exposure class XC3 were up to 8% lower compared to 
XC4. Having this in mind, the concrete cover depth for these 
two exposure classes should be the same. 

As already mentioned, the R–1
ACC values presented in 

Table 3 are calculated based on the measured carbonation 
depth under accelerated conditions. For practical 
application, the expected average values of accelerated 
carbonation depth (xc) after 28 days under 2% CO2 were 
calculated and shown in Table 4. These values are indicative 
because they are the result of probabilistic analysis, which 
implies certain assumptions, especially in terms of relative 
humidity and their distribution functions. However, this 
approach enables us to have an indication of the concrete 
quality in terms of carbonation resistance as well as 
suitability for the designed exposure class and concrete 
cover immediately after the measurement of carbonation 
depth after the accelerated test.  

Expected values of carbonation depth after 28 days of 
exposure to 2% CO2 range between 1.5 mm and 15 mm, 
depending on the exposure class and the concrete cover 
depth. The use of other accelerated tests, such as EN 
12390-12 [14], is also possible, but values in Table 4 must 
be recalculated using Eq. (2) according to the exposure 
conditions defined in that test (CO2 concentration and test 
duration). 

 
 

Table 3. Average values of R–1
ACC ((mm2/year)/(kg/m3)) for different exposure classes and concrete covers (cmin) 

Exposure class cmin (mm) 

 10 15 20 25 30 35 40 

XC1 < 2100 < 5200 < 9500 < 15000 < 21500 < 29500 < 38500 
XC2 < 650 < 1700 < 3200 < 5150 < 7500 < 10200 < 13500 
XC3 < 400 < 1150 < 2200 < 3600 < 5200 < 7200 < 9500 
XC4 < 430 < 1250 < 2350 < 3800 < 5600 < 7600 < 10000 

 

 

Table 4. Expected average values of accelerated carbonation depth xc (mm) after 28 days under 2% of CO2 for            
different carbonation exposure classes and concrete covers 

Exposure class cmin (mm) 

 10 15 20 25 30 35 40 

XC1 < 3.4 < 5.4 < 7.3 < 9.2 < 11.0 < 12.8 < 14.7 
XC2 < 1.9 < 3.1 < 4.2 < 5.4 < 6.5 < 7.6 < 8.7 
XC3 < 1.5 < 2.5 < 3.5 < 4.5 < 5.4 < 6.3 < 7.3 
XC4 < 1.6 < 2.6 < 3.6 < 4.6 < 5.6 < 6.5 < 7.5 
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5 Conclusions 

Since carbonation has become an important issue in the 
durability analysis of RC structures, it was necessary to find 
a simple way in which the results of the accelerated 
carbonation test could be used in service life design. 
Therefore, the objective of this study was to determine the 
limit values of accelerated carbonation resistance to satisfy 
the required service life of RC structures with concrete 
covers as prescribed in EN 1992-1-1. The service life of 50 
years was considered, as well as all carbonation exposure 
classes (from XC1 to XC4). A full probabilistic analysis was 
conducted using the fib-Bulletin 34 carbonation prediction 
model and FORM analysis. For the defined reliability index 
and minimum concrete cover depth defined by EN 1992-1-1, 
the upper limits of the inverse effective carbonation resi-
stance for all exposure classes were determined (Table 2). 

Also, values of R-1
ACC for different exposure classes and 

for concrete covers in a range of 10-40 mm are calculated in 
Table 3. In this way, it is possible to adopt the required 
concrete cover depth for a defined exposure class, based on 
the concrete carbonation resistance, which is in line with the 
service life design concept. In addition to this, and taking the 
values of R-1

ACC from Table 3, the carbonation depths after 
conducting accelerated tests were determined, which gives 
an early indication of concrete quality in terms of carbonation 
resistance (Table 4). 
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A r t i c l e  h i s t o r y  A B S T R A C T  

To improve the pre-cracking behavior and post peak strength of concrete 
composites, a new variety of natural fiber called Fish Tail Palm Fibers was used as 
micro reinforcement in concrete.  Fish Tail Palm Fibers (FTPF) are completely 
renewable natural resources and are available in abundance, in many parts of the 
country including India. Three different volume fractions, (0.1%, 0.2% and 0.3%, 
and three different lengths of fibers (10 mm, 20 mm and 30 mm) were chosen as 
the parameters for investigation. Silane treated FTPF was added to concrete and 
the fresh and mechanical properties were studied. The slump values were slightly 
affected by the increase in volume fraction of fibers, as the viscosity of concrete 
increases with fiber content. The compressive strength of the control specimen was 
30 MPa (M30). The maximum compressive strength, splitting tensile strength, and 
flexural strength of Fish Tail Palm Fiber Reinforced Concrete (FTPFRC) specimens 
are 36 MPa, 2.82 MPa and 4.2 MPa respectively, which were recorded for 
specimens with 0.2 Volume Fraction (VF) and 30 mm Fiber Length (FL). The 
increase in the compressive strength, splitting tensile strength and flexure strength 
is about 20 %, 22% and 30 % with the addition of 0.2 VF of fibers. The findings 
indicate that the incorporation of fish tail palm fibers reduced the workability of 
concrete. But the mechanical characteristics such as compressive strength, splitting 
tensile strength, flexural strength, and impact resistance were enhanced with the 
increase in fiber content and fiber length. 
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1 Introduction 

Nowadays, natural fibers are in the foreground due to the 
need to turn to alternative materials with low environmental 
footprints. Natural fibers are used to control cracks 
developed in concrete structures due to plastic and drying 
shrinkage, increase the tensile strength, toughness, and 
durability. The functionality of fibers depends on the 
geometric properties of fibers, fiber content, orientation and 
interaction with binders [1]. Many studies have been 
conducted to investigate the effects of fibers as a crack 
arresting medium in concrete [2]. Different natural fibers such 
as jute, hemp, flax, banana, bamboo, roselle, basalt, palm, 
sisal, abaca. etc. have been used by many researchers in 
the recent past to study the mechanical properties, fracture 
energy, impact strength, shrinkage characteristics, and 
durability properties of concrete elements [3]. In some of the 
developing southeast Asian countries, natural fibers such as 
hemp cotton and jute are used to produce fiber reinforced 
polymers that can be used as an alternative to carbon fiber 
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reinforced polymers (CFRP) and glass fiber reinforced 
polymers (GFRP)[4] Combinations of synthetic and natural 
fibers are also used to increase the strength properties and 
flow characteristics of self-compacting concrete [5]. Even 
though the mechanical property of natural fiber is less than 
that of synthetic fiber, it is always within the acceptable limit 
and suitable for concrete and other related applications [6]. 

Natural fibers are non-uniform with an irregular cross-
section, which makes them unique and different from man-
made fibers such as polypropylene, polyolefin, glass fibers 
etc. This property of fibers attracts more researchers to using 
natural fibers as reinforcement [7]. Many new plant fibers are 
identified, and their properties are studied in detail so they 
find their application in concrete as fiber reinforcement. Fish 
Tail Palm Fiber (FTPF) is also one of its kind, FTPF is a 
unique type of cellulosic fiber obtained from the peduncle 
portion of the fish tail palm tree. Those fibers were tested for 
chemical composition, mechanical strength, surface property 
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and it was proved that this fiber can be used as a novel plant 
based natural fiber for improving the strength of polymer 
composites and concrete elements [8].   

The FTPF used in this study is obtained from the Toddy 
palm tree, also known as the Fish Tail Palm Tree, which is a 
renewable resource with low production cost and wide 
availability in India. Toddy palm is a fast-growing feather 
palm that makes a beautiful addition to the landscape. It 
belongs to the family of Aceraceae and the fiber is also called 
Caryota Urens fiber [9]. Most automotive industries are 
supplanting synthetic fibers such as carbon and glass with 
cellulose fibers (FTPF) in polymer matrix reinforcement [10]. 
Much research work has been carried out using FTP fibers 
as fiber reinforcement in polyester composites [11]. It also 
finds its application in the production of non-asbestos free 
break pad applications [12]. The application of caryota fibers 
in polymer composites is developing vigorously after 2019, 
but its application in concrete as fiber reinforcement has not 
been studied in detail. Therefore, the main aim of this study 
is to study the effect of FTPF on the workability 
characteristics and mechanical properties such as 
compressive strength, splitting tensile strength, flexural 
strength, and impact resistance of concrete.  

2 Literature review 

Many researchers studied the fresh and mechanical 
properties of cement concrete, the strength of fiber-
reinforced composites (FRC), and the thermal and acoustic 
properties of FRC using various natural fibers. When banana 
fiber stem is used as reinforcement in concrete, it increases 
flexural strength and spalling resistance [13]. Fiber length, 
fiber content, and chemical treatment of banana pseudo 
stems have a major influence on the flexural strength of 
banana pseudo stem-epoxy polymer composites [2]. 
Maximum stress transfer between the fibers and matrix was 
observed for a combination of banana-sisal (3:1) hybrid fiber 
reinforced polyester composites [14]. Cellulosic fiber 
chemical composition, mechanical strength, and micro-
structure all play a significant role in the compressive, 
flexural, and impact strength of fabric reinforced cementitious 
polymers and geopolymer composites [15]. Cellulosic fibers 
such as jute and kelp are more suitable for soft natural 
mortars such as lime, but coconut fiber, which is rich in lignin 
is more suitable for cement mortar [16]. The addition of 
Indian mellow fiber and roselle fiber mat in a polymer matrix 
with saw dust as fillers resulted in the fabrication of 
automobile rear view mirrors, fan blades, and auto wheel 
hubs [17]. Coconut fiber reinforced concrete along with 
coconut rope in the column has better seismic performance 
and results in the development of low cost housing in seismic 
zones [18]. When compared to most of the natural fibers 
coconut fiber has the highest toughness value, which helps 
to improve the ductile behavior of concrete elements and 
their composites [19]. Coconut fiber when used as insulation 
for concrete roof slabs helps to reduce the energy 
consumption of the building by a maximum of 9% and helps 
in the cost reduction [20]. Wheat straw is another plant fiber 
that contributes to the flexural strength, energy absorption 
and increases the toughness indices of concrete pavement 
[21].  

Jute is an easily available plant fiber that has excellent 
crack arresting behavior and high tensile strength [22]. 
Increasing the dosage of fibers beyond 0.5% has a negative 

impact on the fresh properties of concrete. Alkali and 
polymer modification is the technique in which the durability 
of plant fibers can be increased in fiber reinforced concrete 
composites [23]. Tannin modified jute fiber along with mild 
alkali and diluted polymer emulsion are used to make paver 
blocks to meet the global demand for sustainable infrastruc-
ture development [24]. Kenaf fiber, being the outstanding 
renewable resource for the fabrication of composites, in 
combination with sisal and jute is used to produce fiber 
reinforced polymer composites [25]; [26]. Natural plant fibers 
(sisal, abaca, jute, etc.,) are also used in combination with 
steel fibers and synthetic polypropylene fibers to improve the 
mechanical and durability characteristics of concrete 
elements [27].  

Prosopis Juliflora bark used as reinforcement along with 
banana and coconut fibers with epoxy resulted in FRP 
composites with increased flexural attributes and better 
mechanical strength and toughness indices. High density 
polyethylene composites reinforced with another unique 
fiber, curaua fibe, tend to improve the interfacial, mechanical, 
and morphological properties of composites [28]. The use of 
giant reed fibers and date palm fibers as fiber reinforcement 
for cement-based mortar significantly improves fracture 
toughness [29], impact strength, and flexure strength [30]. 
The mechanical properties and thermal behavior of concrete 
[31] improve with the addition of a very small amount of  
(0.05%) of water hyacinth fiber, along with banana fiber and 
bio-filler egg shell powder. Details of some research work 
carried out using natural plant fiber are listed in Table 1. From 
the previous literature study, it can be concluded that the 
characteristics of this unique FTPF in concrete have not 
been extensively studied. Therefore, the main aim of this 
work is to study the fresh properties, mechanical strength, 
and durability characteristics of M30 (30 Mpa) concrete, 
using FTPF as fiber reinforcement in the concrete mix. The 
two main parameters of investigation are, fiber length and 
volume fraction. 

3 Experimental investigations 

3.1 Materials  
 
Concrete specimens were prepared by using ordinary 

Portland cement as a binder, gravel of a maximum size 20 
mm as coarse aggregate and river sand as fine aggregate. 
The materials selection was based on the Indian standard 
code specification IS-456:2000[37]. To improve the 
mechanical strength and crack resistance characteristics of 
concrete, natural fibers, namely Fish Tail Palm Fibers (FTPF) 
were added to the concrete in different lengths and volume 
fractions.  Fish tail palm fiber was obtained from the palm 
trees grown at Sri sivasubramaniya Nadar College of 
Engineering Campus, Chennai, India.  The peduncle portion, 
which is shown in Figure. 1, was cut from the Fish Tail Palm 
tree (FTP) and the fiber was extracted. Fully matured fibers 
have fruits on the surface (Figure. 2). Each strand was 
separated from the main stem, and the impurities and fruits 
present on the surface were cleaned. After proper chemical 
treatment, the Fish Tail Palm Fibers (FTPF) of a strand 
length of 2 m were obtained from the stem. The step-by-step 
process of extraction of FTPF is shown in Figure. 3. The 
physical and chemical properties of FTPF are given in Table 
2. The SEM image of the silane treated fiber is shown in 
Figure. 4.   



Effect of natural fish tail palm fiber on the workability and mechanical properties of fiber reinforced concrete 
 

Building Materials and Structures 65 (2022) 7-22  9 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T
a

b
le

 1
. 

F
e

w
 s

tu
d

ie
s
 o

f 
fi
b

e
r 

re
in

fo
rc

e
d
 c

o
n

c
re

te
 u

s
in

g
 n

a
tu

ra
l 
p

la
n

t 
fi
b

e
rs

 



Effect of natural fish tail palm fiber on the workability and mechanical properties of fiber reinforced concrete 

10 Building Materials and Structures 65 (2022) 7-22 

 
 

 

Figure 1. Fish Tail Palm Fiber 
 
 

 

Figure 2..Fully matured fibers with fruits on the surface 

 

 

3.2 Methodology 
 
The effect of FTPF on the fresh and hardened properties 

of normal strength concrete was investigated. Fiber length 
and volume fraction were considered as the parameters of 
investigation. Because short fibers have higher flexural 
strength, toughness, and energy absorption than long fibers 
[38], three short lengths of fiber (10 mm, 20 mm, and 30 mm) 
were chosen at three different Volume Fractions (VF), 
namely 0.1%, 0.2%, and 0.3%. The addition of fibers beyond 
0.5% has a negative impact on the workability, air content  
and fiber distribution in fresh concrete [39]. Therefore, the VF 
was restricted to 0.1-0.3%. To arrive at the mix proportioning 
of control concrete with a compressive strength of 30 MPa, 
three trial mixes were prepared. From the trial mix, the ratio 
of cement, sand, gravel, and water required to prepare the 
concrete mix was decided as 1:1.98:2.77:0.54:0.007. The 
superplasticizer content was slightly increased with the 
increase in fiber content. In total, ten concrete mixes were 
prepared, including the control mix. The quantity of material 
used for each mix is listed in Table 3. The FTPF was cut into 
10 mm, 20 mm, and 30 mm lengths as shown in Figure. 5 
and used as fiber reinforcement in concrete. The specimens 
were identified based on the presence of fibers, volume 
fraction and fiber length. For example, NSC-CM represents 
normal strength concrete-control mix with no fibers, and 
FRC-0.1-20 represents fiber reinforced concrete with a fiber 
volume fraction of 0.1% and a fiber length of 20 mm. For 
batching, coarse aggregate, fine aggregate, cement, and 
mineral additives were mixed in a concrete mixer for 5-8 
minutes. The concrete–fiber mix compositions were 
prepared by adding FTPF fibers to the fresh concrete in the 
concrete mixer.  Fibers were added gradually and slowly to 
avoid a balling effect due to fiber content, and were allowed 
to mix for another three minutes to ensure that the fibers 
were uniformly distributed in the concrete.  

The fresh properties of normal and FRC were determined 
using the slump cone test, and for the hardened properties 
of concrete, compressive strength, splitting tensile strength, 
flexural strength, modulus of elasticity, and impact resistance 
tests were done. Cubes of size 150 mm were prepared to 
determine the compressive strength. Cylinder specimens of 
dimension 150 mm × 300 mm were prepared to determine 
the splitting tensile strength and modulus of elasticity. A 
beam specimen of size 100 mm ×100 mm × 500 mm was 
prepared for modulus of rupture and a 150 mm × 65 mm disc 
was used for measuring the impact resistance. The fresh and 
hardened concrete tests carried out for FTPF reinforced 
concrete are shown in Figure. 6.  

 
 

Table 2. Physical and chemical properties of FTPF  

Chemical 
Composition 

Cellulose 
(%) 

Hemicellulose 
(%) 

Lignin 
(%) 

Extractives 
(%) 

Crystallinity index 
(%) 

72.51 8.97 11.75 6.77 51.2 

Physical 
and 
Mechanical 
property 

Length (m) Diameter (µm) Tensile 
strength 
(MPa) 

Modulus of 
elasticity 

(GPa) 

Density (g/cm3) 

2-3 210-240  476 2.8 1.3 
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(a) Raw fibers from palm tree (b) Fiber stems immersed in water (c) Beaten fibers to remove outer skin (d) Fibers extracted 
from outer skin (e) Silane chemical treatment (f) Fibers washed in ethanol (g) Oven dried fibers (h) Fibers cut into different 

length 

Figure 3. Step by step process of extraction of fish tail palm fibers 
 

 

Figure 4. SEM image of (a) untreated and (b) silane  treated FTPF [8] 
 

 

Figure 5. Cut fish tail palm fibers of different length 
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Table 3. Mix proportion 

Specimen ID 

Cement 
(kg/m3) 

Sand 
(kg/m3) 

Aggregate 
(kg/m3) 

Fiber length 
(mm) 

Fiber 
Content 
(kg/m3) 

Super 
plasticizer 

(kg/m3) 

Water 
(kg/m3) 

NSC-CM 470 930 1300 - - 3.6 256 

FRC-0.1-10 470 930 1300 10 1.02 3.6 256 

FRC-0.1-20 470 930 1300 10 1.02 3.6 256 

FRC-0.1-30 470 930 1300 10 1.02 3.6 256 

FRC-0.2-10 470 930 1300 20 2.04 3.8 256 

FRC-0.2-20 470 930 1300 20 2.04 3.8 256 

FRC-0.2-30 470 930 1300 20 2.04 3.8 256 

FRC-0.3-10 470 930 1300 30 3.07 4.0 256 

FRC-0.3-20 470 930 1300 30 3.07 4.0 256 

FRC-0.3-30 470 930 1300 30 3.07 4.0 256 

 

 

Figure 6. Experimental test procedure for FTPF reinforced concrete(a) Slump test (b) Compression test (c) Splitting tensile 
strength test (d) Modulus of elasticity (e Flexural strength  

 
 
4 Result and Discussion 

An experimental study was carried out to study the fresh 
and hardened properties of FTPFRC for three different fiber 
lengths and three volume fractions of fibers. The slump 
value, compressive strength, split tensile strength, modulus 
of elasticity, and flexural strength values are tabulated in 
Table 4. Three specimens were tested for each case, and 
the mean values are listed along with the coefficient of 
variation. 
 
 
 
 

4.1 Fresh property of FTPF reinforced concrete 
 
The slump flow test was carried out to determine the 

workability of concrete. Workability is an important parameter 
for concrete construction, in addition to the quality of 
ingredients used in concrete. The addition of fibers to 
concrete increases the viscosity of concrete and restricts the 
distribution of the cement matrix, thereby reducing the slump 
value [40]. Natural fibers tend to absorb moisture from the 
wet concrete, which again influences the slump value [5]. 
The presence of fibers increases the surface area of 
concrete, which reduces the amount of free water available 
for the mobility of cement particles [41]. In addition, the fibers 
also affect the relative mobility of coarse aggregate and the 
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free flow of concrete. Wang et al. [42] studied the effect of 
fiber length and volume fraction on the slump value of 
concrete. The lowest slump value of 15.8 mm was recoded 
for a volume fraction of 0.4% basalt fiber, and it was 
concluded that with the increase in volume fraction of fibers, 
the slump values decreased. Prakash et al. [43] studied the 
influence of sisal fiber on the lightweight coconut shell 
aggregate concrete and concluded that the increase in fiber 
content from 1% to 4% reduces the slump value by 50%. 
Short fibers improve the workability compared to long fibers, 
because the latter have a large surface area that provides 
interference and blockage to aggregate, thereby reducing 
the workability [44]. The conclusion from previous research 
work supports our present study of FTPFRC. The density of 
concrete slightly decreases with the increase in fiber content. 
For control mix, the density is about 2450 kg/m3, which 
reduces to 2435 kg/m3, 2410 kg/m3 and 2390 Kg/m3 for 
concrete with 0.1%, 0.2% and 0.3% fiber content, 

respectively. A very minimal change in density was observed 
for the change in length of fibers.  

The plot showing the variation of slump value with 
respect to fiber length (FL) and volume fraction (VF) is shown 
in Figure. 7. For the volume fraction of 0.1% the slump value 
decreased from 80 to 77 for a change in fiber length from 10 
mm to 30 mm. With the increase in volume fraction from 0.1 
to 0.2% the slump value slightly decreases. With a constant 
slump value, the increase in fiber length also affects the 
slump value. The lowest slump value of 65 mm was recorded 
for FRC with 0.3% VF and 30 mm FL.  The empirical 
correlation between the slump value (S) and fiber volume 
fraction was obtained through linear regression analysis, 
which is shown in Figure. 8. Three empirical equations were 
developed for three fiber lengths. All three-regression 
analyses showed a high coefficient of determination                     
(R2 = 0.95-0.98).  

 
 

Table 4. Fresh and hardened properties of FTPF reinforced concrete 

Specimen ID 

Slump 
value 
(mm) 

(CoV %) 

Compressive 
Strength (MPa) 

(CoV %) 

Splitting 
tensile 

strength 
(MPa) 

(CoV %) 

Modulus of 
elasticity (GPa) 

(CoV %) 

Flexural 
strength  
(MPa) 

(CoV %) 

NSC-CM 83 (1.21) 30.1 (1.2) 2.3 (0.67) 27 (.123) 3.5 (0.21) 

FRC-0.1-10 80 (1.9) 30.2 (1.02) 2.59 (0.67) 27.56 (1.34) 3.80 (0.32) 

FRC-0.1-20 78 (1.42) 30.33 (1.5) 2.60 (0.45) 27.9 (1.32) 3.81 (0.11) 

FRC-0.1-30 77 (0.45) 30.92 (1.34) 2.62 (0.32) 28.2 (1.02) 3.89 (0.12) 

FRC-0.2-10 76 (.135) 32 (0.91) 2.61 (0.12) 27.92 (1.12) 3.90 (0.23) 

FRC-0.2-20 75 (1.11) 33.3 (1.32) 2.63 (0.34) 28.5 (1.05) 3.91 (0.11) 

FRC-0.2-30 73 (.120) 36 (1.1) 2.82 (0.05) 30 (1.11) 4.20 (0.21) 

FRC-0.3-10 72 (0.56) 32.9(1.03) 2.66 (0.21) 28.4 (.136) 3.95 (0.23) 

FRC-0.3-20 68 (1.32) 33.8(1.24) 2.70 (0.42) 28.72 (1.45) 4.02 (0.14) 

FRC-0.3-30 65 (1.08) 35 (1.42) 2.75 (0.12) 29.98 (1.03) 4.10 (0.16) 

Note: Three specimens tested for each hardened concrete test and the coefficient of variation percentage are shown in bracket 

 
 

      
 

                   Figure 7. Slump values of FTPFRC                         Figure 8. Linear correlation between slump and fiber volume  
fraction 
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4.2 Compressive Strength 
 
The compressive strength of FTPFRC with different 

volume fractions and fiber lengths is shown in Figure. 9. The 
compressive strength does not show a significant increase 
with a volume fraction of 0.1%- at 10-mm fiber length. The 
strength gradually increases to 0.2% volume fraction. A 
maximum of 19% increase in compressive strength was 
obtained for 0.2 VF with 30 mm FL. For 0.3% VF, the 
increase in strength is about 9%, 12% and 16% for 10 mm, 
20 mm, and 30 mm long fibers, respectively. Compared to 
the strength of specimen with 0.3%VF, only 30 mm FL 
showed a reasonable increase in strength of about 16%. As 
the fiber content increases, the concrete becomes more 
porous due to fiber clustering and interaction with large 
particles, which reduces the strength of the concrete 
specimen with 0.3 VF of fibers. Improper compaction and 
packing of concrete materials may also contribute to the 
reduction in strength. When comparing short and long fibers, 
the contribution of short fiber is minimal when compared to 
long fibers (30 mm). Compared to all the three-volume 
fractions, FRC with 0.2%VF and 30 mm FL showed a better 
performance in compression.  
 

 

Figure 9. Compressive strength of FTPERC with different 
fiber length and volume fraction 

 
The work done by Chakraborty et al. [23] proved that the 

fiber length plays a major role in improving the compressive 
strength of mortar, but only up to a certain volume fraction 
(1% wt. of cement). Prakash et al. [45] reported that the 
addition of sisal fiber and polypropylene fibers to concrete 
increases the compressive strength of coconut shell 
aggregate concrete. They reported a maximum compressive 
strength of 35 MPa for light weight concrete. The increase in 
compressive strength with the fiber length can be attributed 
to the fact that the stress transfer from matrix to the fiber is 
insufficient for short length fiber. On the other hand, stress is 
completely transferred from the matrix to the fibers in the 
case of long length fibers [46]. Use of fibers in concrete 
results in closely spaced cracks with reduced crack width. 
Fibers also help to bridge the crack, which increases the 
strength of FRC [19]. It can be clearly stated that, previous 
research work on FRC supports our present experimental 
results. 

 
 
 
  

4.3 Splitting tensile strength  
 
The addition of fibers enhances the tensile strength and 

fracture energy of concrete speciemns [47]. The fibers not 
only act as micro reinforcement, but also contribute to the 
strength of the concrete. The failure pattern of a cylinder 
specimen reinforced with 0.3% VF of fibers is shown in 
Figure. 10. From the figure, it is clearly visible that the fibers 
play an important role in reducing the stress concentration in 
concrete matrix. Once a crack develops in concrete, the 
fibers distribute the stress in different directions and prevent 
the fromation of wider cracks. In the case of a control 
specimen with no fibers, the failure of the specimen was a 
single explici crack. The cement matrix glues all the 
reinforcing fibers into shape and transfers the stress through 
them along their longitudinal direction [48]. Prakash et al [50] 
reported that the addition of steel and polyproplene fiber 
increased the tensile strength of concrete. Wahyuni et al. [51] 
reported that the addition of bamboo fibers resulted in a 
splitting tensile strength of 3.9 MPa. Islam et al. [22] reported 
an increasing trend in the splitting tensile strength of jute 
FRC for an aspect ratio of 100-200 and fiber content of 0.5%. 
The splitting tensile strength obtained from the presnt study 
is shown in Figure.11. The plot is similar to the compression 
strength variation. The tensile strength increases with the 
addition of fibers from 2.3 to 2.5 MPa for 0.1 F and 10 mm 
FL. For the same VF, the length of fibers does not have major 
impact. FRC with 0.2%VF and 30 mm FL showed a 
maximum tensile strength. Again, comparing the specimen 
with 0.3% VF, only 30 mm FL showed a significant increase 
in tensile strength. As the fiber content increases, the 
concrete becomes more porous due to fiber clustering and 
interaction with large particles, which reduces the strength of 
the concrete specimen with 0.3 VF of fibers. Improper 
compaction and packing of concrete materials may also 
contribute to the reduction in strength. From the experimental 
observations, it can be concluded that the mechanical 
properties of FRC show a maximum value of 0.2 VF and 30 
mm FL.  

 

 

Figure 10. Failure pattern of fiber reinforced cylinder 
specimen 
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Figure 11. Splitting tensile strength of FTPERC with 
different fiber length and volume fraction 

 
The regression analysis was carried out to develop an 

empirical equation to relate the split tensile strength (𝑓𝑠𝑡) 

with the compressive strength (𝑓𝑐′). The correlation between 

split tensile strength and compressive strength with a high 
regression value (R2 = 0.94) is shown in Figure. 12. The 
American Concrete Institute code [52] suggests equ (1) to 
correlate the splitting tensile strength with the compressive 
strength 

𝑓𝑠𝑡 = 0.53√𝑓𝑐, (1) 

 

 

Figure 12. Regression plot of splitting tensile strength and 
compressive strength 

 
According to European standards [53] the correlation 

between splitting tensile strength and compressive strength 
is given by equ (2) 

 𝑓𝑠𝑡 = 0.3(𝑓𝑐′)
2

3⁄
 (2) 

The correlation between splitting tensile strength and 
compressive strength according to the Japanese Concrete 
Institute code [54] and the New Zealand code [55] is given 
by equ (3) and equ (4) 

𝑓𝑠𝑡 = 0.13(𝑓𝑐′)0.85  (3) 

𝑓𝑠𝑡 = 0.44√𝑓𝑐′ (4) 

The comparison between the present experimental result 
and the standard codal correlation equation for splitting 
tensile strength and compressive strength is shown in 
Figure. 13. From the plot, it is clearly visible that the 
experimental results agree well with the correlation predicted 
by standard codes. The proposed equation for correlating 
splitting tensile strength with compressive strength of fish tail 
palm fiber reinforced concrete is given by equ (5) 

𝑓𝑠𝑡 = 0.46√𝑓𝑐 (5) 

 

Figure 13. Comparison of experimental splitting tensile 
strength value Vs standard codal values 

4.4 Flexural strength 
 
The failure of the specimen started in the tension zone 

with the development of tension cracks, as the maximum 
tensile capacity of the specimen was reached. The failure of 
the beam was ductile in nature, which can be explained by 
the fact that the fibers bridge the crack within the concrete 
and improve the post cracking behavior of FRC [56]. The 
failure pattern of the beam along with the bridging of micro 
cracks by the fibers is shown in Figure. 14. Failure of the 
specimen occurs once the maximum tensile capacity of the 
fiber is reached. Awwad et al. [57] studied that the flexural 
strength of hemp FRC is increased by fiber content and 
resulted in a ductile post-cracking behavior of FRC. It has 
been demonstrated that the addition of roselle fiber [58], flax 
fibers [59], jute [26], and sisal fiber [60] improves concrete 
flexural strength while also increasing toughness and 
residual strength. In the present study also, the flexural 
strength increased with the VF of fibers. Flexural strength 
increased from 3.5 MPa for the control specimen to 4.2 MPa 
and 4.1 MPa for the 0.2VF and 0.3VF with 30 mm FL, 
respectively. The maximum flexural strength is about 12% of 
its corresponding compressive strength. The variation of 
flexural strength with FL and VF is shown in Figure. 15. The 
length of fibers does not have a major influence on the 
flexural strength for lower volume fractions. But for higher 
VF, the fiber length plays a crucial role and improves the 
flexural strength.  

The ratio of splitting tensile strength to compressive 
strength varies from 0.076, 0.084, 0.078, and 0.078 for 
control specimens and specimens with 0.1 VF, 0.2 VF, 0.3 
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VF of fiber reinforced specimens, respectively. From the 
ratio, it is clear that the addition of fibers equally contributes 
to the tensile strength and compressive strength of concrete. 
The ratio of flexural strength to compressive strength varies 
from 0.11, 0.125, 0.117 and 0.117 for control specimens and 
specimens with 0.1 VF, 0.2 VF, 0.3 VF of fiber reinforced 
specimens with 30 mm fiber length, respectively. From the 
ratios, it is much clear that the contribution of fibers to the 
flexural strength is much greater than the splitting tensile 
strength.  

 

 

Figure 14. Failure pattern of fiber reinforced beam 
specimen 

 
A linear regression analysis was carried out to develop 

an empirical equation to relate the flexural strength (fr) with 
the compressive strength (𝑓𝑐′). Figure.16 depicts the 
regression analysis correlation developed between flexural 
strength (fr) and compressive strength (), and the developed 
equation has a high regression value (R2 = 0.98). The 
American Concrete Institute code [52] suggests equ (6) to 
correlate the flexural strength with the compressive strength 

𝑓𝑟 = 0.62√𝑓𝑐′  (6) 

According to European standards [53] the correlation 
between flexural strength and compressive strength is given 
by equ. (7) 

𝑓𝑟 = 0.435( 𝑓𝑐
′)

2
3⁄

 (7) 

The correlation between flexural strength and 
compressive strength according to and the New Zealand 
code [55] is given by equ. (8) 

𝑓𝑟 = 0.6√𝑓𝑐′ (8) 

The comparison between the present experimental result 
and the standard codal correlation equation between flexural 
strength and compressive strength is shown in Figure. 17. 
From the plot, it is clearly visible that the experimental results 
agree well with the correlation predicted by standard codes. 
The proposed correlation equation for flexural strength and 
compressive strength of fish tail palm fiber reinforced 
concrete is given by equ. (9) 

𝑓𝑟 = 0.5771√𝑓𝑐 (9) 

 

Figure 15. Flexural strength of FTPERC with different fiber 
length and volume fraction 

 

 

Figure 16. Regression plot of flexural strength and 
compressive strength 

 

 

Figure 17. Comparison of experimental flexural strength 
with standard codal values 
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4.5 Modulus of elasticity 
 
The modulus of elasticity is the ratio of stress to the 

corresponding strain of a concrete specimen within the 
elastic zone. Fiber tensile strength governs the modulus of 
elasticity  (MoE) of concrete [61], which plays a major role in 
the pre-cracking behavior of concrete specimens. The 
addition of fibers helps improve the mechanical properties of 
concrete and composites [62]. As the fiber content increases, 
the ductility of the concrete specimen is also increased, and 
the MoE also increases. Addition of fibers increases the 
stress redistribution and reduces the strain localization within 
the concrete. The fibers restrain the crack at the beginning, 
reducing stress concentration and preventing crack growth 
in the post-cracking region [47].  Prakash et al. [50] reported 
that the addition of steel fibers increases the elasticity of 
coconut shell aggregate concrete by 17%. The addition of 
sisal fibers also tends to increase the MoE by 6% for the 
addition of 3% volume of fibers [45]. The MoE increases up 
to a maximum of 9% with the addition of sisal fiber in self-
compacting concrete, but beyond 4% volume of fibers, the 
MoE decreases [58]. The MoE of the FTPFRC with different 
VF and fiber lengths is shown in Figure. 18. As the fiber 
content increases, the elasticity of concrete increases as a 
greater number of fibers are involved in the crack arresting 
mechanism, which prevents the development of new cracks 
and also reduces the stress concentration. For the VF of 0.1 
%, the increase in MoE value is about 4% for the FL of 30 
mm. For 30 mm fiber length, the MoE increases by 11% for 
VF of 0.2% and 0.30%. From the result, it is clearly visible 
that the length of fibers also plays a minor role in increasing 
the elasticity of fiber reinforced concrete. 

 

 

Figure 18. Modulus of elasticity of FTPFRC  
 
The linear regression analysis was carried out to develop 

an empirical equation to relate the modulus of elasticity (𝐸c) 

with the compressive strength (𝑓𝑐′). The correlation obtained 

between modulus of elasticity (𝐸c) and compressive strength 

(𝑓𝑐′) with a high regression value (R2 = 0.93) is shown in 

Figure. 19. The American Concrete Institute (ACI) code [52] 
suggests equ (10) to correlate the  MoE with the compressive 
strength 

𝐸𝑐 = 4.73√𝑓𝑐′ (10) 

According to European standards [53] the correlation 
between flexural strength and compressive strength is given 
by equ (11) 

𝐸𝑐 = 22(𝑓𝑐
′/10)0.3

 (11) 

The correlation between modulus of elasticity and 
compressive strength according to the Japanese Concrete 
Institute code [54] and the New Zealand code [55] is given 
by equ (12) and equ (13)  

𝐸𝑐 = 0.63(𝑓𝑐′)0.45
 (12) 

𝐸𝑐 = 3.32√𝑓𝑐
′ + 6.9  (13) 

The comparison between the present experimental result 
and the standard codal correlation equation for MoE and 
compressive strength is shown in Figure. 20. From the plot, 
it is clearly visible that the experimental results agree well 
with the correlation predicted by standard codes. The 
proposed equation for correlating modulus of elasticity with 
the compressive strength of fish tail palm fiber reinforced 
concrete is given by equ (14) 

𝐸𝑐 = 4.233√𝑓𝑐′ (14) 

 

 

Figure 19. Correlation relation between MoE and 
compressive strength 

 

 

Figure 20. Comparison of experimental MoE with the 
standard codal prediction 
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4.6 Impact resistance 
 
The repeated dropping weight test method was used to 

measure the impact strength and energy absorption capacity 
of FRC. The addition of natural fibers helps to improve the 
fracture properties and impact resistance of  FRC [63]. When 
compared to plain cement mortar panels, the impact 
resistance of mortar panels reinforced with coir, sisal, jute, 
and hibiscus increases by 3-18 [64]. Hybridization of 
synthetic fibers with natural fibers not only makes the 
environment friendly but also increases the impact 
resistance and load carrying capacity of composites [65]. 
Wang et al. [66] studied the impact resistance of coconut 

fiber reinforced concrete cylinders and reported that fiber 
reinforcement results in the formation of tiny microcracks at 
the initial stage of impact load, which propagates through 
different fiber lengths across the cylinder and results in the 
ultimate failure of the specimen. Prakash et al. [58] showed 
that the addition of 4% of roselle fiber increases the impact 
resistance by about 100%. Thus, fibers prevent the sudden 
failure of a concrete specimen and play an important role in 
the post cracking behavior of concrete. The addition of 4% of 
sisal fiber increases the impact strength by 91 % for coconut 
shell aggregate light weight FRC [50]. In the present study 
the number of blows recorded for the First Crack, Ultimate 
Crack and the impact energy is listed in Table 5.   

 
 

Table 5. Impact energy of fish tail palm fiber reinforced concrete 

Specimen ID Number of 
blows for first 

crack (N1) 

Number of blows for 
ultimate crack (N2) 

Impact energy  
(N2-N1) *mv2/2  

N-m 

NSC-CM 6 10 81.38 

FRC-0.1-10 7 12 101.725 

FRC-0.1-20 8 14 122.07 

FRC-0.1-30 9 18 183.105 

FRC-0.2-10 8 13 101.725 

FRC-0.2-20 9 16 142.415 

FRC-0.2-30 10 21 223.795 

FRC-0.3-10 9 14 101.725 

FRC-0.3-20 10 20 203.45 

FRC-0.3-30 12 24 244.14 

 
 
 

The impact energy plotted with respect to fiber volume 
fraction is shown in Figure. 21. From the plot, it can be 
concluded that for low VF (0.1) the increase in impact energy 
in not prominent. But for 0.2VF and 0.3VF of fibers, the 
impact energy shows a considerable increase for 20 mm and 
30 mm of the fiber length. Thus, in addition to fiber volume 
fraction, fiber length also plays a role in the post cracking 
behavior of concrete. When compared to a control specimen, 
the increase in impact energy is about 175% and 200 % for 
0.2VF and 0.3 VF with 30 mm fiber length. All the FTPFRC 
showed improved performance in arresting the micro cracks 
and resulted in higher impact resistance compared to the 
unreinforced control specimen. Out of all the nine FRC 
mixes, the specimen with 0.2 VF-20 mm FL and the 0.3VF 
with 30 mm FL specimen show better mechanical properties 
and impact resistance. Linear regression analysis was 
carried out to correlate the number of blows between the first 
crack and the ultimate crack for FL 10, FL20, and FL 30 mm 
and the plot is shown in Figure. 22. The equation developed 
showed a high regression value (R2 = 0.96-1). The three-
equation developed between Ultimate Crack (UC) and First 
Crack (FC) for 10 mm, 20 mm, and 30 mm fiber lengths is 
given by equ. (15), equ. (16), and equ. (17) respectively.  

𝑈𝐶10 = 𝐹𝐶10 + 5 (15) 

 
 
 
 
 

𝑈𝐶20 = 3(𝐹𝐶20) − 10.33 (16) 

𝑈𝐶30 = 2.57(𝐹𝐶30) − 4.57 (17) 

 
 

 

Figure 21. Relation between impact energy and fiber 
volume fraction 
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Figure 22. Correlation between number of blows for first 
and ultimate crack for different FL and VF 

5. Conclusion 

The experimental investigation was carried out on 
concrete with a 28-day compressive strength of 30 MPa that 
was reinforced with natural fish tail palm fiber for three 
different volume fractions and three different fiber lengths. 
The following conclusion can be drawn: 

• For a fiber volume fraction of 0.3%, the slump value 
decreases and reduces the workability. The viscosity of the 
concrete matrix is increased by 0.3 VF, and the fibers 
prevent the even distribution of the cement matrix, which is 
more prominent for 30 mm fiber length.  

• The contribution of fibers to the compressive strength 
of concrete is a minimum of 2%, for 0.1 VF of fiber addition. 
The maximum increase in compressive strength of 20% was 
recorded for a concrete specimen with 0.2% VF and a 30 mm 
fiber length, followed by a specimen with 0.3VF and a 30 mm 
FL, which showed a strength increase of 16%. 

• The tensile strength of fibers contributes mainly to 
improving the crack arresting mechanism of concrete in the 
pre cracking as well as in the post peak region. Once cracks 
develop in concrete, the fibers share the stress and distribute 
the stress across the cross section, which reduces the stress 
concentration and prevents the formation of wider cracks. 
The maximum increase in splitting tensile strength and 
flexural strength is about 22% and 20%, which was observed 
for mix with 0.2VF and 30 mm FL. 

• The impact energy of all the FTPFRC specimens 
increases with the addition of fibers. The maximum increase 
in impact energy of 175% and 200% was recorded for 0.2 VF 
with 20 mm and 30 mm FL. Thus, the fiber length also 
contributes to absorbing the impact load and increasing the 
impact resistance. 

• These micro fibers prevent crack formation at the micro 
level and improve the strength properties and impact 
resistance of concrete elements. Due to the study of the 
residual strength and strain energy properties of fish tail palm 
fiber reinforced concrete, a detailed investigation has to be 
carried out. 
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A r t i c l e  h i s t o r y  A B S T R A C T  

Kula Belgrade is the tallest building within the Belgrade Waterfront Project located 
on the right bank of the Sava River. It is envisaged as the future landmark of 
Belgrade and the pivotal point of Belgrade Waterfront development. It consists of  a 
168m high - 42 storey tower,  a podium and an eccentric basement. It is one of the 
rare towers in the world in which the bottom and the top parts are mutually rotated 
by 90° in plan and where such a transition is achieved through 7 floors - a 
configuration that imposes significant demands to the structure. While the 1st part 
of the article addressed specific topics related to design, this 2nd part is about the 
specific topics related to the construction of Kula Belgrade’s structure, including the 
enabling works, construction, and testing program of piles that comprised various 
types of tests, including the static compression test by Osterberg cell at two tower 
piles with a 1200 mm diameter. The article also addresses the construction of 
foundations, which included the concreting of a raft under the tower in volume of 
4750m3 cast in one turn, the execution of core walls in jump form, the distinctive 
transfer structure and PT slabs. 
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1  Introduction  
 

While the first part of the article[1] addressed the 
specifics of the design process, this second part covers the 
key items related to Kula construction, including: testing and 
execution of piles, enabling works, concreting of raft (part 
below the tower – approximately 4750m3 was concreted in 
one turn), works on the superstructure, specifictransfer 
structure and PT slabs. 

The first works conducted on Kula site, prior to any listed 
above, were the works on unexploded object detection 
(UXO) by company PMC Millennium in 2016. 

When the Piling Contractor (Novkol) entered the site later 
that year, they formed a working platform for the execution 
of testing and working piles at the level of partially excavated 
terrain by the UXO Contractor.The Investor „BW Kula“, Ltd. 
awarded supervision on piling works to MACE. First tests of 
piles were done in 2016., while the construction of working 
piles took place in 2017. Darko Božić, BSc, CEng was the 
pile construction's responsible engineer. 

Once the building permit for main works was obtained, 
early in 2019., the main contractor, Pizzarotti Millen-
niumTeam (PZMT) overtook the site from Novkol and 
proceeded with further excavations to the final levels. Upon 
the excavations, the piles were cropped to design cut off 
levels by Novkol and handed over to the Main Contractor. 

Nenad Marković, MSc, CEng, was the responsible engineer 
for Kula construction. 

Only then could the work on Kula structure have started. 
Supervision at this stage of the project was conducted by 
DNEC. 

2 Testing and construction of piles and enabling 
works 

Enabling works were conducted under a separate 
building permit, which included excavations as well as the 
testing of two tower test piles by the Osterberg cell method. 
Additionally, a whole series of pile tests were performed, with 
the aim of testing geotechnical parameters provided by the 
Geotech report [2], as a basis for design as well as piling 
construction methodology, so the overall pile testing process 
covered the period from the early stages of design up to the 
completion of pile construction. 

In accordance with the Lex Specialis, execution of 
working piles was also conducted under a separate building 
permit, actually two of them – one for the tower and podium 
piles and the other for plaza piles. 
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Figure 1. Kula Belgrade Progress of Construction– Sept. 2018 (bottom left), May 2019. (top left), May 2020. (bottom middle), 
January 2021 (top middle), January 2022 (right) 

 

 
2.1 Piles testing  

 
A description of the conducted tests is given below: 
 

The osterberg cell test for static testing of tower piles 

(Ø=1200mm)  
 
This test was conducted as the first in a series of tests 

while the design of the structure was still in its early stages 
in 2016. The aim of the test was to confirm the numerical 
parameters provided by Geotech report [2], as well as the 
construction methodology. Two test piles with a diameter of 
1200 mm in the zone of the tower were tested. After the test, 
they remained in the ground but were not used as structural 
supports. 

Having in mind the projected bearing capacity of 23.6MN 
(Geotech report [2]), it was concluded that a conventional 
experiment with anchor piles would not be economical, so 
the Osterberg cell method was adopted, which is standard in 
countries with a large volume of high-rise construction. To 
the knowledge of the author of this text, this was the first 
application of the O-cell test in Serbia. 

The main advantage of this method is that by the 
installation of a hydraulic jack in the body of the pile, the parts 
above and below the jack are in balance with each other, so 
it is not necessary to make reactive piles and a structure for 
load transfer. 

The tests were performed by Novkol with subcontractors 
Fugro and Loadtest from England. A force value of 44MN 
measured on the jack was adopted as a criterion of success 
for the test. This force corresponded to a pile working load of 
22MN (calculated by SOM) with a safety factor of 2.0. 

Upon the failure of the first test on two piles in June 2016., 
it was concluded that the excavation in the upper strata (top 
22m) had to be under the protection of casing to prevent the 
collapse of soil onto the bottom of the borehole. Furthermore, 
any loose material that remained after the boring had to be 
removed in order to allow the activation of the base capacity. 

At the repeated testing in November 2016, total forces of 
55 and 66MN were achieved (Ref.[3]). Subsequent analysis 
of the test report by the company Terracon from Chicago 
estimated the load capacity of piles Ø = 1200mm of 25.8MN 
with a stiffness of 1100 MN/m, and for piles Ø = 1000mm of 
5.9MN with a stiffness of 300 MN / m (Ref. [4]). The bearing 
capacity reported in Geotech report [2] of 23.6 / 5.0MN was 
adopted in the design, for piles Ø = 1200mm / Ø = 1000mm, 
respectively, while the stiffness values were adopted based 
on Terracon’s recommendation. In addition to the fact that 
these tests confirmed the values of the design parameters, 
they also confirmed the construction methodology, so the 
same procedure used during the construction of test piles 
was applied during the execution of working piles. 
 
Static testing of basement structure piles (ø=1000mm) 
by reactive piles method 

 
All piles with a diameter of 1000 mm are adopted 25 m 

long, so that their base is at a depth of at least 8.5 m into a 
layer of marl. The aim of static tests was to directly confirm 
the numerical parameters of this type of pile, as well as the 
methodology of their construction. 

The tests were performed by the Novkol company with 
the subcontractor Geomehanika from Belgrade in April 2017. 
Two groups of 4 reactive and one test piles were constructed 
for the purposes of the test. 

Measured settlements at a working force of 5MN were 5 
and 9 mm, while at a maximum test force of 10MN, they were 
13 and 37 mm, respectively on piles TP1* and TP2*, or 1.3 
and 3.7% of the diameter of the piles (Ref [5]). Both of these 
were in accordance with the adopted Weltman’s criterion 
(settlements in range of 5-10% of the pile diameter), so it was 
concluded that both piles have a safety factor greater than 
two, and that they have the required bearing capacity. 
Excavation under the protection of the steel casing was 
adopted for this group of piles, too, for the full length of the 
pile. 

  

 
  

Figure 1 – Kula Belgrade Progress of Construction– Sept. 2018 (bottom left), May 2019. (top left), 

May 2020. (bottom middle), January 2021 (top middle), January 2022 (right) 
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Figure 2. Illustration of principle of O-cell test - Downloaded from http://www.loadtest.com/services/ocell.htm) - comments in 
colored text were added by Author 

  

Figure 3. O-cell installed into the pile rebar cage (left) and insertion of rebar cage with O-cell into the borehole (right)  
 
 
Cross-hole logging method for pile integrity testing 

 
The tests were conducted in August 2017. by the Novkol 

company with a subcontractor, SLP from Slovenia, on 
working piles in order to check the integrity and continuity of 
the concrete piles. Four PVC inspection tubes with a 
diameter of 100 mm were installed in the pile bodies.During 
the test, probes were inserted into pairs of tubes filled with 
water - the emitter in one, the signal receiver in the other. 
The ultrasonic waves were emitted in a combination of pairs 
- four at the perimeter and two across the diameter, thus 

covering the most of the cross section of the pile. 100% of 
piles Ø = 1200mm and 20% of piles Ø = 1000mm were 
tested. Values in the range of 2700-3300 m/s have been 
adopted for the minimum acceptable speeds of the ultrasonic 
wave. On the most of the piles, recorded average speeds 
were in the range of 3800-3900m/s, which was a very good 
result, while on 5 piles there was a loss of signal at the top, 
and on one pile a speed of 3200m/s was measured, at a 
depth of 25-30m (Ref. [6]). According to the interpretation of 
the results by the company CSL, the potential reason for 
such  a result  was  the separation of  embedded  PVC pipes  

http://www.loadtest.com/services/ocell.htm
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Figure 5. CSL testing records –for a pile withcorrect record (left) and a pile with a loss of signal at the top of the pile (right) – 
taken from SLP d.o.o. Ljubljana, report: CHA053-05B-2016 Beograd Waterfront Plot 19.1, August 2017. 

 
 
from the concrete of the piles. In order to prove this, coring 
was conducted on all 6 piles, with worse results. Based on 
the visual inspection of the cores, it was determined that the 
piles had integrity, and based on the breaking of the cubes 
conducted in the IMK laboratory at the Faculty of Civil 
Engineering in Belgrade, it was shown that concrete also had 
sufficient strength. 
 
Dynamic pile testing by falling weight and nmerical 
capwap interpretation of results.  

 
The tests were conducted in August 7  by the Novkol 

company with the subcontractor SLP from Slovenia in order 
to check the load-bearing capacity of the working 
(production) piles. 20% of piles Ø = 1200mm and 5% of piles 
Ø = 1000mm were tested. As a criterion of test success, the 
force of at least 47.2MN / 10.0MN for piles Ø = 1200 / 
1000mm was adopted, which corresponds to twice the 
calculated bearing capacity of piles (Geotech report [2]) of 
23.6MN / 5.0MN, respectively. 

The first part of the test measures the dilatation and 
acceleration of the shock wave caused by the fall of the 
weight and the wave bounced off the base, which are 
converted into wave force and speed and displayed on a 
graph as a function of time. Then Numerical CAPWAP 
analysis, which uses the equations of wave motion, 
determines the static bearing capacity of the pile at the base 
and shaft. 

The results of the CAPWAP analysis were in the range of 
48.6 - 68.7MN for piles Ø = 1200mm, while for piles Ø = 
1000mm they were in the range of 6.7 - 23.4MN. On 5 of the 
11 tested piles, which are located on the Northside of the 
plot, the force estimated by the CAPWAP method was less 
than the required 10MN, so the bearing capacity was 
estimated as less than 5.0MN (Ref. [7]). 

Based on the additional numerical analysis that 
compared the calculated forces with the capacities obtained 
by tests, the following was concluded: 

−  Pressure: Only on 2 out of 208 piles with diameter Ø 
= 1000mm the calculated force was higher than the bearing 
capacity adopted by averaging the test results by zones. The 
maximum design force of 3.85MN exceeds the load capacity 
of 3.5MN (adopted for the zone between the J-L axes) by 
9.8%. Based on the diagrams given in the test report, the 
piles at this level of force are still in the linear range, so that 
these 2 piles would have a settlement greater than 1 mm 
compared to the settlement corresponding to the allowable 

force value, so there would be no significant consequences 
for the raft and the rest of the structure. 

− tensile: the design forces do not exceed the tensile 
capacity estimated on the basis of a dynamic test. 

According to these results, it was assessed that the piles 
achieved sufficient capacities. 

 

 
 

 

Figure 6. Testing by 42t falling weight from the elevation of 
0.3 to 1.5m 

 
PIT testing 

 
This is another type of test that checks the continuity and 

integrity of the piles. It was conducted in 2019 by MACE, as 
a part of the procedure of handing over the piles to the Main 
Contractor (Ref. [8]). All 270 piles were tested. 

In addition to the measuring of the speed of the wave 
caused by the impact of a hand hammer on the top of the 
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trimmed pile, which is expected in the range of 3000-
4500m/s, the test also evaluates the quality of response 
based on the clarity of signal reflected from the base. Results 
are divided into categories ranging from the best one AA 
(reflection is clear) to the worst one IR (an unclear record). 
The speed of the wave was in almost all cases above 
4000m/s, never below 3500m/s, and the quality of the 
response was rated as AA or AB (mostly AB - there are no 
serious shortcomings). 

 
2.2 Construction of the piles 

 
Prior to any works on Kula foundations, existing terrain 

was on the levels between 74.5 – 75.5 meters above sea 
level (MASL). During the UXO works, the soil was excavated 
in the depth of 4-5m, to the level of app. 70.5 MASL and then 
the site was probed to detect potential unexploded objects 
that remained from WWI and WWII.  

Dewatering was enabled by dewatering wells embedded 
into the existing embankment. They were designed by the 
Faculty of Civil Engineering in Belgrade and installed by 
PMC Millennium. 

Once Novkol entered the site they formed the working 
platform on level 71MASL, by adding the crushed stone. 

The construction method was fully based on the 
procedure established during the successful pile testing.  

All 270 piles were constructed in 2017.  
The ones that were anticipated for dynamic testing were 

overpoured to the level of the working platform, while the rest 
were overpoured for about 1-2m. 

 
2.3 Excavations 

 
When the construction of the Tower began in February 

2019, the first step was the reconstruction of the dilapidated 

embankment. During these works, dewatering wells from the 
UXO stage were preserved. They stayed in function until the 
completion of the construction of the basement structure 
when they were turned off. Surface water drainage was 
performed by submersible pumps - as needed. 

In the next step, a wide excavation was made to the final 
levels in the range of 68.1-65.8 MASL. It is interesting to 
mention that during these works Main Contractor ran into one 
unexploded object, so they had to be stopped for two days 
until the object was excavated and safely activated. 

Additional excavations had to be made in the zone of the 
4m deep elevator pits, where the final excavation level was 
62.1MASL. The vertical excavations were conducted under 
protection by Larsen sheet piling, which was braced in the 
corners of the pit by the horizontal steel struts, and on the 
mid of the section, they were fixed to the piles.  

Drainage of this zone was performed by a combination of 
dewatering wells in the embankment (preserved from UXO 
works) and three wells added in close proximity of the 
elevator pit, as well as submersible pumps used for surface 
waters. 

 After the excavation was completed, the piles were 
trimmed, the blinding was constructed to allow for the 
execution of waterproofing. Sika Proof A system was 
adopted. It is specific because it chemically reacts and bonds 
with fresh concrete to form an impermeable water-
impermeable layer. Critical joints - where it was impossible 
to achieve continuity were treated by SIKASWELL water stop 
and provided with injection hoses as the 3rd line of 
protection. This waterproofing system was the most 
expensive product on the market at the time and requires 
extreme attention in execution as the reinforcement works 
are conducted overlaid waterproofing. 

 

 

Figure 7. Illustration of the execution of piles form the working platform 
 

 

 

 

Figure 8. Layout of sheet piling with bracing structure (left), plan with the location of 3 additional dewatering wells (middle) 
and characteristic vertical sections (right) – taken from RS_BW_P19.1_C_025_PZM_MST_0003_Rev.01_Site Specific 

Method Statement for Installation of Sheet Piles around Tower Lift Pit 
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3 Construction of raft 

The foundation slab, with a total volume of 14000m3, was 
concreted in the multiple pours shown in the picture below. 
Parts outside the tower zone are divided into more than ten 
parts. 

Part of the slab in the tower zone was divided vertically 
in two pours (1.1 and 1.2 in the above figure). The deeper 
one (1.1) was located in the zone of elevator pits. It was 2.8 
m thick, about 400m2 in plan with a volume of 1150m3 and 
was cast the first. 

The thickness of concrete in pour 1.2 ranged from 2.8 to 
4m with an area of about 1600m2, so the total volume of 
concrete was app. 4750m3. 

Such configuration imposed significant challenges both 
in terms of reinforcement and concrete works. In the former 
case, the Contractor had to provide stability of rebar cage. 

This was achieved by the adoption of two chairs Φ32 with 2 

legs per square meter. They were horizontally 
interconnected and braced by inclined bars along the 
perimeter of the zone. 

In terms of concrete works, the volume of 4750m3 may 
be regarded as one of the biggest concrete in Belgrade, ever. 
Decision to cast it in one turn was based on two reasons - 
division into smaller parts was basically impractical and 
division by height was discarded as to avoid the formation of 
cold joints. 

This large amount of concrete required careful selection 
of the components of the concrete mix. This primarily refers 
to the type of cement - CEM III / B (cement with over 65% 
slag) was used, which reduced the risk of thermal cracks in 
mass concrete. The reduced mobility / workability of concrete 
with such cement was overcome by the use of 
hyperplasticizers. The large concrete casting area, as well as 
the logistics of concrete supply from several factories, 
demanded the provision of a significant time reserve, which 
was achieved by using retarder admixtures that delayed the 
starting of the setting of concrete for not less than 16 hours. 

This enabled concreting in horizontal layers 40-45 cm 
thick (in deeper parts with a smaller working area) up to 20 
cm (in the upper parts) and to start the casting of the next 
layer prior to the setting of the previous layer. Adjacent 
vertical layers were interconnected by vibration. 

Concrete grade C40 / 50 was produced by Gradient, 
Nexe and Karin Komerc factories, in a total of 6 factories with 
a production capacity of 45 to 77 m3/h. Over 30 mixers 
participated in the delivery of concrete. Three pumps were 
used simultaneously, and the fourth one was in reserve. 

Casting was done in August 2019 and took about 60 
hours. Over 70 people participated in the action under the 
constant control of the contractor's quality team, as well as 
the constant supervision of DNEC. 

 

 

 

 

Figure 9. Plan of pours for Kula raft (left) andplan with location of concrete pumps for the pour under the tower (right) – taken 
from RS_BW_P19.1_C_025_PZM_MST_0006_Rev.02_Site-Specific Method Statement for Raft pouring 
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Figure 10. Reinforcement works on pour 1.2 – raft pour under the tower 
 

  

  

Figure 11. Casting of raft pour 1.2 under the tower 
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4 Superstructure 

During the summer of 2019. it was not only that the raft 
under the tower was cast, but also several parts of the raft 
under the basement structure were completed. This enabled 
simultaneous progress both on the basement and the tower 
superstructure. 
 
4.1 Corewalls 

 
Kula’s core walls were constructed in jump form. Doka’s 

automatic climbing formwork SKE 50 plus was used to jump 
/ climb the core with hydraulic jacks. They were cast in 
Doka’s shuttering system Top 50, which was constructed in 
height of 4.1m to allow for concreting in one turn of all typical 
storeys with a height of 3.45m and most of the non-typical 
storeys. In the case of storeys with a height greater than 
4.1m such as GF, Level 2, 11, 12, 19 and 39 to 42, they were 
cast in two steps. In total, there were 52 castings and 57 
climbing steps from B1 level up to the top roof to achieve the 
cores, starting from level -7.97 and reaching a level of +168m 
(relative to Architectural zero level). 

Reinforcement of wall segments as well as for link beams 
(described in the 1st part of the article) was prefabricated on 
the ground, lifted and installed into the shuttering by crane. 
Horizontal U bars at the wall ends were added. 

Reinforcement assembly also included bent out elements 
by Bindax Company. They were to allow connecting of slabs 
to core walls. 

Based on design requirements, staggered lapping of 
vertical rebars (50% in one section) was adopted from raft to 
Level 5 (base of the core, large openings) and from Level 12 
to 15 (transfer of forces between central and satellite cores), 
while on all other levels, 100% of vertical rebars were lapped 
in one section.  

The concrete grade was C50/60. The mix was designed 
to enable optimum workability with fresh concrete. A 
concrete placing boom was installed within a core and was 
jumped together with the formwork. It was used for the 
concreting of all tower members: core walls, columns, slabs, 
and beams. Typically, for this construction method, core 
walls were ahead of slabs for 3-4 storeys. This gap in 
progress between the walls and slabs was limited by the 
headroom for the crane above, the jump form and the reach 
of placing the boom below. 

In general, the minimum time for shuttering was 12hours. 
However this timing was adjusted for concreting in cold 
weather conditions  when thermo couples were built into the 
walls to provide information about the temperature within a 
wall that allowed to contractor and engineer to decide on 
shuttering stripping time. 

 

  

Figure 12. Construction of core walls in jump form 
 

   

Figure 13. Link beam reinforcement with Bindax pullout boxes on top - installed into wall rebar cage (left and middle) and 
core wall reinforcement (right) 
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4.2 Transfer structure 
 
Transfer columns 

 
As described in the first part of the article, columns 

located in the corners of the plan are sloped in the transition 
zone (between Levels 12 and 20), while six central columns 
(East and West from the central core) branch at Level 14-15 
into pairs of columns. The ones closer to the core keep 
verticality all the way, while the outer ones slope from Level 
15 to Level 20 where they turn vertical up to the top of the 
building. The corner columns are circular, while the branched 
ones are rectangular. 

A very high utility ratio, primarily in terms of axial forces 
was common to all transfer columns. They were designed as 
reinforced concrete columns, with a reinforcement 
percentage of 4% outside lap locations, which corresponded 
to the maximum percentage of reinforcement defined by 
Eurocode 2 [9]. Since the column rebar was found to be in 
compression for all design combinations,100% of the rebar 
was lap spliced per section. 

Due to the high rebar ratio, as well as the specific 
geometry of the columns, in addition to high compressive 
strength, good workability of concrete was required, too. This 
led to the use of high-performance basic materials such as 
cement CEM I 52.5R and aggregates of eruptive origin. In 
order to achieve the required compressive strength, as well 

as the time required for transport which took about 1hour and 
weather conditions that were an additional unfavourable 
circumstance (summer), using the appropriate combination 
of chemical admixtures, concrete of consistency class S5 
was delivered to the construction site. For concrete, grade 
C55/67 was adopted. To the knowledge of the author of this 
text, such a grade was to be applied for the first time in Serbia 
by the concrete factories that supplied the Kula site. 

Upon the completion of rebar cage, columns of circular 
cross-section were made in a circular formwork called 
DOKATop 50, which consisted of two semi-circular parts 
connected by bolts. Sloped columns of rectangular cross-
section were constructed in the DOKA Framax system. At 
the point of column branching (Levels 14-15), a joint, outer 
aluminium shuttering, enclosed both branches, while they 
were internally divided by a wooden partition.  

Stability during the construction stage was provided by 

steel strut stabilizers.  
Two days after the casting, the upper part of the formwork 

was removed. Their surface was covered with geotextile to 
ensure further curing of concrete. The lower part of the 
formwork was removed once 70% of the designed strength 
was reached, but not less than 5 days after concreting. After 
removal of the formwork, the columns were re-propped for 
additional 5 days. 

 

  

Figure 14. Construction of circular transfer columns Level 12-14 (left) and Level 16-17 (right) 

 

  

Figure 15. Construction of transfer branching columns Levels 14-15 (left) and Levels 15-16 (right) 
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Transfer slabs and beams for lev 12, 14, and 20 

 
As described in the previous text, kinking of transfer 

columns at Levels 12, 14 and 20 originated turn forces in 
horizontal planes,which in some cases acted towards the 
core and in some away from it, tending to split the slabs on 
these levels. The tying reinforcement and tendons adopted 
in prestressed beams restrained these tension forces. 

 
 
 

In the case of rebar ties, there were 5Φ32 in the top and 

bottom zone on Levels 12,10 Φ32 in top and bottom zone on 

Lev14, and all of Φ32 bars on Level 20 that had to be spliced 

by mechanical couplers. As the Halfen MBT type, popularly  
called the „crocodile“ did not require the turning of bars, it 
was adopted. Instead, the bars are just inserted into a 
coupler and fixed to it by bolts, tightened until they snap. In 
case that any of the bolts did not reach the final position, the 
coupler was discarded and replaced by a new one. 

  

  

Figure 16.Transfer beams on Level 12 (top row) and on Level 20 (bottom row) – details of coupled bars (bottom left) and 
discarded coupler (bottom right) 

 
 

  

Figure 17. Lenton couplers for Transfer beam on Level 20 at core wall in Contractor’s shop drawing (left) and on site (right) 



Kula Belgrade – Part 2 - Specifics of construction of Kula structure 
 

Building Materials and Structures 65 (2022) 23-35  33 

Another type of rebar splicing was adopted at the faces 
of the core walls where threaded Lenton couplers were used. 

Another specific issue was the geometry of transfer 
slabs. While the slabs were shrinking from Level 12 to 20 in 
a North-South direction (direction parallel to the Sava River) 
they expanded in a perpendicular direction. Accordingly, 
there was an issue of access and supporting shuttering in the 
East-West direction because the upper slabs were projecting 
out of the perimeters of the lower ones. The issue was 
resolved by the application of Doka Staxo towers that were 
fixed to the structure by a system of anchors and lashing 
straps. 
 
4.3 Slabs of pt on the hotel and residential levels 

 
As described in the first part of the article, typical slabs 

on hotel and residential levels were designed as PT slabs. 
This included slabs from Lev03 to 11 (hotel levels), 16, 18, 
19, and 21 to 39 (residential levels), so the great majority of 
Kula slabs. 

The PT works were assigned to PT Subcontractor, 
company Strong Force Balkans, daughter company of 
Australian Strong Force, while the reinforcement works were 
conducted by Construction Centre Manojlović company from 

Serbia, while the main contractor coordinated them at all 
work stages. 

Having in mind the dimensions of slabs which extended 
up to 45m in one direction, each PT slab was divided in the 
design stage into two pours. This was also practical in terms 
of the organization of work because it allowed for the 
parallelization of work. The Contractor achieved casting 
adjacent horizontal / vertical pours in a 2 / 4-day span, 
respectively, on some of the residential slabs. The slab under 
construction was propped and supported by three slabs 
below. The density of propping on the lowest of three levels 
was 50% of that of the two upper ones. 

The PT system consisted of 12.7mm mono strands. They 
were inserted by a cable pusher machine into the flat ducts 
with 3 to 5 slots to form the tendons. A live anchor was 
mounted at the tendon end at the outer perimeter of the slab, 
or at the pan box in case it was not designed to reach the 
slab end. Dead end anchors were formed on site by the onion 
jack tool and stressing pump. Both ends were supplied by 
anti-burst spiral reinforcement. Tendon profiling was 
achieved by fixing the tendons to the plastic chairs at the 
required height, adopted at approximately 1.0-1.2m spacing, 
and stapled to the wooden shuttering with a heavy duty 
stapler to secure their geometry during the concreting. 

 
 

  

Figure 18. Illustration of extension of slab edges on transfer levels - Levels 12-14 (left) taken from 
RS_BW_P19.1_C_025_PZM_DDC_0048_Rev.00_Doka Formwork Plans_L12 formwork Platforms supporting L14 Slaband 
Levels 15-17 (right) – taken from RS_BW_P19.1_C_025_PZM_DDC_0058_Rev.01_Doka_Formwork Plans and Platforms 

supports for L17 
 

  

Figure 19. Live end with pan box (left) and formation of onion head dead end (right) 
(both obtained from Contractor’s document Method Statement for Post-tensioning 
worksRS_BW_P19.1_C_025_PZM_MST_0021_Rev.00_Post Tensioning Works) 
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Stressing was conducted in two stages. Stage 1 took 
place approximately 12 hours after the casting, but not 
before the concrete cube strength reached 10MPa. It was 
done to the level of 25% of the total jacking force. The 
remaining force was applied once the concrete cube strength 
reached 25MPa (the design concrete grade was C40/50), 
which was usually less than 48 hours after the casting. The 
total jacking force was set at 80% of the ultimate tensile 
strength of the strands, or 1480MPa = 0.8*1860MPa. 

Elongations measured during the stressing were 
submitted for the engineer’s approval in a form of a stressing 
record report, and only after the approval of the Engineer the 
cutting of strands was conducted. 

The grouting was usually done within a 2-3 week span 
after the stressing of tendons under the engineer’s 
supervision. 

As for the reinforcement works, it is interesting to mention 
that the slab capacity in terms of punching shear was 
provided by double headed Halfen studs with a 12mm 
diameter welded to Halfen HDB shear rails, that were 
inserted into the installed slab reinforcement. Due to the 

requirements in energy efficiency regulations, the balconies 
had to be completely thermally insulated from the main slab. 
This was achieved by thermal connectors made by Forbuild 
Company. The connector consisted of a central part made of 
thermal insulation, through which two steel plates were 
embedded to enable the transfer of shear forces, while the 
moment action was enabled by straight rebars placed on the 
top of the section and three high strength bearing blocks 
placed at the bottom to transfer compression forces. 

In terms of work related to formwork and shuttering, it is 
worth mentioning that all the slabs above level 11 had to 
follow pre-setting schemes adopted during the Value 
Engineering design by which the perimeter of the slab was 
supposed to be executed higher than the centre of the slab 
to allow the slab to achieve horizontal geometry once the 
differential settlements between the core and columns take 
place over the years of service. Typically, the difference in 
levels was 10mm up to level 20 (dark blue hatch on below 
figure), but it was 20mm on residential levels (21–40) (green 
hatch on below figure). 

 
 

  

Figure 20. Mono strand stressing jack (left) and measurement of achieved elongations (right) 
(both obtained from Contractor’s document Method Statement for Post-tensioning 
worksRS_BW_P19.1_C_025_PZM_MST_0021_Rev.00_Post Tensioning Works) 

 

  

Figure 21. Halfen shear rails with double headed studs (left) and thermal connector at balcony location (right) 
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Figure 22. Pre-setting scheme for levels 18,19,20 (left) and 21-40 (right) 
 
 
 
5 Conclusion 

The work on the primary structure was completed in 
August 2021. The tower façade was completed by the end 
of 2022, so the podium façade, MEP, and architectural works 
are still ongoing. 

Thank you to Darko Božić, Nenad Marković and Mile 
Nešković for their contributions to Kula construction and 
assistance with this text. 
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Finding appropriate strengthening solutions for existing reinforced concrete (RC) 
elements is always a challenge for structural engineers. Additional load capacity 
may be needed as the change of type of occupancy and more restrictive design 
standards require higher load levels or different detailing of reinforcement.  

This paper introduces a post-installed retrofitting system consisting of an adhesive 
and a concrete screw anchor that can be used to improve either the pure shear 
capacity or the punching shear capacity of a RC beam or slab. This post-installed 
retrofitting system acts as shear reinforcement that can be installed with relatively 
minimal disruption as it is only installed at the soffit of the RC element being 
strengthened. The system was tested for its suitability and the results were 
approved by the German Construction Authority with a National Technical Approval. 
Published parameters are used for the standard methods of detailing shear and 
punching shear of a RC element according to EN1992-1 and EN1992-2. 
Calculations and tests have shown that with the use of this post-installed retrofitting 
system, the shear strength of existing concrete elements can increase by up to 
100% and consequently increase the lifetime of a structure. This paper also 
discusses the test methods employed, the test results, and sample projects that 
made use of the said system. Another important finding is the substantial savings in 
project cost attributed to the installation methodology that comes with the system. 
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1 The post-installed retrofitting system 

1.1  Description of the system 
 

The post-installed retrofitting system employs bonded 
concrete screw anchors. This system consists of two 
essential components, a self-tapping concrete screw anchor 
and a two-component injectable organic adhesive, as shown 
in Figure 1. The concrete screw anchor transfers forces to 
the concrete member via a mechanical interlock between the 
screw anchor thread and the hole cavity.  This mechanical 
interlock is achieved during the installation of the screw 
anchor, where thread tapping into the wall of a pre-drilled 
hole occurs. The adhesive, on the other hand, bonds the 
screw anchor to the hole cavity. Mechanical interlock 
transfers loads immediately after installation, while the bond 
effectively adds capacity after the adhesive becomes fully 
cured. “RELAST” is the proprietary name of this hybrid post-
installed retrofitting system.   

Although the system is composed of known post-installed 
anchor components, it is not considered as a post-installed 
anchor. Its evaluation and force-transfer mechanism is like a 

 

 
*  Corresponding author: 
 E-mail address: jochen.buhler@wuerth.com 

cast-in rebar. As such, the related design approach is 
therefore not covered in EN 1992-4:2018 “Design of post-
installed and cast-in fastenings in concrete”.  However, EN 
1992-1  ”Design  of  concrete structures  – Part 1-1: General 

 

Figure 1. Würth RELAST bonded screw anchor and its 
load-transfer mechanism. 
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rules and rules for buildings” and in EN 1992-2 “Design of 
concrete structures – Part 2: Concrete bridges – Design and 
detailing rules”  provide guidance for designing shear and 
punching shear using RELAST. 

1.2 Scientific research, test and assessment, technical 
product specification 

 
The components that make up RELAST are post-

installed anchors which were successfully assessed and 
granted construction approval many years back in Europe. 
The European assessment covers the following aspects: 

1. characteristic resistance to tension or shear, 
2. sensitivity to different installation and service 

temperatures, 
3. freeze/thaw conditions, 
4. increased concrete crack width, 
5. crack cycling under load, 
6. repeated loads, 
7. sustained loads, 
8. various environmental exposure such as high alkalinity 

and sulphurous atmosphere, 
9. the robustness of the anchor when installed in dry and 

water saturated concrete with different installation 
directions. 

 
The mentioned approval, enabled the anchor to be 

designed and used in various structural anchoring 
applications successfully.  

Since RELAST and its ‘retrofitting use’ do not fully align 
with post-installed anchoring models, additional tests and 
assessments were conducted to get construction approval 
for retrofitting applications. During a period of approximately 

7 years, a number of large scale tests helped to investigate 
the real behaviour of the RELAST system. 

Real-life retro-fitting on several bridges and buildings in 
Germany and Austria demonstrated the practicability of the 
system.    

The additional large scale tests were conducted at the 
University of Innsbruch and at the Universität der 
Bundeswehr München (Fig. 2 and 3.).  

1.2.1  Laboratory tests related to the shear capacity 
 
Four-point bending tests on reinforced concrete beams 

with a span of 3.5m were setup to investigate the influence 
of screw anchor size/type, arrangements of bonded/un-
bonded installation, and anchoring depth (Fig 4.), to the 
shear performance of the beam. 

Further 4-point tests on one-way slabs investigated the 
influence of the slab height. 

Three pulsating load tests were conducted to evaluate 
the performance of retro-fitted beams under 5x106 load 
cycles. The amplitude of the load applied, had a lower bound 
equal to one-third of the static ultimate load and the upper 
bound was two-thirds of the static ultimate load. No failure 
was identified.  

The test setup and the results are described in detail by 
Lechner in [2].  The results of the test show that the retro-
fitted beam achieved at least 100% shear capacity 
improvement compared to components without shear 
reinforcement.  

Based on above tests, the characteristic values used for 
the design were derived and are detailed in the 
corresponding Technical Product Specifications Z-15.1-344, 
published in October 2019 [3]. 

 

 

Figure 2. Large scale shear tests [1] 

 

Figure 3. Large scale punching shear tests [1] 
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Figure 4. Optional installation conditions 
 
 
1.2.2 Laboratory tests related to the punching shear 

capacity 
 
The test rig of the very first punching shear tests is shown 

in Figure 5. In this test, 32 bonded concrete screw anchors 
in 8 radial rows of 4 were installed (Fig. 3). 

Based on the results obtained from the tests described 
above, two research projects investigated the influence of 
screw anchor size/type, arrangements of bonded/unbonded 
installation, anchoring depth, and different ratios of the 
longitudinal reinforcement to the punching shear 
performance of the test specimen. 

Pulsating loads on the retro-fitted slab with 2x106 load 
cycles and a load amplitude calculated from a lower bound 

equal to one-third of the static ultimate load and the upper 
bound equal to two-thirds of the static ultimate load, did not 
result in visual signs of damage. Residual static punching 
afterwards resulted in a failure load equivalent to the static 
ultimate load.   

The test setup and the results are described in detail by 
Lechner in [2]. Summarily the retro-fitted components 
achieved up to 40% punching shear capacity improvement 
compared to components without punching shear 
reinforcement.  

Based on the above tests, the characteristic values used 
for the design were derived and are detailed in the 
corresponding Technical Product Specifications Z-15.1-345, 
published in October 2019 [4]. 

 

 

Figure 5. Test setup for the punching shear capacity tests [2] 
 
 
 
 



Improving the punching shear and shear capacity of reinforced concrete elements with a new post-installed retrofitting system 

40 Building Materials and Structures 65 (2022) 37-45 

1.3  Limitations on the use of the application 
 
As previously mentioned, the punching shear and shear 

capacities are calculated using EN 1992-1 ”Design of 
concrete structures – Part 1-1: General rules and rules for 
buildings” and in EN 1992-2 “Design of concrete structures – 
Part 2: Concrete bridges – Design and detailing rules”.   The 
European design standard and approval provide detailed 
guidance on the use of RELAST for retrofitting applications.  
Many local codes outside Europe, unfortunately, do not 
provide the same level of detail and guidance in the design 
of post-installed punching shear reinforcement. Still the said 
European approach may be implemented to a level that 
satisfies the respective country’s performance requirements.  

It is important to note as well that the approach detailed 
in this paper does not take existing punching shear or shear 
reinforcement into account.  

The product also has minimum edge distance and 
spacing requirements which might not always be applicable 
to actual site conditions. As a consequence of a minimum 
embedment depth, there is a minimum concrete thickness of 
200mm to observe. In the case of a punching shear 
retrofiting, the RELAST system is only applicable up to a 
maximum slab thickness of 1100mm.  

The bonded concrete screw anchor can be used in 
corrosive environment classes C1 (minor) up to C5 (very 
strong) according to EN ISO 9223 and service temperature 
between -40°C to 80°C. The Technical Specification covers 

concrete strength classes for C20/25 to C50/60 and allows 
the design under normal load cases with static, quasi-static, 
and fatigue loads. 

2 Case study 1 - improving the shear capacity  

2.1 Design parameters to use for retrofitting a single-span 
concrete slab bridge 

 
In the rehabilitation of a single span concrete slab bridge 

(Fig. 6), the shear capacity is to be improved by only 
accessing the underside of the bridge.  

The following design parameters are given for the design: 
 

Span length:  l = 15.00 m 
Bridge width: w = 9.00 m 
Slab thickness: h = 0.50 m 
Effective depth of the cross-section: d = 0.46 m 
Concrete strength class: C 50/60 
Maximum acting design shear  
load: VEd,max,slab = 712 kN/m 
By calculating design shear resistance of the member 

without shear reinforcement, areas (Fig. 7) requiring design 
shear reinforcement and consequently retrofitting for shear 
were identified: 

Acting design shear load Area I: VEd,max,I = 500 kN/m 
Acting design shear load Area II: VEd,max,II = 300 kN/m 

 

Figure 6. Single-span concrete slab bridge 
 

 

Figure 7. Various areas of the single-span concrete slab bridge 
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2.2 Design and detailing 
 
The design of members with shear reinforcement is 

based on a truss model (Fig. 8), in which we take α = 90° and 
θ = 45° and as given, the inner lever arm with z = 0.9d = 
0.414 m and the minimum width of the compression chord 
bw = 1 m. 

In this model, it is required to verify that both, the design 
resistance of the compression strut and of the tension tie is 
bigger than the acting design shear load in each area. The 
retrofitting bonded concrete screw anchor is taking on the 
task of the cast-in shear reinforcement. 

2.2.1 Verification of the compression strut 
 
The resistance of the compression strut [5] (6.9), [3] 

𝑉𝑅𝑑,𝑚𝑎𝑥 =
1

2
∙ 𝑏𝑤 ∙ 𝑧 ∙ 𝜐1 ∙ 𝑓𝑐𝑑 = 

=
1

2
∙ 1 ∙ 0.414 ∙ 0.75 ∙ 28.3 = 4394

𝑘𝑁

𝑚
 

(1) 

results in an utilisation level of the compression strut of 

𝑉𝐸𝑑,𝑚𝑎𝑥,𝑠𝑙𝑎𝑏

𝑉𝑅𝑑,𝑚𝑎𝑥
 = 0.162. (2) 

In accordance with [3] and [5] the maximum permissible 
spacing from Table 1 must be taken into account 

Table 1. Maximum permissible spacings [3] 

Shear force ratio 

max. 
longitu-

dinal 
spacing 

sl,max 

max. 
longitu-

dinal 
spacing 

sl,max 

𝑉𝐸𝑑 ≤ 0.3 ∙ 𝑉𝑅𝑑,𝑚𝑎𝑥 0.7 ∙ ℎ ℎ 

0.3 ∙ 𝑉𝑅𝑑,𝑚𝑎𝑥 ≤ 𝑉𝐸𝑑 ≤ 0.6 ∙ 𝑉𝑅𝑑,𝑚𝑎𝑥 0.5 ∙ ℎ ℎ 

𝑉𝐸𝑑 > 0.6 ∙ 𝑉𝑅𝑑,𝑚𝑎𝑥 0.25 ∙ ℎ ℎ 

 
 
and are with the given member thickness sl,max = 0.35 m and 
st,max = 0.5 m. 

2.2.2 Verification of the tension tie 
 
The resistance of the tension tie is calculated with [5] 

(6.8), [3] 

𝑉𝑅𝑑,𝑠 = 𝑎𝑠𝑤 ∙ 𝑧 ∙ 𝑓𝑦𝑤𝑑,𝑒𝑓 (3) 

where the effective design yield strength of the bonded 
concrete screw anchor is 

𝑓𝑦𝑤𝑑,𝑒𝑓 = 𝑐1 ∙
𝑓𝑦𝑤𝑘

𝛾𝑠
+ 𝑐2 ∙

𝜈1

𝜌𝑠𝑤
∙ 𝑓𝑐𝑑 ≤

𝑓𝑦𝑤𝑘

𝛾𝑠
 (4) 

The introduction of the effective yield strength takes into 
account that the concrete screw cannot be utilised to their full 
yield capacity. The parameters c1 and c2 are derived from 
tests and incorporate diameter and embedment depth of the 
concrete screws. While c1 represents the ratio of the 
concrete screw’s resistance of the total shear resistance, c2 
is the portion of the concrete depending resistances. 

The ratio of cross section asw for improving the shear 
capacity is calculated with 

𝑎𝑠𝑤 =
𝐴𝑠𝑤,𝑠𝑐

𝑠𝑙 ∙ 𝑠𝑡
 (5) 

For further verification we chose the RELAST system 22 
with a diameter M20. The selected longitudinal spacing            
sl = 0.30 m and transverse spacing st = 0.30 m are below 
their respective maximum allowed values. 

The material parameter are given in Table 2 [3]. 
With the cross section of the screw anchor 

𝐴𝑠𝑤,𝑠𝑐 = (
𝑑𝑘,1

2
)

2

∙ 𝜋 = 3.3𝑐𝑚² (6) 

we calculate asw =  36.67cm²/m² or the relative ratio to 
ρsw = 0.36%. 

 

 

Figure 8. Truss model [5] 
 

Table 2. Dimensions and material of the concrete screw anchor [3] 

Bonded screw anchor 
Connecting 

thread 
External 
diameter 

Core diameter Core diameter Yield strength 

  dG dk,1 dk,2 fykw 

  mm mm mm N/mm² 

Würth RELAST 22 M20 24.3 20.5 16.93 500 
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With the second load factor c2 = 0.046 and the first load 
factor c1 = 0.2384 according to table 5 in  [3] for the 
installation condition below the upper reinforcement layer 
(Fig. 4 left), the effective design yield strength of the bonded 
concrete screw anchor is calculated to fywd,ef = 369.91 
N/mm² ≤ 434.78 N/mm².  

The required cross section of the screws to verify 
successfully the tension tie in area I is 

𝑎𝑠𝑤.𝑟𝑒𝑞 =
𝑉𝐸𝑑,𝑚𝑎𝑥,𝐼

𝑧 ∙ 𝑓𝑦𝑤𝑑,𝑒𝑓
= 

=  
5000𝑐𝑚²

0.414 ∙ 369.91𝑚²
= 32.65

𝑐𝑚2

𝑚2 ≤ 36.67
𝑐𝑚2

𝑚2  

(7) 

and to verify successfully the tension tie in area II 

𝑎𝑠𝑤.𝑟𝑒𝑞 =
𝑉𝐸𝑑,𝑚𝑎𝑥,𝐼

𝑧 ∙ 𝑓𝑦𝑤𝑑,𝑒𝑓
=  

3000𝑐𝑚2

0.414 ∙ 369.91𝑚2 = 

= 19.59
𝑐𝑚2

𝑚2
≤ 36.67

𝑐𝑚2

𝑚2
 

(8) 

The installation plan of Figure 9 shows the screw with the 
respective selected longitudinal spacing sl = 0.30 m and 
transverse spacing st = 0.30 m for area I and II, and an edge 
distance of c = 0.15 m where it applies. 

 
Each bonded concrete screw anchor is installed with an 

embedment depth of hnom = 210 mm and provides a 
minimum for the projected thread length of tüb ≥ 52 mm to 
accommodate the big washer, the wedge-lock spring washer 
and the nut. 

3 Case study 2 - improving the punching shear 
capacity 

Several documented structural collapses in different 
parts of the world show that insufficient resistance to 
punching shear is the main reason for the collapse. Punching 
shear failure is particularly dangerous because of its, 
relatively, brittle behaviour. Some examples of documented 
failures related to punching shear are the Sampoong 
Department Store (Seoul, South Korea) and The Piper’s Row 
Carpark, (Wolverhampton, GB).  A common feature between 
these structures is the use of flat slabs.   

Punching shear capacity is primarily influenced by the 
concrete strength, flexural reinforcements, geometry and 
dimension of columns, and the size effect. Punching failure 
can potentially result from design/planning errors, 
construction mistakes, changes in the type of occupancy of 
the building, and changes in the building codes. The 
punching capacity of new concrete structures can readily be 
addressed by following the provisions of new codes and 
standards. Extra punching shear reinforcements can be built-
in to the design, and pre-installed before concrete is poured.  
For existing concrete structures however, a post-installed 
approach is more desirable.  There are a number of different 
punching shear retrofitting approaches, but this paper 
focuses on a proprietary post-installed retrofitting system that 
is designed to significantly improve punching shear capacity, 
in a relatively quicker time, while the structure remains 
operational. 

3.1 Design parameters to use for retrofitting a flat concrete 
slab 

 
In the rehabilitation of an office building, the punching 

shear capacity of the flat concrete slab is to be verified and 
improved when necessary. A representative area of the slab 
is shown in Figure 10. 

      

Figure 9. Installation plan and installed bonded concrete screw anchor 
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Figure 10. Representative area of the flat concrete slab 
 
The following design parameters were given for the 

design: 
Concrete strength class: C 25/30 
Span length lx = 6.00 m 
Span length ly = 5.00 m 
Cantilever length lpr = 1.00  m 
Slab thickness: h = 0.25m 
Concrete cover: cnom = 20 mm 
Effective depth of the cross-section: d = 0.22 m 
Cross section of all columns: a x a = 0.30 m x 0.30 m 
Acting design punching shear load –  
column A: VEd,A = 159.09 kN 
Acting design punching shear load –  
column B: VEd,B = 339.96 kN 
Acting design punching shear load –  
column C: VEd,C = 308.01 kN 
Acting design punching shear load –  
column D: VEd,D = 608.19 kN 
 
In order to establish the punching shear resistance above 

the column, a minimum flexural reinforcement is provided. 

3.2 Design and detailing 
 
The design procedure for punching shear is based on 

checks at the face of the column u0 and at the basic control 
perimeter u1. If shear reinforcement is required a further 
perimeter uout,ef should be calculated where shear 
reinforcement is no longer required. 

3.2.1 Verification at the face of the column 
 
At the column perimeter u0, or the perimeter of the loaded 

area, the maximum punching shear resistance should not 
exceed [5] 

𝑉𝐸𝑑 ≤
𝑉𝑅𝑑,𝑚𝑎𝑥

𝛽
=

0.4 ∙ 𝜈 ∙ 𝑓𝑐𝑑 ∙ 𝑢0 ∙ 𝑑

𝛽
 (9) 

where ν = 0.54 represents a strength reduction factor for 
concrete cracked in shear, fcd = 16.67 N/mm² the design 
concrete strength and u0 = 4a = 1.2 m the perimeter of the 
column. For structures where the lateral stability does not 
depend on frame action between the slabs and the columns, 

and where the adjacent spans do not differ in length by more 
than 25%, approximate values for β may be used [4]: 

Inner column D:   β = 1.10 
Edge columns B and C:  β = 1.40 
Edge Column A:   β = 1.50. 
With above assumptions, we have the following 

verifications: 

Column A: 159 𝑘𝑁 ≤ 633 𝑘𝑁 

Column B: 340 𝑘𝑁 ≤ 678 𝑘𝑁 

Column C: 308 𝑘𝑁 ≤ 678 𝑘𝑁 

Column D: 608 𝑘𝑁 ≤ 863 𝑘𝑁 

3.2.2 Verification at the basic control perimeter 
 
The basic control perimeter u1 may be taken to be at a 

distance 2.0d from the loaded area and should be 
constructed so as to minimise its length. The length for each 
column is shown in Figure 11. Note that the following 
calculations are only conducted for column D. Only column 
D requires additional improvement for punching shear 
capacity. 

Punching shear reinforcement is not necessary, if  

𝑣𝐸𝑑 ≤ 𝑣𝑅𝑑,𝑐 
(10) 

The maximum shear stress should be calculated with 

𝑣𝐸𝑑 ≤ 𝛽
𝑉𝑒𝑑

𝑢1,𝐷 ∙ 𝑑
 (11) 

 

Figure 11 Length of the basic control perimeter 
 
and the punching shear resistance of the slab without shear 
reinforcement in accordance with 

𝑣𝑅𝑑,𝑐 = 𝐶𝑅𝑑,𝑐 ∙ 𝑘 ∙ (100 ∙ 𝜌𝑙 ∙ 𝑓𝑐𝑘)
1
3 + 

+𝑘1 ∙ 𝜎𝑐𝑝 ≥ 𝑣𝑚𝑖𝑛 + 𝑘1 ∙ 𝜎𝑐𝑝 
(12) 

where CRd,c = 0.12 for flat slabs in general, the scale factor   
k = 1.95, the mean reinforcement ratio ρl in x and y direction 
equals 0.0052 for column D and the coefficient for inclusion 
of normal stresses k1 = 0.1. The design value of the mean 

normal concrete stresses cp inside the basic control 
perimeter are zero. The Technical Product Specifications      
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Z-15.1-345 [4] calculates for the minimum value of the shear 
resistance  

𝑣𝑚𝑖𝑛 = 0.035 ∙ (𝑘)
3
2 ∙ √𝑓𝑐𝑘 (13) 

as d is smaller than 600mm. Other values apply for different 
effective depths. 

For column D the verification νEd ≤ νRd,c is not successful 
as shown in Eq. (14) and Eq. (15). 

𝑣𝐸𝑑 = 1.1
608

3.96 ∙ 0.22
= 0.767𝑁/𝑚𝑚² (14) 

𝑣𝑅𝑑,𝑐 = 0.12 ∙ 1.95 ∙ (100 ∙ 0.0052 ∙ 25)
1

3= 

= 0.550𝑁/𝑚𝑚² 
(15) 

Punching shear reinforcement needs to be provided.  
The required number of bonded concrete screw anchors 

in a defined area around the column is resulting from the 
following two conditions 

𝑣𝑒𝑑 = 𝛽
𝑉𝑒𝑑

𝑢1,𝐷 ∙ 𝑑
≤ {

𝑣𝑅𝑑,𝑐𝑠

𝑘𝑚𝑎𝑥 ∙ 𝑣𝑅𝑑,𝑐
 (16) 

The concrete screw anchors acting as punching shear 
reinforcement elements improve the punching shear 
capacity by up to 40%. With kmax = 1.4, the second condition 
is met, and the RELAST system can be used. RELAST 
system 16 with a diameter M18 is chosen and the following 
product parameter and limitations apply (Fig. 12): 

1. first row of the bonded screw anchors shall be located 
between 0.3d = 6.6cm and 0.5d = 11 cm,  

2. the spacing between the outer row of the bonded 
screw anchors and the control perimeter uout,ef shall 
not exceed 1.5d = 33 cm, 

3. the radial spacing of the screw rows shall not be 
larger than 0.75d = 16.5 cm, 

4. the spacing of the screw in the peripheral direction 
shall not be larger than 1.5d = 33 cm in an area inside 
the basic control perimeter u1, outside not larger than 
2d = 44 cm,  

5. the minimum spacing is 100 mm, 
6. the core diameter dk,1 = 14.8 mm 
7. the yield strength of the concrete screw anchor            

fywd = 434 N/mm². 
 
The punching shear resistance with punching shear 

reinforcement νRd,cs is calculated with 

𝑣𝑅𝑑,𝑐𝑠 = 0.75 ∙ 𝑣𝑅𝑑,𝑐 + 1.5 ∙
𝑑

𝑠𝑟
∙ 𝐴𝑆𝑊 ∙ 𝑓𝑦𝑤𝑑,𝑒𝑓 ∙

1

𝑢1𝑑
 (17) 

where the allowable cross-section area of the punching 
shear reinforcement in one row around the column is the 
minimum of 

𝐴𝑆𝑊 = 𝑚𝑖𝑛 {

𝐴𝑆𝑊,𝑖

𝐴𝑆𝑊,1.5𝑑

1.5 ∙ 𝑑
∙ 𝑠𝑟

 (18) 

 

 

Figure 12. Geometrical limitations 
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For the verification we chose 5 rows with a radial spacing 
of sr = 15 cm and 12 anchors per row. The spacing of the first 
row to the column equals 10 cm. The cross section area in 
any row around the column is Asw,i = 20.64 cm². The entire 
cross sectional area between 0.3d = 6.6 cm and 1.5d= 33 cm 
calculates from the cross section of 3 rows ASW,1.5d = 61.92 
cm² and ASW = 20.64 cm² . 

The design value of the active stress in the punching 
shear reinforcement is calculated with  

𝑓𝑦𝑤𝑑,𝑒𝑓 = 5.5 ∙
𝑘𝑚𝑎𝑥

𝛾𝑠
∙

𝑑

𝑑𝑘,1
= 5.5 ∙

1.4

1.15
∙

22

1.48
= 

= 99.53𝑁/𝑚𝑚² ≤ 217𝑁/𝑚𝑚² 

(19) 

The punching shear resistance with punching shear 
reinforcement equals νRd,cs = 0.93 N/mm² and successfully 
verified as it is greater than the acting shear of             
νEd = 0.77 N/mm². 

The perimeter uout,ef, where shear reinforcement is no 
longer required is calculated with  

𝑢𝑜𝑢𝑡,𝑒𝑓 = 𝛽
𝑉𝑒𝑑

𝑣𝑅𝑑,𝑐 ∙ 𝑑
=

1.1 ∙ 608

550 ∙ 0.22
= 5.52𝑚 (20) 

which equals an outer radius rout,ef = 88 cm. 
 
For the above calculated 60 bonded concrete screw 

anchors of the RELAST system 16 with a metric thread M18, 
the rules for the geometrical composition are successfully 
checked. 
1. the first row of the bonded screw anchors is located at 

10cm from the column which is between the required 
0.3d = 6.6 cm and 0.5d = 11 cm. The respective radius ra 
equals 25cm, 

2. the perimeter of the first row equals 157 cm which makes 
with 12 screw anchors a spacing of 130.9 mm which is 
greater than the required minimum spacing of 100 mm. 

3. the radial spacing of 15 cm is less than the required     
0.75d = 16.5 cm, 

4. the length of the basic control perimeter equals 339cm 
and is filled with 12 anchors at spacings of 28.25 cm in 
the peripheral direction which is less than 1.5d = 33 cm, 
the last row of the 5 radial rows has a radius rout = 85 cm 
and gives a spacing of 3 cm to rout,ef = 88cm, which does 
not exceed required maximum spacing of 1.5d = 33 cm 

5. the perimeter length of the last row equals 534 cm and is 
filled with 12 anchors at spacings of 44.0 cm in the 
peripheral direction which is lesser than 2d = 44 cm. 

Each bonded concrete screw anchor is installed with a 
embedment depth of hnom = 160 mm and provides a 
minimum for the projected thread length of tüb ≥ 47 mm to 
accommodate the big washer, the wedge-lock spring washer 
and the nut. 

4 Summary 

The two design examples show that the RELAST system 
improves the shear or punching shear capacity with a 
practicable number of bonded concrete screw anchors. The 
number of screws is not much different from the number of 
cast-in shear or punching shear reinforcement which would 
have been provided for a new structure. Thus, the provided 
solution is economically feasible and provides additional 
benefits from having to access only the soffit of the structure 
for installing the system. In many cases, occupancy could 
continue in the area above where RELAST installation is 
being done.  

The design approach utilizes existing formulas of an 
established European Code, and provides  modification 
parameters as necessary. As the design does not take 
existing shear and punching shear reinforcement into 
account, the described approach can be used when codes 
do not provide the same level of detail and guidance in the 
design.  
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CENTAR ZA PUTEVE I GEOTEHNIKU 

Ispitivanje šipova 
 
 

 SLT metoda (Static load test)  
 DLT metoda (Dynamic load test) 
 PDA metoda (Pile driving analysis)
 PIT (SIT) metoda (Pile (Sonic) integrity 

testing) 
 CSL - Crosshole Sonic Logging 
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• Ispitivanje šipova 
o Geotehni ka istraživanja i ispitivanja – in situ  

 Laboratorija  za puteve i geotehniku 
• Projektovanje puteva i sanacija klizišta 

o Nadzor
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