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A B S T R A C T 

In this study, the effects of different fibre types on the workability and mechanical 
properties of self-compacting concrete were investigated. Fresh and hardened prop-

erties of self-compacting concrete, different fibre content 0.90, 1.35 and 1.80 kg/m3 

were evaluated using basalt, polypropylene and macro synthetic fibres with different 

fibre lengths of 24, 19 and 40 mm, respectively. The properties of fresh concrete were 

evaluated in terms of slump flowing, viscosity and flowability. In addition, compres-
sive, flexural and splitting tensile strength were obtained from hardened concrete 

properties. To characterize mechanical properties 90 specimens were experimen-

tally tested. The results show that the use of fibre reduces the workability of self-

compacting concrete. On the other hand, tensile and flexural strength of the self-com-

pacting fibre reinforced concrete increased with increasing fibre content, but it was de-

termined that the fibre addition had no significant effect on the compressive strength. 
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1. Introduction 

Self-compacting concrete (SCC) is a type of concrete 
that can be processed under its own weight without the 
need for vibration (Sahmaran et al., 2006; Uysal and 
Yılmaz, 2011; Bingol and Tohumcu, 2013). High range 
water- reducing superplasticizer chemical additives, 
powder material and/or viscosity regulators are used in 
the production of SCC. The main fresh concrete proper-
ties of SCC can be specified as filling ability, passing abil-
ity and segregation resistance (Liu, 2010; El-Dieb and 
Taha, 2012). Since its development in Japan in the mid-
1980s, research has been conducted on SCC. 

Fibre reinforced concrete is a composite material 
based on cement based matrix using short or long fibres. 
The use of fibre-reinforced concrete has recently in-
creased due to the significant improvement of the prop-
erties of the fibres such as flexural strength, tensile 
strength, impact resistance and toughness of the con-
crete. It is also known that adding fibre to the concrete 
has little or no effect on the compressive strength and 
the modulus of elasticity (ACI Committee 544, 1988; 

Mazaheripour, 2011). The mechanical properties of fibre 
reinforced concrete are dependent on many factors in-
cluding the aspect ratio (fibre length / equivalent diam-
eter) of the fibres, volume percentage, physical and me-
chanical properties of the fibres (CNR-DT 204, 2007; 
Smarzewski, 2019). The addition of fibre in SCC im-
proves the mechanical properties of hardened concrete, 
but also has a negative effect on the fresh properties of 
the SCC, such as the slump flow diameter, passing and 
filling ability. The most commonly used fibre types are 
steel, polypropylene, glass, carbon, basalt, aramid and 
polyethylene. 

In the study conducted by Jiang et al. (2014), the be-
haviour of concrete produced with basalt fibre was in-
vestigated using the fibre amounts ranging from 0.05% 
to 0.3%. It was stated that the addition of fibre into con-
crete increases the compressive strength by 3.66% to 
2.62%, respectively. The effect of the addition of basalt 
fibre on the mechanical properties of concrete was in-
vestigated by Arslan (2016). The compressive strength 
of normal concrete tend to increase by an average of 
7.25% in the presence of 3 kg/m3 content of basalt fibre. 

tel:+90-442-661-3982
fax:+90-442-661-3713
https://doi.org/10.20528/cjsmec.2019.02.001
http://cjsmec.challengejournal.com/
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Dias and Thaumaturgo (2005) reported that the addition 
of basalt fibre at 0.5% volume fraction caused a 3.9% re-
duction on the compressive strength at 28 days. For pol-
ypropylene FRC, some studies (Mazaheripour et al., 
2011; Komlos et al., 1995), reported that polypropylene 
fibres have no significant effect on the compressive 
strength of concrete. 

Algin and Ozen (2018) investigated influence of basalt 
fibre on splitting tensile and flexural strength of SCC. It 
was stated that the addition of basalt fibre into SCC in-
creases the splitting tensile and flexural strength by 15% 
and 19%, respectively. Jiang et al. (2014) reports that the 
incorporation of basalt and polypropylene fibres at a 
rate of 0.05–0.3% induces the increase in the flexural 
strength by the ranges of 6.30% to 9.58% and 3.94% to 
6.96%. Branston et al. (2016) stated that the flexural 
strength of the 36 mm diameters of 4, 8 and 12 kg/m3 
basalt fibre reinforced concrete improved by 8.40%, 
16.05% and 21.72%, respectively. The effect of basalt fi-
bre on high strength concrete was investigated by Zhang 

et al. (2018), it was stated that the highest flexural 
strength value is obtained in the case of using 0.1% by 
volume of fibre, and there is no significant change in 
strength in 0.2% and 0.3%. 
 

2. Experimental Program 

2.1. Materials 

In this study, two different aggregates were used as 
aggregate size: fine aggregate (0-5 mm) and coarse ag-
gregate (5-12). The specific gravity of the fine and coarse 
aggregate was 2.62 and 2.67 g/cm3, respectively. CEM 1 
42.5 R Portland cement was used to obtain concrete mix-
tures. To provide the workability properties of the self-
compacting concrete, the cement was replaced with fly 
ash by 20% of its weight. The chemical, physical and me-
chanical properties of cement and fly ash used in con-
crete mixtures are shown in Table 1.

Table 1. Properties of cement and fly ash. 

Chemical composition CEM 1 42.5 R Fly ash 

SiO2 (%) 18.10 60.61 

Al2O3 (%) 4.48 20.81 

Fe2O3 (%) 3.09 7.36 

CaO (%) 63.65 2.44 

MgO (%) 2.58 1.64 

SO3 (%) 2.84 0.51 

Na2O (%) 3.90 0.56 

K2O (%) 0.21 1.91 

CI (%) 0.015 0.0067 

Loss on ignition (%) 3.90 2.71 

Insoluble Residue (%) 0.55 89.19 

Physical and mechanical characteristics                CEM 1 42.5 R Fly ash 

Specific gravity (g/cm3) 3.12 2.33 

Specific surface (cm2/g) 3698 2475 

Compressive strength (MPa)   

  2nd day 27.90  

  28th day                                                   58.00  

 

Detailed properties provided by manufacturer and 
basalt, macro-synthetic and polypropylene fibres are 
presented in Table 2 and Fig. 1. In addition, high range 

water reducing admixture was used by weight of cement 
for concrete mixtures in order to obtain self-compacta-
bility concretes. 

Table 2. Properties of fibres. 

Fibre type 
Length 
(mm) 

Diameter  
(µm) 

Modulus of elastisity  
(GPa) 

Tensile strength 
(MPa) 

Density 
(g/cm3) 

Basalt 24 13-20 88 4000-4500 2.80 

Polypropylene 19 18-20 3.0-3.5 350 0.91 

Macro-synthetic 40 440 9.5 620 0.92 

https://www.sciencedirect.com/science/article/pii/S0950061818317628#b0100
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Fig. 1. Polypropylene, basalt and macro-synthetic fibre.

2.2. Concrete mix design 

In this study, the ratio of coarse aggregate and fine ag-
gregate content (50–50% of total aggregate by volume). 
The W/B ratio was kept constant at 0.42. The mixture de-
sign included 2% superplasticizer by weight of total ce-
ment. Table 3 shows the details of mix proportions of ten 
different concrete mixtures prepared in this research. 

2.3. Testing methods 

To determine the flow properties of self-compacting 
concrete, slump flow test, V-funnel and L-box test was 
performed instantly after mixing the concrete. The work-
ability tests were conducted before casting according to 
the EFNARC suggestions. According to EFNARC, SCC clas-
ses and conformity criteria are presented in Table 4.

Table 3. Concrete mixture proportions. 

Concrete 
Cement 
(kg/m3) 

Fly ash 
(kg/m3) 

W/B 
Coarse aggregate  

(5-12 mm.) (kg/m3) 
Fine aggregate  

(0-5 mm.) (kg/m3) 
Superplasticizer 

(%) 
Fibre 

(kg/m3) 

Control 425 75 0,42 816 802 2 ------ 

BF 0.90 425 75 0,42 816 802 2 0,90 

BF 1.35 425 75 0,42 816 802 2 1,35 

BF 1.80 425 75 0,42 816 802 2 1,80 

PPF 0.90 425 75 0,42 816 802 2 0,90 

PPF 1.35 425 75 0,42 816 802 2 1,35 

PPF 1.80 425 75 0,42 816 802 2 1,80 

MSF 0.90 425 75 0,42 816 802 2 0,90 

MSF 1.35 425 75 0,42 816 802 2 1,35 

MSF 1.80 425 75 0,42 816 802 2 1,80 

Table 4. Conformity criteria for the properties of SCC. 

Slump-Flow classes Slump flow in mm 

SF1 550 to 650 

SF2 660 to 750 

SF3 760 to 850 

Viscosity classes V-funnel time in s 

VF1 ≤ 8 

VF2 9 - 25 

Passing ability classes (L-box) Passing ability 

PA1 ≥ 0,80 with 2 rebars 

PA2 ≥ 0,80 with 3 rebars 



38 Çelik and Bingöl / Challenge Journal of Structural Mechanics 5 (2) (2019) 35–41  

 
 

The compressive strength of the self-compacting con-
crete batches was obtained by three 150x150x150 mm 
cube samples according to ASTM C39. Splitting tensile 
testing was completed following the guidelines of ASTM 
C496. The splitting tensile strength was determined on 
the cylindrical samples measuring 100 mm diameter and 
200 mm height. The flexural strength was completed ac-
cording to ASTM C78. Concrete prisms 400 mm in length 
and 100 mm by 100 mm in cross-section were subjected 
to third point loading using a compression testing ma-
chine with a 3000 kN capacity. The compressive, split-
ting tensile and flexural strength is computed by averag-
ing the results from three samples.  

 

3. Results and Discussion 

3.1. Workability properties 

In order to determine the workability properties of 
fresh self-compacting concrete samples, slump flow test, 
L-box test and V-funnel test were carried out on the sam-
ples and the results are presented in Table 5. 

As a result of the investigation of the fresh concrete 
properties of the SCC, it is seen that the use of fibre neg-
atively effects the workability properties of fresh con-
crete. The flow spread for all groups of concrete mixes 
that was measured to be in between 570 and 720 mm. 

The test results demonstrated that control, BF 0.90, BF 
1.35 and MSF 0.90 group falls in SF2 class which is suit-
able for many normal applications (e.g. walls, columns). 
Use of fibre decreased workability of the fresh concrete 
and BF 1.80, MSF 1.35, MSF 1.80 and all polypropylene 
fibre groups determined to be in SF1 class which is ap-
propriate for unreinforced or slightly reinforced con-
crete structures that are cast from the top with free dis-
placement from the delivery point, casting by a pump in-
jection system or sections that are small enough to pre-
vent long horizontal flow. 

When the V-funnel flow times of the mixture samples 
are evaluated, the control, BF 0.90 and BF 1.35 series 
falls in VF-1 class specified in the standard and the other 
mixture samples are in the VF-2 class. The slump flow di-
ameter and the V-Funnel flow time of the mixtures are 
shown in Fig.2. According to EFNARC, passing ability de-
scribes the capacity of the fresh mix to flow through con-
fined spaces and narrow openings such as areas of con-
gested reinforcement without segregation, loss of uni-
formity or causing blocking. The L-box tests are used to 
evaluate the passing ability of SCC. According to the re-
sults of the L-box test, were obtained the results below 
the target value of 0.80. Control, BF 0.90, BF 1.35, PPF 
0.90 and MSF 0.90 group falls in PA1 class which has 
good filling ability even with congested reinforcement, 
capable of self-levelling and generally has the best sur-
face finish.

Table 5. Concrete mixture proportions. 

Concrete Slump-flow diameter 

(mm) 

V funnel time  

(s) 

L- box blocking ratio 

(H2/H1) 

Control 720 5,50 0,88 

BF 0.90 680 7,03 0,85 

BF 1.35 650 7,30 0,81 

BF 1.80 630 8,16 0,76 

PPF 0.90 640 8,10 0,83 

PPF 1.35 600 8,80 0,79 

PPF 1.80 570 9,73 0,74 

MSF 0.90 660 10,30 0,82 

MSF 1.35 630 10,90 0,76 

MSF 1.80 590 11,50 0,71 

3.2. Results of the mechanical test 

3.2.1. Compressive strength 

Compressive strength testing was performed at 28 
days and the results are shown in Fig. 3 for all SCC series. 
In this study the compressive strength of polypropylene, 
basalt and macro-synthetic FRSCC shows no obvious im-
provement. Compared with the control concrete, the 
compressive strength of the samples reinforced with 
basalt fibre with the fibre content of 0.90, 1.35 and 1.80 
kg/m3 increase by 2.43%, 3,58% and 4.20%, respec-
tively. When adding PPF and MSF with the content of 
0.90, 1.35 and 1.80 kg/m3, the compressive strength im-
provement of PPF reinforced concrete ranges from 
1.90% to 3.63% and the compressive strength improve-
ment of MSF reinforced concrete ranges from 0.73% to 

1.97%. For the concrete mixtures containing the macro - 
synthetic fibre content of 1.80 kg/m3, the compressive 
strength is lower than the mixture containing the con-
tent of 0.90 kg/m3 and 1.35 kg/m3, but the results are 
higher than the control sample.  

Basalt, macro-synthetic and polypropylene fibres, 
have a tendency to reduce the workability of fresh con-
crete and resulting in the risk of reduction in the con-
crete compressive strength. In addition, the fibres create 
void regions in FRSCC and failure may occur due to them. 
In this study, low fibre content had a positive effect on 
compressive strength. The increase in compressive 
strength of FRC reported by some experimental studies 
may have been the effect of the reduction in water/ce-
ment ratio for cement hydration, which resulted in a higher 
compressive strength of the hydrated cement paste and 
not by the beneficial fibres effect (Smarzewski, 2019).  
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Fig. 2. Slump flow and V-funnel test results of FRSCC. 

 

Fig. 3. Compressive strength test results of FRSCC.

3.2.2. Splitting tensile strength 

The strength–effectiveness of the splitting tensile 
strength of the fibre concrete at 28 days shows Fig.4. 

Compared with control concrete, the use of fibre sig-
nificantly increased the splitting tensile strength of 
FRSCC and the highest splitting tensile strength was ob-
tained in the MSF 1.80 series. The splitting tensile 
strength of the samples reinforced with macro synthetic 
fibre with the fibre content of 0.90, 1.35 and 1.80 kg/m3 
increase by 9.68%, 14.84% and 17.42% compared with 
the control concrete, respectively. Longer fibres show 
more obvious bridging effect and stronger pulling out re-
sistance, which would contribute to strength develop-
ment (Jiang et al., 2014). The splitting tensile strength 
improve of BF and PPF reinforced concrete ranges from 
7.10% to 16.77% and 5.81% to 14.19% respectively at 
28 days. Previous studies have stated that the adding 

fibre to concrete induced a significant increase on the 
splitting tensile strength. Jiang et al. (2014) reported 
that the splitting tensile strengths of the basalt and pol-
ypropylene fibre at 0.05% volume fraction, compared 
with control concrete were 6.30% and 3.94% higher, re-
spectively. Arslan (2016) reported a 10.1% increase in 
the splitting tensile strength of concrete containing 2 
kg/m3 basalt fibre. 

3.2.3. Flexural strength 

Flexural strength testing was performed at 28 days 
and the results are shown in Fig. 5 for all SCC series. The 
maximum increase of flexural strength was recorded 
8.61% in series BF 1.80 compared to the control con-
crete. Also, when added basalt fibres with fibre content 
of 0.90 kg/m3 and 1.35 kg/m3, the flexural strength in-
creased 4.65% and 6.34%, respectively.  
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Fig. 4. Splitting tensile strength test results of FRSCC. 

 

Fig. 5. Flexural strength test results of FRSCC.

The flexural strength results of PPF and MSF series 
with the fibre content of 0.90, 1.35 and 1.80 kg/m3 cause 
the increase by ranges from 4.24% to 7.88% and 3.64% 
to %7.07%, compared to the control concrete. In the ex-
amination of the fracture patterns of the specimens dur-
ing the flexural strength test, a more ductile behavior 
was observed in polypropylene and macro synthetic fi-
bre mixtures, whereas the basalt fibre mixtures showed 
a more brittle behavior. Mazaheripour et al. (2011) 
stated that the flexural strength of the polypropylene re-
inforced concrete increased by 4.45% at a fibre content 
1.82 kg/m3. Effect of the content of basalt fibre on the 
flexural strength was investigated by Kabay (2014), 2 
kg/m3 content of basalt fibre increased the flexural 
strength of concrete 6.35%. Arslan (2016) reported that 
2 kg/m3 content of polypropylene fibre increased the 
flexural strength of the concrete 25.3%, compared with 
plain concrete. Mechanical properties values obtained 
from are given in Table 6. 

4. Conclusions 

In the study, workability and mechanical properties of 
FRSCC mixtures were determined. The results obtained 
in the scope of this study are indicated below. 

As a result obtained indicate that addition of BF, PPF 
and MSF to the self-compacting concrete leads to signifi-
cantly reduce in the workability of concrete. Compared 
with the control concrete, the slump flow diameter of the 
mixtures reinforced with BF, PPF and MSF with the fibre 
content of 1.80 kg/m3 decrease by 12.50%, 20.83% and 
18.05%, respectively. When the V funnel results are ex-
amined, the control, BF 0.90 and BF 1.35 series fall into 
the VF-1 class specified in the standard and the other mix 
samples are in the VF-2 class.  

Although the use of fibre in SCC series has no signifi-
cant effect on compressive strength, the highest com-
pressive strength results were obtained in the BF series. 
Furthermore, during the compressive strength test, the 
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fibres restricted the lateral expansion of the concrete 
and delayed the fracture. 

Compared with control group, the results of flexural 
strength of the SCC series, adding 0.90, 1.35 and 1.80 kg/m3 
basalt, polypropylene and macro synthetic fibre, the flex-
ural strength increase of concrete ranges from 4.65% - 
8.61%, 4.24% - 7.88% and 3.64% - 7.07%, respectively. The 

PF and MSF series showed a ductile post peak behavior, 
whereas the BF series brittle failure after reaching the peak 
load. 

Adding BF, PPF and MSF notably increased splitting 
tensile strengths of FRSCC with according to control mix-
ture. The highest splitting tensile strength values were 
obtained from MSF 1.80 specimens. 

Table 6. Mechanical results of FRSCC. 

Concrete Compressive strength  

(MPa) 

Splitting tensile strength  

(MPa) 

Flexural strength  

(MPa) 

Control 45.22 3.10 4.95 

BF 0.90 46.32 3.32 5.18 

BF 1.35 46.84 3.46 5.26 

BF 1.80 47.12 3.62 5.38 

PPF 0.90 46.08 3.28 5.16 

PPF 1.35 46.34 3.42 5.22 

PPF 1.80 46.86 3.54 5.34 

MSF 0.90 45.93 3.40 5.13 

MSF 1.35 46.11 3.56 5.17 

MSF 1.80 45.55 3.64 5.30 
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A B S T R A C T 

In the current study 28 day strength of Recycled Aggregate Concrete (RAC) and Fly 
ash (class F) based concrete is predicted using Artificial Neural Network (ANN), Mul-

tigene Genetic Programming (MGGP) and Model Tree (MT). Four sets of models were 

designed for per cubic proportions of materials, Properties of materials and non-di-

mensional parameters as input parameters. The study shows that the predicted 28 

day strength is in good agreement with the observed data and also generalize well to 

untrained data. ANN outperforms MGGP and MT in terms of model performance. Out-
put of the developed models can be presented in terms of trained weights and biases 

in ANN, equations in MGGP and in the form of series of equations in MT. ANN, MGGP 

and MT can grasp the influence of input parameters which can be seen through Hinton 

diagrams in ANN, input frequency distribution in MGGP and coefficients of input pa-

rameters in MT. The study shows that these data driven techniques can be used for 

developing model/s to predict strength of concrete with an acceptable performance. 
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1. Introduction 

Recycled Aggregates and fly ash are the alternative 
materials used in concrete which can be termed as a step 
towards use of waste materials in concrete. Ascertaining 
strength of such concrete is a tedious and difficult task 
owing to the different properties of Recycled aggregates 
and fly ash (Hansen and Narud, 1983; Yueh and Hwang, 
2006; Ryu, 2002). Determination of compressive 
strength of concrete has great importance as it offers an 
option to do the essential modification on the mix pro-
portion to avoid circumstances where concrete does not 
attain the design strength and also for more economic 
use of raw material and fewer construction failures, thus 
reducing construction cost. Traditional determination of 
compressive strength of concrete needs actual testing 
which requires time and materials, which can be reduced 
by using data driven techniques like Artificial Neural 
Network (ANN), Genetic Programming (GP), and Model 
Tree (MT) etc. Prediction of compressive strength of 
concrete has been an active area of research in last two 
decades or so (Dias and Pooliyadda, 2001; I-Cheng, 

2007; Ni and Wang, 2000; Ahmet et al., 2006; Adriana et 
al., 2013; Duan et al., 2013; Deshpande et al., 2014; Gor-
phade et al., 2014; Sarıdemir, 2010; Bayazidi et al., 
2014). Relatively new techniques of GP and MT have 
been used sparingly for modeling the compressive 
strength of concrete. ANN models were developed to 
predict the strength and slump of ready mix concrete 
with admixtures in which the input parameters were 
non-dimensional ratios transformed from the material 
weights per unit volume. Neural network was also devel-
oped with the natural logarithms of both inputs and out-
puts (Dias and Pooliyadda, 2001). Weights of mixes per 
unit volume were considered as input parameters to 
predict slump of High Performance Concrete (HPC) us-
ing ANN (I-Cheng, 2007). A Three layered neural net-
work model was built to implement the complex nonlin-
ear relationship between the inputs (11 factors that in-
fluence concrete strength) and the output (concrete 
strength). The neural network models give high predic-
tion accuracy, and the research results conform to some 
rules of mix proportion of concrete (Ni and Wang, 2000). 
ANN models were developed to predict the Compressive 
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Strength and slump of High Strength Concrete (HSC) 
with input parameters such as water to binder ratio, wa-
ter content, fine aggregate ratio, fly ash content etc. (Ah-
met et al., 2006). ANN is used as an attempt to obtain 
more accurate concrete strength prediction based on pa-
rameters like concrete mix design, size and shape of 
specimen, curing technique and period, environmental 
conditions, etc. (Gupta et al., 2006). ANN with mix pro-
portions as input parameters was used to predict 
strength of concrete from ready-mixed concrete compa-
nies (Jong-In Kim et al., 2004). Particularly in the field of 
RAC, ANN was used to predict strength of RAC (Adriana 
et al., 2013; Duan et al., 2013; Deshpande et al., 2014). 
Application of Genetic Algorithm based neural network 
models for predicting the Compaction factor, VB time 
and Compressive strength, Tensile strength, Flexural 
strength and Young’s modulus of High performance con-
crete showed a prediction accuracy of 95% (Gorphade et 
al., 2014). In a study, two models using gene expression 
programming (GEP) approach were developed for pre-
dicting compressive strength of concrete containing rice 
husk ash at the age of 1, 3, 7, 14, 28, 56 and 90 days 
(Sarıdemir, 2010). MGGP as a technique was utilized to 
predict modulus of elasticity of concrete. A general 
model proposed for Normal strength concrete and High 
strength concrete using the 28 day strength data (Ba-
yazidi et al., 2014). Model Tree (MT) was used to predict 
strength of conventional and Recycled aggregate con-
crete (Deshpande et al., 2014; Deepa et al., 2010). 

The study concluded that ANN facilitates a better cor-
relation among inputs and output and displays a good 
performance. Very few applications of GP (specifically 
MGGP) have been reported in recent literature focused 
on predicting strength of concrete. Similarly very few 
works can be seen which used MT to predict the concrete 
strength (CS). The study mentioned earlier focused 
mainly on performance of tool used rather than discuss-
ing the influence of input parameters on output which is 
necessary, for the tag of ‘Black box’ on these techniques 
to be removed. In the present work, three techniques viz. 
Artificial Neural Network (ANN), MultiGene Genetic Pro-
gramming (MGGP) and Model Tree (MT) are used sepa-
rately to develop models to predict strength of Recycled 
aggregate concrete and Fly ash based concrete respec-
tively. Secondly, in total 8 models for each technique 
were developed with Mix proportions of materials, prop-
erties of materials and non-dimensional parameters as 
input parameters for developing different models. The 
data sets were designed in the said way so that the study 
is not limited to only type of input parameter/s for a sim-
ilar output. Third, the influence of parameters affecting 
the strength of concrete are shown in the form of Hinton 
diagram in ANN, in the form of coefficients and input fre-
quency in MGGP and coefficients of parameters in MT. 
Fourth, the comparative analysis of the modeling ap-
proaches (ANN, MGGP and MT) are validated with the 
observed values and best approach is suggested for pre-
dicting the 28 day compressive strength of concrete. 

The paper is further organized as follows: The next 
section gives an overview of ANN, GP-MGGP and MT 
techniques. The information about data used is provided 
in following section followed by the methodology 

adopted. The results of models developed and influences 
of parameters are discussed in the next section followed 
by concluding remarks. 

 

2. Modeling Techniques 

In the current study, prediction of 28 day concrete 
strength (CS) for RAC and Fly ash based concrete is done 
using Artificial Neural Networks, Genetic Programming- 
Multi Gene Genetic Programming, and Model Tree with 
M5 algorithm. These approaches are described in brief 
below. 

2.1. Artificial Neural Network (ANN) 

ANN is a soft computing technique involving an input 
layer, one or more hidden layer (s) and an output layer. 
The hidden layer is connected to the other layers by 
weights, biases and transfer functions. An error function 
is determined by the difference between network output 
and the target. The error is propagated back and the 
weight and biases are adjusted using some optimization 
technique which minimizes the error. The entire process 
called training is repeated for number of epochs (itera-
tions) till the desired accuracy in output is achieved. 
Once the network is trained it can be used to validate 
against unseen data using trained weights and biases (The 
ASCE Task Committee, 2000; Maier and Dandy, 2000).  

2.2. Genetic Programming (GP) 

Genetic programming (GP) is a biologically inspired 
machine learning method that evolves computer pro-
grams to perform a task (usually represented by tree 
structures) and then breeding together the best per-
forming trees to create a new population. The three ge-
netic operations are as follows: Reproduction, Cross 
over and Mutation (Londhe and Dixit, 2012). In MGGP, 
multigene individual consists of one or more genes, each 
of which is a “traditional” GP tree (Searson et al., 2010). 
Genes are acquired incrementally by individuals in order 
to improve fitness (e.g. to reduce a model’s sum of 
squared errors on a data set). The overall model is a 
weighted linear combination of each gene. The resulting 
pseudo-linear model can capture non-linear behavior. 
When the transformations are forced to be low order (by 
restricting the GP tree depth), allows the evolution of ac-
curate, relatively compact mathematical models of pre-
dictor – response (input – output) data sets, even when 
there are a large number of input variables. For example, 
the multigene model shown in Fig. 1 predicts an output 
variable using input variables x1, x2 and x3.  

This model structure contains non-linear terms (e.g. 
the hyperbolic tangent) but is linear in the parameters 
with respect to the coefficients d0, d1 & d2. In practice, 
the user specifies the maximum number of genes Gmax 
a model is allowed to have and the maximum tree depth 
Dmax any gene may have and therefore can exert control 
over the maximum complexity of the evolved models. In 
particular, we have found that enforcing stringent tree 
depth restrictions (i.e. maximum depths of 4 or 5 nodes) 
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often allows the evolution of relatively compact models 
that are linear combinations of low order non-linear 
transformations of the input variables. Multigene GP 
combines the power of classical linear regression with 
the ability to capture non-linear behavior without need-
ing to pre-specify the structure of the non-linear model 

(Searson et al., 2010; Searson et al., 2007). The unique-
ness of the multi-gene genetic programming based 
model is that it automatically evolves a mathematical ex-
pression in a symbolic form which can be analyzed fur-
ther to find which variables impact the final prediction 
and in what fashion (Pandey et al., 2015).

 
Fig. 1. Example of a Multigene symbolic model.

2.3. Model Tree (MT) 

MT utilizes divide-and-conquer approach and pro-
vides rules for reaching the models at the leaf nodes. The 
linear models are then used to quantify the contribution 
of each attribute to the overall predicted value. M5P, a 
reconstruction of Quinlan’s M5 algorithm is used for in-
ducing trees of regression models and combines a con-
ventional decision tree with the possibility of linear re-
gression functions at the nodes. First, a decision-tree in-
duction algorithm is used to build a tree and a splitting 
criterion is then used that minimizes the intra-subset 
variation in the class values down each branch. The split-
ting procedure in M5 stops if the class values of all in-
stances that reach a node vary very slightly, or only a few 
instances remain. Second, the tree is pruned back from 
each leaf. When pruning an inner node is turned into a 
leaf with a regression plane. In comparison with classical 
regression trees, Model Trees deliver better compact-
ness and prediction accuracy (Deepa et al., 2010; Quin-
lan, 1992).  

 

3. Data and Model Development 

For predicting concrete strength using ANN, MGGP 
and MT, experimentation work was carried out by the 
authors and few data was also collected from literature 
(Hansen and Narud, 1983; Yueh and Hwang, 2006; Ryu, 
2002; Khatib, 2005; Padmini et al., 2003; Dapena et al., 
2011; Corinaldesi, 2010; Fathifazl et al., 2009; Yong and 
Teo, 2009; Yaprak et al., 2011; ChakradharaRao et al., 
2010; Schoppe, 2011; Kumutha and Vijai, 2010; Evange-
lista and Brito, 2010; Zega and Maio, 2003; Kou, 2006; 
Konin and Kouadio, 2011; Poon et al., 2004; Kotrayothar, 
2012; Adnan et al., 2011; Poon et al., 2007; Domingo-
Cabo et al., 2009; Pereira et al., 2012; Pelufo et al., 2009; 
Agarwal et al., 2011; Evangelista and Brito, 2004; Gon-
calves et al., 2004; Nikoo et al., 2015). The data used in 
the current work is divided into four sets i.e Set 1, Set 2, 

Set 3 and Set 4 and 2 models each. Set 1 is designed with 
process parameters related to Recycled aggregate con-
crete (RAC), Set 2 with Fly ash based concrete, Set3 with 
non-dimensional parameters for RAC and Set 4 with 
non-dimensional parameters of Fly ash based concrete. 
The data sets were designee in the said way so that the 
study is not limited to only one type of input parameters 
and number of data sets for a similar output. 

 
 
The process parameters that have been used as model 

input parameters for models in Set1 are: Content of ma-
terials in kg/m3 for Cement (RC, kg/m3), Natural fine ag-
gregate (RNFA, kg/m3), Natural coarse aggregate-20mm 
(RNCA-20, kg/m3), Natural coarse aggregate-10mm 
(RNCA-10, kg/m3), Recycled coarse aggregate-20mm 
(RCA-20, kg/m3), Recycled coarse aggregate-10mm 
(RCA-10, kg/m3), Admixture(RA, kg/m3) and water (RW, 
kg/m3). Water absorption of conventional coarse aggre-
gates (WA-NA, %) and water absorption of Recycled ag-
gregates (WA-RA, %) were used as additional input pa-
rameters in Set 1: model 2. The input parameters for 
models in Set 2 were: Cement (FC, kg/m3), Fly ash – Class 
F (F, kg/m3), Fine aggregate (FNFA, kg/m3), Natural 
coarse aggregate-20mm-1 (FNCA-20, kg/m3), Natural 
coarse aggregate-10mm (FNCA-10, kg/m3), water (FW, 
kg/m3), and Admixture (FA, kg/m3). Specific gravity of 
FNFA (FSP-NFA), Specific gravity of NCA-20 (FSP-20) 
and Specific gravity of NCA-10 (FSP-10) were additional 
input parameters in Set 2: model1. The input parameters 
for Set 3 were dimensionless parameters such as ratio of 
Water to cement ratio (RW/C), natural fine aggregate to 
total aggregate ratio (RNFA/A), Natural coarse aggre-
gate-20mm to cement content (RNC20/A), Natural 
coarse aggregate-10mm to cement content (RNC10/A), 
Recycled coarse aggregate-20mm (RCA-20) to cement 
(RC20/C), Recycled coarse aggregate-10mm (RCA-10) to 
cement (RC10/C), water to total materials (RW/T). Re-
placement ratio (R-RR) was used as an additional pa-
rameter in Set 3:model2. The input parameters for Set 4 
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were non-dimensional parameters for Fly Ash based 
concrete namely Water to binder ratio (FW/B), machine 
made sand by aggregate ratio (FNFA/A), Natural coarse 
aggregate-20mm to cement ratio (FNCA20/C), Natural 
coarse aggregate-10mm to cement ratio (FNCA10/C) 
and water to total materials ratio (FW/T). Replacement 
ratio (F-RR) was used as an additional input parameter 
in Set 4:model2. 

The output for each model is 28 day compressive 
strength of respective type of concrete (CS). The details 
of data used in developing the models are shown in Ta-
bles 1-4. The detail of models developed in each set is 
shown in Table 5. 

Three layered Feed Forward Back-Propagation ANN 
models were developed using MATLAB 2016, to predict 
the 28 day CS and trained till a very low performance er-
ror (mean squared error) was achieved. All the networks 
were trained using Levernberg-Marquardt algorithm 

with ‘log-sigmoid ‘transfer functions in between the first  
(input) and second (hidden) layer and ‘linear’ transfer 
function between the second and third layer (output). 
Trial and error method was utilized to determine the op-
timal number of hidden neurons. MGGP models were de-
veloped using GPTIPS-2. Readers are referred for fea-
tures of GPTIPS (Searson et al., 2007; Searson et al., 
2010). The RMSE function was adapted for error mini-
mization during runs (Searson et al., 2007; Searson et al., 
2010). The adopted function set to develop the GP model 
are as shown in table 6 for each model. The parameters 
were selected which yielded best performance of the 
models. These settings were based on experience with 
the predictive modeling of other data sets of similar size, 
and so they may not be optimal. A fairly large number of 
population and generations were tested to find models 
with minimum error. The programs run until the num-
ber of generations were reached as in Table 6.

Table 1. Details of data in Set 1. 

Sr. No Parameters Values (min-max) Correlation with Output 

1 RC ( kg/m3) 235-645 0.477 

2 RNFA ( kg/m3) 217-1050 0.004 

3 RNCA-20mm ( kg/m3) 0-1508.640 0.118 

4 RNCA-10mm ( kg/m3) 0-553 0.281 

5 RCA-20mm ( kg/m3) 0-1508.640 -0.3011 

6 RCA-10mm ( kg/m3) 0-840 -0.0989 

7 RW ( kg/m3) 120-271 0.0451 

8 RA ( kg/m3) 0-41.600 -0.3186 

9 WA-RA (%) 0-10.600 -0.109 

10 WA-NA (%) 0-3.560 -0.207 

11 S (N/mm2) 10.319-100.500  

Table 2. Details of data in Set 2. 

Sr. No Parameters Values (min-max) Correlation with Output 

1 FC ( kg/m3) 130-460 0.861 

2 F ( kg/m3) 0-120 -0.247 

3 FNFA-1 ( kg/m3) 398-1011 -0.421 

4 FNCA-20mm ( kg/m3) 0-958 -0.163 

5 FNCA-10mm ( kg/m3) 482-1242 0.039 

6 FW ( kg/m3) 127-202 0.099 

7 FA ( kg/m3) 0-5.520 0.519 

8 FSP-NFA 2.700-2.980 0.199 

9 FSP-20 0-3.050 -0.036 

10 FSP-10 2.850-3.040 0.225 

11 S (N/mm2) 12-60.2  
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Table 3. Details of data in Set 3. 

Sr. No Parameters Values (min-max) Correlation with Output 

1 FW/B 0.315-0.980 -0.843 

2 FNFA/A 0.200-0.489 -0.197 

3 FNC20/C 1.175-5.393 -0.622 

4 FNC10/C 0-4.354 -0.499 

5 FW/T 0.051-0.0867 0.107 

6 F-RR 0-48 -0.48 

7 S (N/mm2) 12-60.200  

Table 4. Details of data in Set 4. 

Sr. No Parameters Values (min-max) Correlation with Output 

1 RWC 0.229-0.860 -0.584 

2 RNFA/A 0.148-1.566 0.085 

3 RNC20/C 0-4.726 0.029 

4 RNC10/C 0-2.196 0.204 

5 RC20/C 0-5.184 -0.359 

6 RC10/C 0-2.333 -0.125 

7 RW/T 0.054-0.139 -0.25 

8 R-RR 0-100 -0.251 

9 S (N/mm2) 10.319-100.5  

Table 5. Model development. 

Sr. No Set No Model No. Input Parameters No. of Data Sets 

1 
Set 1  

 
(Recycled Aggregate Concrete) 

1-1 
RC, RNFA, RNC20, RNC10,  

RC20, RC-10,RA, RW 
226 

1-2 
RC, RNFA, RNC20, RNC10, RC20,  
RC-10, RA, RW, WA-RA, WA-NA 

226 

2 
Set 2  

 
(Fly Ash based Concrete) 

2-1 FC, F, FNFA, FNC20, FNC10, FA, FW 113 

2-2 
FC, F, FNFA, FNC20, FNC10, FA, FW,  

FSP-NFA, FSP-NC20, FSPNC10, FW,FA 
113 

3 

Set 3  
 

(Non-Dimensional Parameters for  
Recycled Aggregates) 

3-1 
RWC, RNFA/A, RNC20/C, RNC10/C, 

RC20/C, RC10/C, RW/T 
226 

3-2 
RWC, RNFA/A, RNC20/C, RNC10/C, 

RC20/C, RC10/C, RW/T, R-RR 
226 

4 

Set 4  
 

(Non Dimensional parameters related 
to Fly Ash based Concrete) 

4-1 
FW/B, FNFA/A, FNC20/C,  

FNC10/C, FW/T 
113 

4-2 
FW/B, FNFA/A, FNC20/C,  

FNC10/C, FW/T, F-RR 
113 

 
 
 
 



 Kulkarni et al. / Challenge Journal of Structural Mechanics 5 (2) (2019) 42–61 47 

 

Table 6. Parameter settings for the MGGP. 

GP Parameters Parameter Settings 

Population size 1000 

Number of generation 200,500 

Selection method tournament 

Tournament size 15 

Crossover rate 0.84 

Mutation rate 0.14 

Termination criteria 500 generation or fitness value 

 less than 0.00 whichever is earlier 

Maximum number of genes 6,8 

Maximum tree depth 4,5,6 

Mathematical operations  +, -, x, /, sin, cos, exp, √, exp,{} 

The maximum allowable number of genes in an indi-
vidual and the maximum tree depth directly influence 
the size of the search space and the number of solutions 
explored within the search space (Searson et al., 2007; 
Searson et al., 2010; Pandey et al., 2015). The allowable 
number of genes and tree depth were, respectively, set 
to optimal values as tradeoffs between the running time 
and the complexity of the evolved solutions (Searson et 
al., 2007; Searson et al., 2010; Pandey et al., 2015). The 
best MGGP models were chosen on the basis of providing 
the best fitness value on the training and testing data as 
well as the simplicity of the models (Bayazidi et al., 
2014). All these parameter combinations were tested 
and 2 replications for each were carried out. Multiple in-
dividual runs are suggested where the populations are 
automatically merged after the completion of the runs. 
This approach mitigates problems with the possible loss 
of model diversity over a run and with the GP algorithm 
getting stuck in local minima (Searson, 2015). The over-
all number of optimal individual runs equals to 
12x8x2=192 (6 group of models for each generations 
200 and 500. Each generation with genes 6 and 8 and 
further each generation and gene with tree depth 4, 5 
and 6. Thus 12 group of models each for generations 200 
and 500 and 2 replications for each models. The method-
ology is adopted for set 1 with 4 models and set 2 with 4 
models).  

For Model Tree as a technique, M5P algorithm imple-
mented in software WEKA was used for calibrating the 
model (Frank et al., 2016; Deepa, 2010). To check the ac-
curacies and robustness of the model, the dataset was di-
vided for training and testing purposes. From the availa-
ble data, 70% was selected to be used for training pur-
poses and the remaining 30% was used for model vali-
dation. The performance of the model was assessed by 
statistical measures like correlation coefficient (r) (Eq. 
(1)), Root mean squared error (RMSE) (Eq. (2)), Average 
absolute error (AARE) (Eq. (3)), Mean absolute error 
(MAE) (Eq. (4)), and Nash-Sutcliffe Efficiency (E) (Eq. (5)) 
(David and Gregory, 1999; Jain et al., 2008; Londhe, 2008). 
Lower RMSE indicates good prediction, but this statistic is 
biased towards to high error values. Coefficient of corre-
lation (r) measures the degree of association between the 

observed and predicted values and r closer to 1 indicates 
an almost perfect linear relationship between them. The 
value of zero for the coefficient of efficiency (E) indicates 
that the observed mean is as good a predictor as the 
model, while negative values indicate that the observed 
mean is a better predictor than the model. E is sensitive 
to outliers (David and Gregory, 1999). The degree to 
which RMSE exceeds MAE is an indicator of the extent to 
which outliers (or variance in the differences between 
the modeled and observed values) exist in the data (Da-
vid and Gregory, 1999; Jain et al., 2008; Londhe, 2008). 

𝑟 =
∑(𝑆𝑜𝑏𝑠− 𝑆̅𝑜𝑏𝑠)(𝑆𝑐𝑎𝑙−𝑆̅𝑐𝑎𝑙)

√∑(𝑆𝑜𝑏𝑠−𝑆̅𝑜𝑏𝑠)2(𝑆𝑐𝑎𝑙−𝑆̅𝑐𝑎𝑙)2
 (1) 

𝑅𝑀𝑆𝐸 = √∑ (𝑆𝑜𝑏𝑠 − 𝑆̅𝑐𝑎𝑙)2/𝑛𝑛
𝑖=1  (2) 

𝐴𝐴𝑅𝐸 =
1

𝑁
∑ |

(𝑆𝑐𝑎𝑙−𝑆𝑜𝑏𝑠)

𝑆𝑜𝑏𝑠
| × 100 (3) 

𝑀𝐴𝐸 =  
∑ |𝑆𝑐𝑎𝑙−𝑆̅𝑐𝑎𝑙|𝑁

𝑖=1

𝑁
  (4) 

𝐸 = 1 −  
∑(𝑆𝑐𝑎𝑙−𝑆𝑜𝑏𝑠)2

∑(𝑆𝑜𝑏𝑠−𝑆̅𝑜𝑏𝑠)2  (5) 

where 𝑆𝑜𝑏𝑠=observed strength; 𝑆𝑐𝑎𝑙=strength calculated 
from a model; 𝑆̅𝑜𝑏𝑠=average observed strength; 𝑆̅𝑐𝑎𝑙=av-
erage calculated strength; n=total number of data points 
predicted and all the summations run from 1 to N. 

The architecture of ANN models and no. of equations 
developed for each model by MT and the parameters not 
considered in the equation developed by MGGP is shown 
in Table 7. 

 

4. Results and Discussion 

4.1. Models developed using ANN 

Performance of each of the models developed in test-
ing using the ANN technique is shown in Table 8.   
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Table 7. Details of models developed. 

Set. No Model No. ANN Architecture No. of equation in MT 
MGGP parameters not considered in 

the equation 

1 
1-1 8:25:01 2 NIL 

1-2 10:23:01 11 NIL 

2 
2-1 7:13:01 3 NIL 

2-2 10:08:01 5 SP-NC20 

3 
3-1 7:24:01 2 NIL 

3-2 8:25:01 2 RNC20/C 

4 
4-1 5:16:01 1 NIL 

4-2 6:10:01 1 NIL 

Table 8. Performance of models developed using ANN. 

Set. No Model No. 
RMSE 
(m/s) 

MAE 
(m/s) 

E AARE r 

1 
ANN 1-1 5.759 4.3375 0.87934 11.4091 0.9440 

ANN 1-2 7.8139 5.9043 0.78034 14.6269 0.8890 

2 
ANN 2-1 3.6983 2.5631 0.85917 8.3445 0.9388 

ANN 2-2 4.0241 2.7790 0.83327 8.7192 0.9293 

3 
ANN 3-1 6.5255 4.6132 0.84508 11.9555 0.9219 

ANN 3-2 6.2345 4.4092 0.85859 10.8077 0.9268 

4 
ANN 4-1 3.2909 2.4703 0.87941 7.7395 0.9438 

ANN 4-2 3.5056 2.7136 0.88577 10.1742 0.9452 

Fig. 2 shows the scatter plot for ANN 1-1. Comparison 
between measured & predicted values for strength char-
acteristics of RAC for whole test data in Fig. 2 demon-
strates that there are few scatters away from the line of 
equality between measured and predicted values. As 

shown, the proposed model for compressive strength of 
RAC has a reasonable accuracy with less scatter and a high 
value of correlation coefficient (r=0.94). Fig. 3 shows the 
Hinton diagram which depicts the influence of various pa-
rameters on the compressive strength of concrete in ANN.

 

 

Fig. 2. Scatter plot for ANN1-1. 

 

Fig. 3. Hinton diagram for ANN1-1. 

A Hinton diagram is plot of weight matrix of a neural 
network, where the size of the square represents the 
magnitude, and the color represents the polarity 
(red=positive, green=negative). A Hinton diagram thus 
at a glance shows the units which are strongly active, 

which input parameters are off and which input param-
eters are intermediate in influence towards predicting 
the 28 day CS of RAC (Ahmet et al., 2006). A Hinton dia-
gram for ANN1-1, shows maximum influence of cement 
content, water content followed by recycled aggregate 
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content in ANN1-1 on the CS of RAC. Hinton for ANN2-2 
in Fig. 4 shows cement content, aggregate content and fly 
ash content as influential parameters in decreasing order 
followed by other input parameters. The Hinton diagram 
can thus eliminate the need for the sensitivity analysis. 

The scatter plot for ANN3-1 is shown in Fig. 5, shows over 
prediction of strength. Hinton diagram for ANN4-2 is as 
shown in Fig. 6 which shows aggregate to cement ratio 
and water to binder ratio as the highly influential param-
eters and with F-RR as the least influential parameter. 

 

 

Fig. 4. Hinton diagram for ANN2-2. 

 

Fig. 5. Scatter plot for ANN2-2. 

28 day strength of concrete is affected due to the wa-
ter binder ratio (W/B) & increase in W/B can decrease 
the strength. Also replacement ratio of RA or Fly ash in 
concrete can decrease the strength of concrete (Shetty, 
2005; Neville, 2012). Specifically in RAC, in a given mix 
when Aggregate to cement ratio increases, the strength 
decreases. Also increase in the CS can be seen with in-
crease in water to total materials ratio and fine aggre-
gate to total aggregate content up to a certain limit and 
further it shows a decrease in strength (Deshpande, 
2016).  

4.2. Model formulation using MGGP 

With input parameters as mix proportions of con-
crete, properties of materials and non-dimensional pa-
rameters, models were calibrated using MGGP as shown 
in Table 1 and Table 2. Performance of each of the model 
in testing is shown in Table 9. 

To find the optimal model, the MGGP algorithm was 
run several times with different combinations of the pa-
rameters as shown in Table 6. Results of models with 
Population:1000, generation:500, tree depth:4 and no. of 
genes:6 were found to be satisfactory and recorded here. 
Fig. 7 and Table 10 show the individual genes/model 
terms for the best models of MGGP1-1 and MGGP2-1 that 
were obtained during the conducted runs. 

Each gene includes its weighing coefficient. It is seen 
that the weight of the genes (sub-programs) 1, 3, 5 and 
the bias terms are higher than the other genes for 
MGGP2-1 and high importance of gene 6, 4, 3 and bias 
term in MGGP1-1. This means that they have higher con-
tribution to the strength prediction of concrete. Fig. 8 
shows the expressional trees for the best models that 
were obtained during the conducted runs for MGGP3-1. 
Each gene includes its weighing coefficient. As can be ob-
served from Fig. 8, the derived model is composed of 
complicated array of operators, variables, and constants 
to estimate the 28 CS of concrete. 

Table 9. Performance of models developed using MGGP. 

Set. No Model No. 
RMSE 
(m/s) 

MAE 
(m/s) 

E AARE r 

1 
MGGP 1-1 6.9110 5.5560 0.8262 14.3747 0.9090 

MGGP 1-2 8.5412 6.3821 0.7375 16.4551 0.8588 

2 
MGGP 2-1 4.0559 2.8832 0.8222 9.0642 0.9283 

MGGP 2-2 3.6216 2.8611 0.8649 9.6019 0.9414 

3 
MGGP 3-1 6.9458 5.3300 0.8244 13.3762 0.9095 

MGGP 3-2 8.4083 6.4100 0.7427 16.4922 0.8647 

4 
MGGP 4-1 4.2349 2.8108 0.8003 9.7842 0.9177 

MGGP 4-2 3.5550 2.7290 0.8824 10.3964 0.9518 
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Fig. 6. Hinton diagram for ANN4-2. 

 

Fig. 7. Weights of the genes (sub-programs) of MGGP1-1. 

Table 10. Individual genes/model terms for the prediction of CS for MGGP2-1. 

Term Value 

Bias 14.5 

Gene 1 (1.2 𝑥1
2) / (𝑥6 − 1.0 𝑥7) 

Gene 2 −(0.0139 𝑥1
2 𝑥7) / (𝑥6 + 𝑥7) 

Gene 3 −(1.16 𝑥1
2) / (𝑥6 + 𝑥7) 

Gene 4 (0.00531 𝑥2 𝑥5) / (psqroot(𝑥6) + psqroot(𝑥7)) 

Gene 5 −(9.19 𝑥2 𝑥5) / 𝑥6 + 5.08)2 

Gene 6 − (0.00149 (𝑥3 + 𝑥7) (𝑥3 + 𝑥6 + psqroot(𝑥6))) / (2.0 𝑥2 + 𝑥6) 

Each gene includes its weighing coefficient. It is seen 
that the weight of the genes (sub-programs) 1, 3, 5 and 
the bias terms are higher than the other genes for 
MGGP2-1 and high importance of gene 6, 4, 3 and bias 
term in MGGP1-1. This means that they have higher con-
tribution to the strength prediction of concrete. Fig. 8 

shows the expressional trees for the best models that 
were obtained during the conducted runs for MGGP3-1. 
Each gene includes its weighing coefficient. As can be ob-
served from Fig. 8, the derived model is composed of 
complicated array of operators, variables, and constants 
to estimate the 28 CS of concrete. 
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Fig. 8. Expression trees of the best models for the prediction of CS of concrete for MGG 3-1.

To facilitate the use of the developed model, model 
MGGP3-1 was transformed into a simplified functional 
form (Eq. (6)):  

𝑦 =  16.9 x6 −  94.0 x4  −  94.0 x1  −  94.0 tanh(x7) −

(1.0 (7.79𝑒15 x1  +  7.79𝑒15 x2  +  7.79𝑒15 x7)) /

(1.76𝑒13 x2  +  1.76𝑒13  ∙  sqrt(x7) +  1.76𝑒13 x1
2) −

 16.9 x2 x6
2  +  153.0 x2 tanh(x4) +  92.9 𝑥4 𝑥7 (x3  +  9.0) −

 16.9 x2 x5 x7  −  4988.0 x1 x7  ∙  sqrt(x7) tanh(x4) +

 995.0 x4
3 x5 x6

4 (x4  + x6) (x2  −  1.0 x5)  +  550.0 (6) 

where x1=RWC, x2=RNFA/A, x3=RNC20/C, x4= RNC10/C, 
x5=RC20/C, x6=RC10/C, x7=RW/T. 

Fig. 9 presents the accuracy against the complexity of 
the evolved models. Green dots represent the Pareto 

front of models in terms of model performance (1 – R2) 
and model complexity. Blue dots represent non-Pareto 
models. The red circled dot represents the best model in 
the population in terms of R2 on the training data (Sear-
son, 2015). The red circle in Fig. 10 for MGGP3-1 desig-
nates the best model presented herein that is not outper-
formed by any other model in terms of complexity and 
fitness. A less complex model for MGGP2-1 can be seen 
in Fig. 9. 

From the Pareto front (Figs. 9 and 10), user can decide 
whether the incremental gain in performance is worth 
with associated model complexity. Concisely, the MGGP 
paradigm evolves multiple models which provide more 
number of choices to the designer. A single model can be 
selected based on the application requirements (Searson 
et al., 2007; Pandey, 2015). Figs. 11 and 12 also depict 
the convergence characteristics of the genetic program-
ming algorithm.   
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Fig. 9. Pareto front report for MGGP2-1. 

 

Fig. 10. Pareto front report for MGGP3-1. 

 

Fig. 11. Convergence of the MGGP solutions for MGGP1-2. 
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Fig. 12. Convergence of the MGGP solutions for MGGP3-2.

It is evident that the mean fitness of the curve be-
comes smoother after 100 (in both the figures) genera-
tions and that the change in objective function is not sig-
nificant near the end of the genetic programming run. It 
indicates that running the genetic programming for 
more generations does not result in a more favorable 
outcome. However, as the best fitness is reported at 450 
(RMSE-7.14 for MGGP1-2) in this particular case, it sug-
gests that the genetic programming algorithm should 

have to run for at least 500 generations for all the models 
developed here. Figs. 13-16 show the frequency of input 
data for models in GP with coefficient of determination 
R2≥0.6 (Searson, 2010; Searson et al., 2007; Pandey, 
2015). Input frequency of the graphical input frequency 
analysis of single model or of a user specified fraction of 
the population is used to provide the identification of In-
put variables that are significant to the output (Searson 
et al., 2007; Singh, 2014).

 

Fig. 13. Input frequency for MGGP1-1. 

 

Fig. 14. Input frequency for MGGP2-1. 
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Fig. 15. Input frequency for MGGP2-2. 

 

Fig. 16. Input frequency for MGGP3-2.

For MGGP1-1, out of 8 parameters, parameters: 
RNC10, RC and RW are influential followed by RNFA, RA, 
RC20, RC10 and RNC20 content. This finding is in tune 
with the fundamental knowledge of concrete technology 
(Shetty, 2005; Neville, 2012). For MGGP2-1, FW and F 
are seen as important parameters. With addition of 
properties of materials like Specific gravity of aggregate 
content, MGGP2-2 shows specific gravity as an influen-
tial parameter with cement content being the most influ-
ential parameter followed by water content and other 
parameters. In MGGP3-2 the frequency of input parame-
ters is as shown in figure 16 which shows RC20/C as the 
least influential parameter.  

4.3. Models developed using MT 

Model tree is the third technique used to predict the 
28 day strength of concrete. Fig. 17 below shows a typi-
cal Model Tree developed for Model 1-1. The linear re-
gression equations developed by MT1-1 are shown in 
Fig. 18. 

 

Fig. 17. Model Tree for MT1-1. 
(The first number in the bracket is the number of  

samples in the subset sorted to this leave and the sec-
ond one-root mean squared error (RMSE) of the  

corresponding linear model divided by the standard  
deviation of the samples subset for which it is built.)  

(expressed in percent) 
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Fig. 18. Equations developed for MT1-1.

Similarly for other models, the number of equations 
developed are shown in Table 7. Equation developed 
for MT1-1 as shown in Fig. 17, shows positive coeffi-
cients to cement content, admixture content and RC-10 
content.  

Negative coefficients can be seen for other parame-
ters specially water content, indicating that its increase 
in mix after a certain limit can decrease the strength of 
concrete which agrees with the domain knowledge 

(Shetty, 2005; Neville, 2012; Deshpande, 2016). This can 
also be seen in MT equation developed for Fly ash based 
concrete i.e Model MGGP2-1. The series of equations de-
veloped for MT2-1 areas shown in Fig. 17. Inclusion of 
replacement ratio in models for RAC and Fly ash based 
concrete in Model 3-2 and 4-2 are shown in Fig. 19 for 
RAC and Fig. 20 or Fly ash based concrete. 

The performance of each model developed using MT 
in each set are as shown in Table 11.

 

Fig. 19. Equations developed for MT3-2. 
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Fig. 20. Equations developed for MT4-2. 

Table 11. Performance of models developed using MT. 

Set. No Model No. 
RMSE 
(m/s) 

MAE 
(m/s) 

E AARE r 

1 
MT 1-1 10.66 7.213 0.586 17.123 0.767 

MT 1-2 9.883 6.176 0.706 14.011 0.843 

2 
MT 2-1 4.544 3.442 0.77 10.916 0.902 

MT 2-2 4.641 3.861 0.797 11.284 0.929 

3 
MT 3-1 10.66 7.212 0.586 17.122 0.767 

MT 3-2 10.66 7.212 0.586 17.122 0.767 

4 
MT 4-1 8.053 3.992 0.278 15.326 0.795 

MT 4-2 6.944 3.987 0.463 14.917 0.817 

4.4. Comparison of models developed using ANN, 
MGGP and MT 

The models were developed using same data division 
and their results were compared on testing data sets as 
shown in Tables 8, 9 and 11. Performance of each of the 

model was judged using 5 statistical error measures 
namely RMSE, MAE, E, AARE and r.  

ANN outperformed the other data driven techniques 
as seen in the Tables 8, 9 and 11. ANN predicted the out-
put of 28 day CS of concrete better, as compared to MGGP 
and MT. Figs. 21and 22 show the predictions of RAC and 
Fly ash based concrete in models 1 in Set 1 and Set 2.

 

Fig. 21. Prediction trend for model 1-1. 
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Fig. 22. Prediction trend for model 2-1.

On the other hand, MGGP model performs better than 
MT models. Table 8 shows that the performance of 
model ANN1-1 is better as compared to ANN1-2. This 
can be also be seen in models developed using MGGP. 
Models developed using kg/m3 proportions of materials 
predict strength better as compared to models devel-
oped with additional properties of materials i.e water 
absorption of aggregates in Set 1 in ANN. A similar per-
formance can be seen with models developed using 
MGGP when Specific gravity of MNFA, FNCA20 and 
FNC10 become part of input parameters in Set 2. Pres-
ence of non-dimensional parameters as input parame-
ters for development of models using ANN, MGGP and 
MT show a similar performance in RAC and fly ash based 
concrete. Scatter plots for ANN1-1 and MGGP1-1 are as 
shown in Figs. 23 and 24, respectively. Scatter plot for 
MGGP1-1 shows slight under prediction of RAC. 

 

Fig. 23. Scatter plot for MGGP 1-1.

 

Fig. 24. Observed and Predicted values for MT 1-2.

However models in Set 1 and Set 2 developed using 
MT show performance of models with properties of ma-
terials better than relative proportions of materials i.e 
than MT1-1. This can be seen through lower r, E and 
higher AARE values for MT1-1. The same can be seen 
with models developed with fly ash based concrete too. 
The plot in Fig. 24 shows the trend of RAC prediction and 
observed for MT1-2. This figure shows the ratio of the 

predicted to observed RAC strength values. Apparently, 
a ratio closer to 1 indicates a more precise prediction. 

Non-dimensional parameters have a greater signifi-
cance in ascertaining strength characteristics of con-
crete. It has also been seen that instead of using propor-
tions of materials as input parameters, if individual non-
dimensional parameters are used, the performance of 
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the models can be similar as that of the former or in-
creases  (Deshpande, 2014). Thus Set 3 and Set 4 were 
designed with non-dimensional parameters as input pa-
rameters. It was seen that with higher r, AARE and E val-
ues, models with non-dimensional parameters perform 
better when developed using ANN. A slight decrease in 
the performance of model ANN3-2 can be seen as com-
pared to ANN3-1 in which RR was an additional parame-
ter included. Thus it can be said that the influence of R-
RR parameter is considered in the parameter: aggregate 
proportion. Similar performance can be seen in fly ash 
based concrete (model ANN4-1 and ANN4-2). MGGP3-1 
shows a similar performance as MGGP1-1 and with R-RR 
as input parameter in MGGP3-2 shows r as 0.864. An in-
creased (r=0.952) performance can be seen in MGGP4-2 
as compared to MGGP4-1 (r=0.918).  

Models developed using MT for RAC i.e MT3-1 and 
MT3-2 showed a similar performance. MT4-2 shows an 
increase in performance when F-RR was considered as 
an input parameter as compared to MT4-1.   

Thus it can be said that models developed using ANN 
and MGGP displayed a good performance with relative 
proportions of constituents of materials in concrete; 
Non-dimensional parameters as input parameters per-
formed similarly or slightly better than the model with 
proportions of materials as input parameters, however 
it is necessary to select non-dimensional parameters ju-
diciously for a better representation of material propor-
tions. Models developed using MT performed poor as 
compared to ANN and MGGP, however they have an ad-
vantage of series of equations which can be readily used. 
In the Hinton diagram for ANN1-1, RNC20, RW and RC 
are influential factors followed by other parameters. A 
similar trend of influential parameters can be seen in 

MGGP1-1 as well. A similar trend in terms of coefficients 
can be seen in model MT1-1 developed using MT (refer 
Fig. 19). Similarly for models ANN2-1, MGGP2-1 and 
MT2-1 with cement and fly ash content and specific grav-
ity of fine aggregate are the most important parameters 
followed by other parameters. Parameter SP-NC20 was 
eliminated from MT models and seen as very low influ-
ence in ANN and MGGP models. 

With non -dimensional parameters as input parame-
ters, the influential parameters in ANN3-1, MGGP3-1 and 
MT3-1 are as shown in Figs. 25, 26 and 27, respectively. 
A slight difference in the influential parameters can be 
seen. ANN builds an approximate function that matches 
a list of inputs to the desired outputs. In the process, it 
adjusts the weights and biases to reach a predefined 
goal. This process makes ANN flexible and increases its 
performance as compared to GP.  

GP, on the other hand, is based on evolutionary ap-
proach technique in which it does not involve any trans-
fer function and evolves generations of ‘offspring’ based 
on the ‘fitness criteria’ and genetic operations. GP ap-
proach works with the concept of disregarding input pa-
rameters that do not contribute effectively in the model 
and thus based solely on ‘fitness’ criteria. In the process 
of building programs (through processes of mutation, 
crossover and reproduction), GP selects parameters 
which are useful in achieving the fitness criteria and de-
letes the remaining. This can reduce the - performance 
of GP as compared to ANN. This is in contrast to the work 
done by Londhe (2008). However the work in Londhe 
(2008), the problems were indeterministic in nature; 
whereas predicting strength of concrete is of determinis-
tic nature. This may be the reason behind ANN working 
better than GP. However this needs to be explored further.

 

Fig. 25. Hinton diagram for ANN3-1.

In Model tree with M5P algorithm, the basic tree is 
formed based on a splitting criterion. It uses the stand-
ard deviation of the class values for each node as a meas-
ure of the error at that node and then calculates the ex-
pected error reduction as a result of testing each attrib-
ute at that node. Then, the attribute that maximizes the 
expected error reduction is selected to split the data at 
that node and the remaining are not considered in the 

developed equation. Thus RC10/C is included in Eq. (2) 
of MT3-2 and excluded in equation 1 of MT3-2 (refer Fig. 
27). This can also be one of the reasons for poorer per-
formance of MT as compared to ANN and MGGP. The er-
rors of a good prediction model should be independent 
of physical parameters involved in that problem. Other-
wise, it can be concluded that those physical parameters 
should be added to that prediction model or they weren’t 
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considered correctly in that model. It should be men-
tioned that the errors of developed models in set 3 and 
4, show a similar or increased performance when RR is 
included as input parameter in ANN, MT and MGGP, ex-
cept for model MGGP3-2. However the authors recom-
mend the use of individual aggregate ratios as they dis-
play a better picture about contribution of each aggre-
gate type on the strength of concrete. Thus it can be seen 

that models developed using ANN, MGGP and MT learn 
from the examples given and predict the strength of con-
crete with influential parameters which are in tune 
with the domain knowledge. The correlation of input 
parameters and output parameters seen in Tables 1, 2 
and 3 also show significant parameters as cement con-
tent followed by water and aggregates for the current 
study. 

 

Fig. 26. Input frequency for MGGP3-1. 

 

Fig. 27. Equations for MT3-1. 
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Thus, models developed using ANN technique per-
form better as compared to MGGP and MT. MGGP on 
other hand perform better than MT. This can be seen in 
case of RAC and fly ash based concrete and different 
properties of materials. ANN though performs better; 
has a limitation of its ease of its use. MGGP and MT on 
other hand are easy to use with equation and series of 
equations developed respectively for ready use. Perfor-
mance of MGGP and MT though less as compared to ANN, 
equations are developed by the techniques by under-
standing the basics of domain knowledge which can be 
seen through the equations. 

 

5. Conclusions 

In the current study an attempt was made to predict 
28 day compressive strength of Recycled Aggregate con-
crete and Fly ash based concrete with input parameters 
as kg/m3 proportions of materials used in concrete, 
properties of materials used and non-dimensional pa-
rameters. The following outcomes can be noted from the 
current study: 
 Models developed using ANN outperform MGGP and 

MT models with higher R, AARE and E values and 
lower RMSE and MAE values.  

 ANN has an advantage of better performance; MGGP 
on other hand with acceptable accuracy can provide 
equations which can be readily used. Models devel-
oped using MT display performance less as compared 
to ANN and MGGP. 

 Use of relative proportions of materials as input pa-
rameters predicts strength better than input parame-
ters with properties of materials in ANN and MGGP. 
However MT shows performance with properties of 
materials better as compared to relative proportions 
of materials. 

 Use of Non- dimensional parameters as input param-
eters can be encouraged for prediction of CS of con-
crete; however judicious selection of non-dimen-
sional parameters needs to be done. 
The study also shows that ANN, MGGP and MT learn 

from the examples given and display influential input pa-
rameters which are in tune with the domain knowledge 
of Concrete Technology specifically for ANN. GP and MT 
show a slight variation as compared to influential pa-
rameters observed in ANN and maybe due to the basic 
working concept of MGGP and MT. 
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A B S T R A C T 

In this study, analysis and evaluations were carried in order to determine the optimum condi-
tions of reinforced concrete mansard roof applications. In total 96 mansard and 24 non mansard 

structure analysis were performed. The constructed models are symmetrical from all directions 

and it is modeled under the minimum conditions allowed by the regulation. As the column span, 
the distance between the columns was determined as 4 meters. The span conditions were de-

termined as 3 spans, 4 spans, 5 spans and 6 spans by evaluating the parcel sizes and zoning 

conditions. Thus, a total of 120 calculation models were created. The base shear force, column 
moments and the maximum top displacement values were discussed in concordance with these 

calculations. As a result of the analysis, the graphical values of the mansard buildings were ex-

amined along with the non mansard buildings from the 3rd floor to the 8th floor, according to 
the zoning plan. In this study, graphs of parcels, span values and the number of storeys were 

drawn by keeping the values constant, and evaluations were made on the same graphs with and 

non mansard. In addition, by looking at the movements of the graphs obtained from this study 
on the same series, equations were adapted to the graphs and the series created with these 

equations were expanded and stochastic parabolic cones were formed at the shear force for 10 

storeys, in the column moments. The mean values for the top displacement chart were taken 
and when the 20-storey displacement value was placed on this curve, it was determined that it 

appeared at a point very close to the estimating equation curve. Based on the analysis results, 

it is understood that it is possible to create a set of estimations for different number of storeys 
and plans. 
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1. Introduction 

Mansard roof is often applied to facilitate the use of 
the inter-roof without increasing the number of storeys. 
Roofs in Turkey generally are discarded, unused spaces. 
Mansard roof, however, provides an aesthetic form for 
these idle areas and creates areas of use (Üstün and 
Kolsal, 2016). Mansard roofs are constructed using 
wood and steel all around the world, however since 
2014, an intensive reinforced concrete mansard roof ap-
plication has been carried out in Eskişehir. 

In this study, mansard roof reinforced concrete build-
ings located inside the provincial border of Eskişehir were 
examined in accordance with the license information and 
it was determined that mansards in the region were 
mostly 3 storeys, 4 storeys, 5 storeys, 6 storeys, 7 storeys, 

8 storeys, buildings. When the Urban Development Plan 
of Eskişehir province was examined, it was determined 
that there were 3 different parcel types in use. These are 
adjacent parcels, corner parcels and discrete parcels. 

According to the license data in Eskişehir province, 
77% of the buildings in 2017 were manufactured as re-
inforced concrete. The applications of Mansard roofs in 
Eskişehir are 95% reinforced concrete and 5% of them 
are constructed as steel. In this study, the most appropri-
ate solutions for mansard roof are investigated and the 
data obtained from mansard roof solution results are 
aimed to create prediction model graphs. While creating 
these models, storey change and mold plans were cre-
ated. 4 meters between the axes were preferred in order 
to produce suitable spaces from the specified pattern 
plans. The pattern plans are composed of 3, 4, 5 and 6 
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spans, respectively. In this study, the entire mansard 
roof and structural material were preferred as rein-
forced concrete material. The variables determined in 
the model are the type of parcels, the number of storeys, 
the number of spans in the mold plan, and in this way, a 
total of 96 mansard and 24 non mansard model analysis 
were created. 

In this study, the mansard roof application infor-
mation in Eskişehir was investigated and the types and 
models of the structures to be analyzed were deter-
mined. Then, for these analysis models, the license de-
tails of the existing projects have been taken into consid-
eration. While determining the sections and dimensions 
in the plans, TS-500 (2000), TS-498 (1997) and DBYBHY 
(2007) controls were made by using IdeCAD (2014), and 
analyses of the selected sections of mold patterns were 
made in SAP2000 (2016). From here, the base shear 
forces, shear values and moment values formed under 
the mansard layer were obtained. The graphs of these 
values were drawn and the interpretation of the graphs 
were used to investigate the behavior of the mansard 
roof plans at different parcels types, different spans and 
storey heights, along with appropriate value conditions. 
These results were evaluated together with the previous 
analysis results and estimation curves and graphs were 
created. 

These curves and graphs were evaluated together and 
real solutions and forecasting graphs were overlapped. 
Thus, light was shed on the future with the prediction 
values of different storey and span solutions. 
 

2. Materials and Models 

According to the information obtained from DBYBHY 
(2007), Eskişehir province is a province located geo-
graphically in the Central Anatolia region and in the Por-
suk Basin. Eskişehir due to its location in Porsuk basin, 
generally has a clayey and silty soil. In general, structur-
ing is concentrated in areas where Z2 and Z3 ground 
group are located. Eskişehir is classified as a second-de-
gree earthquake region. 

Eskişehir's Central Districts are Tepebaşı and Odun-
pazarı districts. In line with the information received 
from the provincial municipalities, the number of sto-
reys in the analysis models has been determined as 3, 4, 

5, 6, 7 and 8. In addition, analysis models for estimation 
charts were also drawn for 10 storeys and 20 storeys. 

2.1. Schematic representation of Mansard roof 
structures to be examined in accordance with the 
parcels in Eskişehir 

When the building regulations of the buildings in 
Eskişehir and the parcels in Eskişehir were examined, it 
was observed that the parcels of the mansard buildings 
were mostly disjoint parcels, adjacent parcels and corner 
parcels (Fig. 1). 

2.2. Coding of building models to be analyzed and 
mold plans 

The coding of the structural models for 120 analysis 
in the study was preferred for the convenience of naming 
graphics drawings, charts and processes. While coding, 
each account model was given names and it was aimed 
to archive the accounts while trying to make it easier to 
read and record the data (Kanber, 2018). 

In coding, the first digit is arranged to indicate the 
number of storeys, the next digit is span, and the last 
digit is Parcel. 3-span models have 3 X-direction spans 
and 3 Y-direction spans. The distance between each span 
is 4 meters. Pattern plans are symmetrical in X and Y 
terms, thus preventing torsion irregularities. The mini-
mum sections were determined using IdeCAD (2014) 
prior to entering data into SAP2000 software. The col-
umns are 40x40 cm, the beams are 25x36 cm and the 
slabs are 12 cm. In Fig. 2, mold plans are given for 3 
spans, 4 spans, 5 spans and 6 spans. 

The soil class was determined as Z3 since it is a com-
mon ground class in Eskişehir, and it was taken as 
Ta=0,15 s, Tb=0,6 s. Z3 elastic acceleration spectrum of 
the local soil class used in the analysis, special design ac-
celeration spectrum according to DBYBHY (2007) was 
used. Characteristic compressive strength of concrete 
was assumed as 25MPa, Modulus of elasticity is 30000 
MPa. The coefficient of thermal expansion is 0.00001, 
Poisson's ratio is 0.2. S420 grade reinforcement is se-
lected as longitudinal and winding reinforcement. The 
characteristic strength of the equipment was taken as 
420 MPa. Elasticity module has been taken as 200000 
MPa and tensile strength as 500 MPa.

       

Fig. 1. Representation of disjoint parcels, adjacent parcels and corner parcels. 
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Fig. 2. Schematic representation of the pattern plan for 3 spans , 4 spans, 5 spans and 6 spans.

3. Analysis Results 

3.1. The results of the analysis obtained when the 
parcel is constant, the number of storeys and the 
openings are variable, and it's evaluation 

The change between the values was observed by 
keeping the parcel option fixed. Thus, the effects of the 
parcel condition on a reinforced concrete structure were 
investigated. 12 analysis were performed for each 3, 4, 5, 
6, 7 and 8-storey models. In this way, model analysis 
group with mansard accounts to 72 units. As a result of 
the analysis; 3 span corner parcel moments are more 
than 66% adjacent and more than disjoint parcels. 4 
span corner parcel moments are more than 53% adja-
cent and more than disjoint parcels. 5 span corner parcel 
moments are more than 53% adjacent and more than 
disjoint parcels. 3 span corner parcel moments are more 
than 36% adjacent and more than disjoint parcels. 

3.1.1. Vertical forces graph created by keeping the parcel 
option constant 

Graphic movements have been examined as the verti-
cal force graphs were evaluated and the parcel status re-
mained constant. The effect of the openness on the ver-
tical force was studied by evaluating the vertical forces 
together with the series. 

When the Fig. 3 is examined, the vertical forces of the 
base shear force the 6 span are increased for the disjoint 
parcels. The graphics for the mansard and the non struc-
ture are provided together. 

It was observed that the proportional increases in Fig. 
3 were also very close to the adjacent and disjoint parcels. 

3.1.2. Base shear force graph created by holding the 
parcel option fixed 

In this section, the base shear forces are graphically 
drawn and evaluated. When drawing graphs, series were 
created, these series were created for 3 span, 4 span, 5 
span and 6 span. 

The change in shear force in Fig. 4 was obtained by 
fixing the parcel type in the corner parcel. The base shear 
forces of the corner Parcel are very close to the adjacent 
and disjoint parcel. 

3.1.3. Moment graph created by keeping the parcel 
option fixed 

In this section, parcel option is fixed and series are 
created, graphics are defined. While creating these se-
ries, groups for 3 span, 4 span, 5 span and 6 spans were 
formed and these groups were discussed in the same 
graphs. 

In Fig. 5, column moments are given together with the 
change of aperture on the corner parcel. This change in-
creases with the increase in openness and the increase 
in the number of storeys. 

Considering the column moment of Mansard and 
non mansard structures; With a mansard roof struc-
ture, the moments of a 3-storey and 3-span structure 
are close together, with the increase in the number of 
spans and storey, and the difference between the col-
umn moments of Mansard and non mansard structures 
increases. It is observed that the main factor in this dif-
ference is not increase in the storeys but increase in the 
openness.
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Fig. 3. Vertical forces of columns for the corner parcel when the parcel option is fixed. 

 

Fig. 4. Base shear forces of F columns for the corner parcel when the parcel option is fixed. 

 

Fig. 5. Graph of column moments for corner parcel when parcel option is held constant.

3.2. Analysis results and evaluations when the 
numbers of storeys, fixed parcels and openness are 
variable 

When the number of parcels and the number of spans 
(3, 4, 5, 6, 7 and 8 storeys) of the building with mansard 
roof are variable, the values obtained as the result of the 
analysis are obtained as base shear forces, column mo-
ments and top displacement. 

3.2.1. Vertical forces formed by keeping the number of 
storeys constant 

Vertical force graphs are listed below when the storey 
quantity is kept constant. For the vertical forces, the 
forces of the mansard and non mansard structures are 
given together. Force differences between mansard and 
non mansard structures are increasing with increasing 
openness. 
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When keeping the storey quantity constant for 5 sto-
reys, the graphs were drawn so that the values of the ad-
jacent and corner parcel were examined.  

As shown in Fig. 6, in a 5-storey structure, the number 
of storeys and the fixed opening value were determined 
as variables in the same graph. Looking at these varia-
bles, 3 span, 4 span, 5 span and 6 spans appear together. 

The proportional increases observed in Fig. 6 were 
also found for 3 storeys, 4 storeys, 5 storeys, 7 storeys 
and 8 storeys. 

These graphs which are formed by keeping the storey 
quantity constant shows us that the effect of parcel type 
change on vertical forces is low. In addition, it is under-
stood that the situation does not change with the increase 
in the number of storeys and although the number of sto-
reys changes, this increase is similar to each storey. 

3.2.2. Shear force graph created by keeping the number 
of storeys constant 

In Fig. 7, the shear force is not affected by the change 
in the parcels, although the shear force increases with 
the increase in the openness. 

In Fig. 7, the shear force of mansard and non mansard 
structures are parallel to the horizontal axis and this 
shows that the shear force is not affected by the parcel 
condition. The difference in shear force between mansard 

and non mansard buildings is also increasing in case of 
increase in openness for 6 storeys. The same propor-
tional increases were found for 3 storeys, 4 storeys, 6 
storeys, 7 storeys and 8 storeys. 

3.2.3. Graph of moment forces generated by keeping the 
number of storeys constant 

In this section, the storey number is fixed and the se-
ries is formed for 3 span, 4 span, 5 span and 6 spans on 
the chart. These series are evaluated together. Thus, the 
effect of the parcel type on the structure is intended for 
evaluation. 

In Fig. 8, the number of storeys for 5 storeys was fixed 
and the graphics of the structures with and without Man-
sard were drawn together. Although the structure with 
mansard and the structure without Mansard increase in 
openness, the change of the parcel did not affect the mo-
ment values. 

When we look at the moment graphs created by keep-
ing the storey quantity constant, it is determined that the 
moment values for the same storey are independent of 
the parcel condition. When the moment values are eval-
uated together for mansard and non mansard structures, 
the difference in the two structure values is increasing in 
the column moments formed at the base with the in-
crease in the openness in these graphs.

 

Fig. 6. Vertical force graph created by keeping the storey quantity constant for 5 storeys. 

 

Fig. 7. Base shear force graph created by keeping the storey quantity fixed for 5 storeys. 
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Fig. 8. Moment graph created by keeping the storey quantity constant for 5 storeys.

3.3. Analysis results and evaluation when the 
openness is constant, the number of storeys and the 
parcel option is variable 

It is aimed to see effect values by keeping openness 
constant. The parcel option and the number of layers 
were variable when the spans was kept constant. When 
the number of spans with mansard roof is fixed, parcel 
and storey quantity is variable, the values of the base 
shear forces, column moments and top displacement ob-
tained as a result of analysis are examined. Graphs are 
drawn for base shear force, column moments and top 
displacement values. 

3.3.1. Vertical forces graph when the aperture is held 
constant 

The effect of vertical forces was observed by keeping 
the aperture constant. The increase in the number of sto-
reys increases the vertical forces. The parcel variable 
does not affect the vertical forces very much when look-
ing at the adjacent parcel and the corner parcel from the 
disjoint parcel.   

In Fig. 9, the vertical forces given for 5 openings show 
a linear increase. The increment slopes of the disjoint 
parcel, adjacent parcel and corner parcels are the same. 
The same proportional results were found in 3 spans, 4 
spans and 6 spans. When the angle is fixed, it is observed 
that the motion of the shear force is linear from 3rd to 

8th storey. While the shear force increases linearly from 
3rd storey to 6th storey, the curvature angle of this linear 
graph is very little affected by the change in the parcel 
change. 

3.3.2. Graph of shear forces when the span is held constant 

Fig. 10 shows a linear increase of the base shear forces 
given for 5 spans. The increment slopes of the disjoint 
parcel, adjacent parcel and corner parcels are the same. 
Mansard and non mansard buildings are provided to-
gether. The slope in the shear graph of Mansard and non 
mansard is the same. The same proportional results 
were found in 3 spans, 4 spans and 6 spans. 

3.3.3. Moment graph when opening is fixed 

In Fig. 11, moment values were taken by keeping the 
openness constant, and it was observed that the parcel 
variable was not affected when evaluating the 5 open-
ness in different parcels. The same proportional results 
were found for 3 spans, 4 spans and 6 spans. 

When the span is held constant moment graph shows 
increase from the 3rd storey to the 8th storey. When 
looked at the parcel change, disjoint, adjacent and corner 
parcels show a very close moment change ratio. The dif-
ference between the moment values of mansard and non 
mansard structures are increasing as we move from 3 
spans to 6 spans.

 

Fig. 9. Vertical force graph created by keeping the openness constant for 5 spans. 
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Fig. 10. The base shear force graph created by keeping the span constant for 5 spans. 

 

Fig. 11. Moment graph generated by keeping the span constant for 5 spans.

3.4. Creating forecasting functions  

Based on the results obtained from these analyses, 
graphs were drawn for each set of results, and most ap-
propriate mathematical functions were obtained from 
these graphs. How close these functions are to reality is 
also verified by comparing the solutions of intermediate 
values (such as storey counts. etc.). Thus, a forecast pro-
jection of the base cut and moment values has been cre-
ated depending on the openings and parcel variables 
from 3rd storey to 10th storey. 

Firstly, the parcel variable is fixed and the graphics 
are defined. Parabolic graphs are placed on the graphs 
formed according to these definitions. The reason for the 
formation of parabolic charts and the formation of 
graphs is the form of increasing graphics curves.  

A new graphic definition has been created by combining 
the solution series and is tried to understand the relation 
between this graphic definition and the solution series.   

In Fig. 12, a parabolic chart was used for trying to cap-
ture the motion of the variables in the following units, and 
these values were moved on the X axis within them. 

These values are shifted in line with the X axis, giving a 
parabolic graph and shown in Fig. 13. In Fig. 12, parabolic 

graph of reinforced concrete mansard roof and non man-
sard roof is given, and in Fig. 13, the graph of mansard 
roofed structure group is given. In Fig. 12, parabolic 
graph inside the F force is examined for the non mansard 
reinforced concrete structure. Figs. 12 and 13 show a 
parabolic graph and it is understood that equations can 
be obtained from these graphs. 

As shown in Fig. 14, the given values are defined as 
parabolic equation by matching with some values in the 
series. The values in this graph are determined by the ac-
tual results obtained from the analysis. Fig. 13 shows us 
that these graphs can be connected to specific formulas 
in the series formation. It is understood that new graphs 
can give prediction values for new series. 

In Fig. 15, the data obtained by using the analysis pro-
gram of the 10-storey building was found to be in the 
mobile wave area. 

If this series is expanded and replicated by this qual-
ity, it will multiply in the same quality as the parabolic 
cone. Due to this proliferation, it will be expected that the 
values in different storey and span structures will re-
main between these ranges. When the integral of these 
functions is taken, value interval estimation can be made 
within the new series that will be formed.   
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Fig. 12. Parabola placement on drawn graphics. 

 

Fig. 13. Analysis of base shear force graph as series. 

 

Fig. 14. Defining a parabolic rectifier for force F. 
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Fig. 15. 32 Piece 3rd to 10th storey estimated series graphical drawing.

The determination of these prediction functions for 
the shear force is also done for the moments and the val-
ues of the analysis are processed in the series on the 
chart. The moment values of the 10-storey reinforced 
concrete structure remain within this graph range as 
shown in Fig. 16. Therefore, in this series consisting of 3 
storeys to 10 storeys, 3 spans to 6 spans and the parcel 
can be estimated value range depending on the situation. 

A curve was drawn to the average displacement val-
ues and the displacement values of the 20-storey struc-
ture were added on this curve. In this way, it is seen how 
close the real values of the 20-story structure are to the 

prediction curve. The equation graph was drawn in line 
with the results obtained from the average displacement 
values and a 20-storey structure of series was added to 
the sub-axis on this equation. Thus, a prediction curve 
has been formed for the displacement values of the struc-
tures up to 20 storeys. It was observed that this value was 
very close when structural analysis for 20 storey build-
ings was added to the prediction curve. The graphs cre-
ated together with the set of values from here shed light 
on the prediction of new values. Thus, it has been re-
vealed that the other displacement values remaining 
within the range can be estimated using Fig. 17 chart.

 

Fig. 16. 32 Piece graphical drawing from 3rd storey to 10th storey.  
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Fig. 17. Average displacement graph. 

4. Conclusions 

In this study, 96 mansard and 24 non mansard model 
analyzes were performed for the reinforced concrete 
structure. Values from these structures up to 3 to 8 sto-
reys and from 3 openings to 6 openings were defined 
and analyzed in the light of Eskişehir license information 
and their results were evaluated. As a result of these eval-
uations, the increase in storey and openness increases the 
increase in parabolic base shear and column moment in-
creases on the structure. As a result of the investigations, 
it was observed that the displacement values were very 
close to each other when the effects of displacement val-
ues on the same storey buildings were examined. This 
shows that the value of displacement is too small to be 
taken into account. In this study, it is understood that 
displacement values are independent of openness. 

As a result of the analyses obtained from models with 
different spans and storeys, base shear force, column 
moments and top displacement values were evaluated in 
charts and graphs. It is estimated that the function we 
obtain depends on the set of values of these series can be 
obtained by the user, depending on the prediction pro-
jection, without making any analyses based on the differ-
ent number of layers. Functions have been created and 
equations have been written in defined series. These 
functions are created for base shear force, column mo-
ments and top displacement values. New series are de-
fined and graphs are drawn in accordance with these 
new series. 10-story and 20-story buildings, 3 spans to 6 
spans were analyzed and the new series were added as 
a point value to the graphs of the defined series. Based 
on the results of the analysis, it was determined that the 
function graphs created for estimation remained within 
the range. The graphics and the functions that will be ob-
tained from the range that is defined as series are able to 
create a prediction interval about the base shear force, 
colon moments and peak displacement values of the 
models that will sustain the mentioned series, which 
have different openness' and storey counts.  

Analysis results can be defined by graphs and func-
tions with the minimum and maximum values of the base 
shear forces and moments listed by series. Thus, the es-
timation range for different storeys and openings was 
defined and the estimation projection was determined 
by the expansion of the series in the solutions of the de-
fined equations.  

Equations are formed by the results obtained from 
the average displacement values. Since displacement is 
not affected by openness, an estimate of the values to be 
formed on different storeys was carried out with a single 
prediction equation.  

In this study, symmetric models are used, it is recom-
mended to analyze non-symmetric systems in future 
studies and so an approach for all symmetric and non-
symmetric systems can be developed. In addition, this 
study can be done by increasing the number of solutions 
and analyzes in the set of values and increasing the sen-
sitivity for estimation graphs. 
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A B S T R A C T 

Steel silos are interesting, complicated facilities. In order to assure its complete emp-
tying by gravity they are often placed on supporting frame structure above the 

ground. Values of stresses in joints between thin walled shell and supporting frame 

elements are very high. It can cause the local buckling in the shell. The simplest way 

to design steel silos is to divide hypothetically the cylindrical shell into two parts - 

ring beam, supported in some points and shell above, uniformly supported. This con-

ception is accepted by European Standard EN 1993-4-1. The particular moment is 

that the ring beam and cylindrical body above it are separated. Actually the two ele-

ments are jointed and work together in the same time. Considering the last results of 

Zeybek, Topkaya and Rotter from 2019, and as well as his own research, the author 

asks the question if it is true that the transferring of discrete base reactions to the 
cylindrical body is done by bending work of the ring beam, which is the conception 

in EN 1993-4-1? Or the vertical reaction forces are actually redistributed on the 

height based on the work of the cylindrical shell under compression as an arch. Using 

the contemporary capabilities of the programs for spatial analysis of building struc-

tures the author will try to find the answer of this question. 
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1. Introduction 

Usually the steel silos are elevated above the ground 
facilities, placed on supporting structure. The purpose is 
to assure the easy and complete emptying of the stored 
product by gravity. The supporting structure is different 
for every facility because it depends on the real condi-
tions of exploitation. The most used are the two types - 
built by horizontal girders and columns or only by col-
umns. Both type of frame structures cause concentrated 
meridional forces in the cylindrical body of the silo. As a 
result the thin wall shell could buckles.  

The simplest way to design steel silos is to divide hy-
pothetically the cylindrical shell into two parts - dis-
cretely supported ring beam and uniformly supported 
shell above it, see Fig. 1. This conception is accepted by 
the European standard EN 1993-4-1. Obviously, to as-
sure uniform supporting on the whole circumference of 
the circular shell, bending stiffness of the ring beam 
should be high. Unfortunately the EN 1993-4-1 does not 
say what should be the recommended stiffness of the 
ring beam. 

 

Fig. 1. Traditional design model for silos on discrete 
supports. 
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Rotter (1985) suggested that a value of ratio ψ = 0.25 
might be suitable for adoption in design, where: 

ψ =
𝐾shell

𝐾ring
  (1) 

in which: 
Kshell is stiffness of cylindrical shell;  
Kring is stiffness of ring beam. 

Based on English translation of study of Vlasov (1961) 
about of curved beams, stiffness of ring beam Kring is ex-
pressed as:  

𝐾ring =
(𝑛2−1)

2
𝐸𝐼𝑟

𝑅4

1

𝑓𝑟
 (2) 

where: 
n is number of uniformly spaced supports; 
E is modulus of elasticity; 
Ir is moment of inertia about a radial axis; 
R is radius of ring beam centroid.  

𝑓𝑟 = 1 +
𝐸𝐼𝑟

𝑛2𝐾𝑇
 (3) 

in which: 

𝐾𝑇 = 𝐺𝐽 + 𝑛2 𝐸𝐶𝑤

𝑅2  (4) 

where:  
G is shear modulus; 
J is torsional constant; 
Cw is warping constant for an open sections. 

Semi-membrane theory of shells, proposed by Vlasov 
(1964), gives an expression of stiffness of cylindrical 
shell, as follow: 

𝐾shell = 𝑛√(𝑛2 − 1)
𝐸

√3
4 (

𝑡

𝑅
)

3/2 1

𝑓𝑠
 (5) 

where t is thickness of the cylindrical shell. 

𝑓𝑠 =
(𝑒η)2−2𝑒η sin(η)−1

(𝑒η)2−2𝑒η cos (η)+1
 (6) 

in which: 

η =
2𝜋𝐻

μ
 (7) 

where:  
H is height of cylindrical shell; 

μ is expressed by Calladine (1983) long wave bending 
half-wavelength:  

𝜇 =
2𝜋 √3

4

𝑛√(𝑛2−1)
√

𝑅

𝑡
𝑅  (8) 

Based on Eqs. (2) and (5), stiffness ratio ψ will look 
like as: 

𝜓 =
𝐾shell

𝐾ring
=

0.76 (𝑅𝑡)2

𝐼𝑟
√

𝑅

𝑡
√

𝑛2

(𝑛2−1)3  
𝑓𝑟

𝑓𝑠
  (9) 

For simplification, the Eq. (6) could be represented by 
two simple relations: 

𝑓𝑠 = {

𝜂

3
 , when 𝐻 ≤ 𝐻𝑐𝑟

1.0, when 𝐻 > 𝐻𝑐𝑟 
 (10) 

where Hcr is critical height of cylindrical shell. It could be 
determined by formula:  

𝐻𝑐𝑟 =
3 √3

4

𝑛√(𝑛2−1)
√

𝑅

𝑡
𝑅 (11) 

Hcr represents the height of shell which is effective of 
redistributing of discrete forces from supports and 
equalizing of axial normal stresses. When height of shell 
H ≤ Hcr, entire shell resists axial loads from supports. 
When H > Hcr, only that part between bottom of shell and 
critical height Hcr is effective in redistributing of vertical 
reactions from discrete columns. 

In their researches Topkaya and Rotter (2011a) 
(2011b) conducted extensive finite element analyses for 
verification of Rotter’s criterion about stiffness of ring 
beam. With 1,280 separate finite-element analyses 
(FEA), covering two different types of ring sections, var-
ious heights and radii of cylindrical shells, the authors 
checked validity of suggested by Rotter (1985) ratio ψ = 
0.25. On basis of done FEA they concluded, when a stiff-
ness ratio ψ ≤ 0.1, axial stresses will not deviate more 
than 25% from the uniform support assumption. 

Research of Zeybek, Topkaya and Rotter (2019) 
shows that the equations, based on the theory of Vlasov 
(1961) for a curved beam provide results with accepta-
ble accuracy when the girder is separated from the cylin-
drical body. When the ring beam and cylindrical shell are 
jointed, the received through finite elements analysis 
values are considerably different from the analytical re-
sults in closed form. The differences going high with in-
crease of the thickness of the cylindrical shell. 

It should be noted that all above mentioned re-
searches are conducted on the smooth steel shells with-
out vertical stiffeners on them. On other side, common 
practice in design of steel structures is to place stiffening 
elements on the point, where are applied concentrated 
loads. In our case, the vertical stiffeners should be placed 
above the discrete supports, see Fig. 2. 

 

Fig. 2. Stiffening elements above discrete supports of 
the shell. 
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In his research Zdravkov (2017a, 2018) shows that 
vertical stiffening elements increase the height of the 
critical zone, where the vertical reactions of discrete 
supports are redistributed. Considering the last results 
of Zeybek, Topkaya and Rotter (2019), as well as his own 
research, the author put the question if it is true that re-
distributing of the separate reactions of supports is done 
by the bending of ring beam which is the conception in 
EN 1993-4-1, see Fig. 1. Or vertical forces in discrete sup-
ports are transferred on the height by work of the cylin-
drical shell above the supports as a compressed arch, see 
Fig.3. 

In this article the author will try to find answer of 
these questions. 

 

Fig. 3. Compression forces in the cylindrical shells 
above the supports. 

2. Finite Element Analysis 

For the purpose of research, three steel cylindrical 
shells are modelled, using software ANSYS. Their param-
eters are as follow: 
 
а) Dimensions: 

- shell 1 – diameter D = 3 m, height H = 6 m; 
- shell 2 – diameter D = 4 m, height H = 8 m; 
- shell 3 – diameter D = 5 m, height H = 10m. 

 
b) All shells are with constant thickness t = 5 mm; 
 
c) All shells are supported by six immovable supports 
with dimensions in plane 125×125 mm, see Fig. 4. 
 
d) In Fig. 4 every support are placed two vertical steel 
plates with section 8x100 mm and with different height. 
On their upper end exists an intermediate ring with a 
section L100x8 mm, see Figs. 4 and 5. 
 
e) Cylindrical body in three models of the shells is con-
tinuous, see Fig. 5(а). In the other three models are made 
openings between the vertical stiffeners, see Fig. 5(b). 
On this way the “skirt” of the silo cannot works as a ring 
beam. The support’s forces will be transferred up on the 
cylindrical body only through work of the cylindrical 
shell above the supports on compression, as an arch, see 
Fig. 3. 

f) The heights of the openings ho are different, depending 
on the height of the stiffeners. They are calculated ac-
cording to the simple formula: 

ℎ𝑜 = 𝐻𝑠 − 100 mm (12) 

where Hs is the height of vertical stiffeners, see Fig. 6. 

 

Fig. 4. Numerical models – dimensions and loading. 

 
а) shell without opening 

 
b) shell with openings 

Fig. 5. Vertical stiffeners on the cylindrical shell. 

g) In order to strengthen the shells in radial direction, on 
50mm above the lower edge and on 50mm below the up-
per edge are placed rings with section L100x8 mm, 
welded as is shown on Fig. 7. 
 
h) The stored in the facilities product varies. For each 
shell it is as follow: 

- shell 1 – cement; 
- shell 2 – lime; 
- shell 3 – sand. 
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Fig. 6. Opening in the base of the cylindrical shell. 

 

Fig. 7. Shape of the intermediate stiffening ring. 

Every product causes vertical load Pwf due to the fric-
tion between the stored material and the shell. Its values 
are determined for every particular product according to 
standard EN 1991-4. All loads are uniformly distributed 
and applied as a surface pressure on the shell. They are 
applied to internal surface of the shells, see Fig. 4. 

 
i) Shells 1, 2 and 3 are analysed for four different heights 
Hs of vertical stiffeners above supports.  

The heights reached by the stiffening plates are deter-
mined as follows: 

- using an average value of distribution of discrete 
forces FR from supports α = 45°, see Fig. 8. The height H45 
is determined with the expression: 

𝐻45 =
𝜋𝑅

𝑛
 (13) 

where R is radius of cylindrical shell. 

 

Fig. 8. Average angle α of distribution of the  
compressive forces on height. 

- at ideal position of the intermediate stiffening ring on 
the shell.  

Topkaya and Rotter (2014) determined the ideal po-
sition of intermediate stiffening rings on the shell. They 
expect a ring, placed at this ideal position, can effectively 
remove all circumferential nonuniformity in the axial 
membrane stress above it. The simple expression of 
ideal location HI is: 

𝐻𝐼 = √12(1 + 𝜈)  
𝑅

𝑛
 (14) 

where ν is a coefficient of  Poisson. 
- using an average value of distribution of discrete 

forces FR from supports α = 30°. The height H30 should be 
calculated by the formula: 

𝐻30 =
𝜋𝑅

𝑛
tan(90° − 𝛼°) (15) 

- the length of the stiffeners HL is equal to distance be-
tween the supports. It is calculated according to the for-
mula: 

𝐻𝐿 =
2𝜋𝑅

𝑛
 (16) 

j) Material of elements is steel S235, with a properties 
according to European standard EN 10025-2:2004. 

Necessary stiffness of intermediate stiffening rings is 
determined by Zeybek et al. (2015). Stiffness ratio χ 
could be expressed as: 

𝜒 =
𝐾shell

𝐾stiffener
=

𝑅𝑡(𝐴𝑅2+𝐼𝑥𝑛2(𝑛2−1))

12√3(1+𝜈)3/2𝐴𝐼𝑥𝑛(𝑛2−1)2 (17) 

where: 
Kshell is circumferential stiffness of the shell; 
Kstiffener is circumferential stiffness of circular ring; 
A is cross sectional area of the stiffening ring; 
Ix is moment of inertia of the stiffening ring about verti-
cal axis "x-x". 

The results in research of Zeybek et al. (2015) indicate 
that ratios below about χ < 0.2 provide a satisfactorily 
uniform axial membrane stress distribution above the 
intermediate ring stiffener, so this limit is recommended 
for practical design. In his later research Zeybek et al. 
(2017) confirmed, that correlation smaller than χ < 0.2 
are sufficient even when the rings are placed under their 
ideal position. 

The steel angle section L100x8 and a part of the cylin-
drical shell form an intermediate stiffening ring with a 
shape as is shown on Fig. 7. 

Effective width l of the steel sheets over and below the 
joint is calculated according to the standard API 650, by 
the expression: 

𝑙 ≤ 13.4√𝐷𝑡 (18) 

where: 
D is a diameter of the cylindrical shell, m; 
t is thickness of the cylindrical shell, mm. 
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Effective width l for the shells with the smallest diam-
eter, D = 3 m, is l = 51.9 mm. The author accepts to have 
effective width l = 50 mm for all shells. It is on way of 
safety. 

The geometric characteristics of the obtained stiffen-
ing ring are: 
a) Area - A = 20.5 cm2; 
b) Moment of inertia about vertical axis „х-х“- Ix=358.4 
cm4. 

For different shells, the ratio of the stiffness’s χ, calcu-
lated according to the Eq. (17), has the values as follow: 

- shell 1 – χ = 0.042; 
- shell 2 – χ = 0.0764; 
- shell 3 – χ = 0.130. 

The maximum value of the ratio χ = 0.130 < 0.2, so it 
could be expected that the stiffness of the intermediate 
ring will be sufficient to equalize the meridional stresses 
in the shell above it. 

The shells are modeled by 2D quad elements shell181 
with a maximum length of side 50 mm. The method of 
their creation is “All quad”. Element’s midside nodes are 
controlled by the program.  

Thin shell structures are sensitive for effect of 
changes of geometry during loading. On that reason geo-
metrically nonlinear analyses (GNA) are used, according 
to the recommendations of EN 1993-1-6. 

ANSYS’s option “symmetry” is activated to reduce a 
calculation time. In analysis is used a quarter of silo only, 
see Fig. 9.  

 

Fig. 9. Quarter of silo, used in numerical analysis. 

Axial normal stresses are accounted by the height of 
shell, in the middle between two supports and above the 
supports. After that are determined the values of ratio 
σx,m/σx,s , where: 
σx,m is meridional normal stress by height of the cylinder, 
in the middle between two supports; 
σx,s is meridional normal stress by height, above the sup-
ports.  

The idea is that where the ratio σx,m/σx,s =1.0 , is the 
upper border of the critical zone in the shell, in which are 
redistributed vertical reactions of supports. Above that 
border circumferential nonuniformity in the axial mem-
brane stresses does not exists and the shell is continu-
ously supported. 

On the second stage, in the used program ANSYS is ac-
tivated the option “Buckling Analysis”. Through this op-
tion it is possible to calculate the reserve of bearing ca-
pacity k of the cylindrical shell before that it losses sta-
bility, completely or partially. The reserve k gives a quan-
tity assessment of the influence of the made openings on 
the bearing capacity of the shell. 
 

3. Results and Discussion 

The graphics below, see Figs. 10-12, show the changes 
of ratio σx,m/σx,s. by height, calculated using numerical 
methods for analysis.  

 
а) without openings in the ring beam 

 
b) with openings in the ring beam 

Fig. 10. Change of ratio σx,m/σx,s by the height  
of the cylindrical shell 1 (D = 3 m, H = 6 m). 
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а) without openings in the ring beam 

 
b) with openings in the ring beam 

Fig. 11. Change of ratio σx,m/σx,s by the height  
of the cylindrical shell 2 (D = 4 m, H = 8 m). 

 
а) without openings in the ring beam 

 
b) with openings in the ring beam 

Fig. 12. Change of ratio σx,m/σx,s by the height  
of the cylindrical shell 3 (D = 5 m, H = 10 m).

Obviously removing of material from the space be-
tween the supports, see Fig. 5 and 6, has its influence. At 
least the diagrams showing the changes of the ratio 
σx,m/σx,s by the height of shell have different shape. More 
important is that the values of the stresses σx,m and σx,s in 
models with openings become equal on the bigger 
height. It means that the ways of transfer of compression 
stresses by the height are different for the continual bod-
ies and for the bodies with openings.  

Moreover, if on the models shown on Figs. 5(b) and 6 
the base reactions obviously are redistributed on the 
height only through the work on compression of the cy-
lindrical shell as an arch, this is not the same for the shell 
without openings. From where it can be concluded that 
the concept shown in EN 1993-4-1 has a grain rational-
ity.  

On the Figs. 10-12 we can see ratio σx,m/σx,s > 1.0. It 
means that in the part of the shell meridional stresses in 
the middle, between supports, are bigger than the 
stresses above the supports. The similar phenomena 
was observed in the previous research of Zdravkov 
(2017a) and (2017b).  

The results of carried out Buckling Analysis, reporting 
buckling above the vertical stiffeners and stiffening ring 
above them, see Fig. 13(а), for every one shell are as fol-
low: 

 

a) shell 1 – diameter D = 3 m, height H = 6 m 

Height of 
stiffeners 

Buckling reserve capacity k 
shell without 

openings 
shell with  
openings 

H45 = 785 mm 31.416 30.675 
HI = 987 mm 36.381 34.703 

H30 = 1360mm 42.644 41.416 
HL = 1 571 mm 46.33 44.558 

 
b) shell 2 – diameter D = 4 m, height H = 8 m 

Height of 
stiffeners 

Buckling reserve capacity k 
shell without 

openings 
shell with  
openings 

H45 = 1047mm 24.943 23.468 
HI = 1317 mm 28.809 26.897 
H30 = 1814mm 34.478 34.021 
HL = 2095mm 38.277 36.243 

 
c) shell 3 – diameter D = 5 m, height H = 10m 

Height of 
stiffeners 

Buckling reserve capacity k 
shell without 

openings 
shell with  
openings 

H45 = 1309mm 5.434 5.363 
HI = 1646 mm 6.463 6.306 
H30 = 2267mm 7.951 7.671 
HL = 2618 mm 8.857 8.374 
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It gives impression that the reserve of the bearing ca-
pacity k in the tight shell is always bigger. Which is an-
other proof that the redistributing of discrete base reac-
tions on the height is not only achieved by compression 
forces as it is shown on Fig. 3. 

It is important to notice that when the cylindrical 
shells without openings are researched, the first form of 
buckling is always caused by shearing. The area of buck-
ling is in both sides of the vertical stiffeners, see Fig. 
13(a).

 
а) buckling due to shearing 

 
b) buckling due to compression 

Fig. 13. Modes of buckling in the cylindrical shells.

4. Conclusions 

The current research, made for six cylindrical shells 
on discrete supports, shows that the continual shells 
have different behaviour than the shells with openings 
between the supports.  

From where could be concluded that the reactions of 
discrete supports are not distributed on the height only 
by work of the cylindrical shell on compression above 
them, as an arch. In the conception of EN 1993-4-1 for  

 
 
dividing the cylindrical body of the silo into discretely 
supported ring beam and cylindrical body there is some 
truth. For that reason the body of silo above the supports 
should be checked for: 
 buckling in the area above vertical stiffeners, caused 

by meridional (axial) forces; 
 buckling to left or right of vertical stiffeners, due to 

shearing forces. 
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