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Abstract. Experimental studies of short axially compressed cylindric elements with various indirect concrete 
reinforcements – fiberglass shells, steel spirals, and the joint use of these two types of reinforcement – have been 
carried out. The results of the experiments performed confirm the positive effect of both the outer fiberglass shell 
and spiral reinforcement on the strength of such elements. The highest strength was achieved with the 
simultaneous use of both types of indirect reinforcement. The presence of two types of indirect reinforcement 
significantly increased the deformability of the compressed elements under study. The maximum recorded values 
of the longitudinal deformations of shortening of such samples amounted to about 1.7 %. Such a high deformability 
of the compressed elements will allow to use high – strength longitudinal reinforcement efficiently in them. We list 
the main premises and dependencies of the method of deformational calculation of the strength of compressed 
concrete structures with indirect reinforcements. A performed comparison of the calculation results with 
experimental data indicates that the proposed method is perfectly suitable for practical use. 

1. Introduction 
The relatively rapid degradation of the strength properties of traditional building materials operating in 

aggressive environments is one of the main problems in the operation of buildings and structures in industry 
and civilian infrastructure. 

Traditional building materials (steel, concrete, wood, brick and stone) have significant drawbacks that 
noticeably increase the cost of their maintenance, and reduce their service life. For example, it was estimated 
that in the United States repair and replacement of supporting building structures (piles, bridge supports, etc.) 
costs more than $ 1 billion annually [1]. 

We should also note that for load-bearing structures with external indirect reinforcement, such as 
concrete filled glass fiber-reinforced polymer tubes (CFGFT), the destruction of the external metal shell from 
corrosion can cause not only the destruction of the element, but also of the structure as a whole. 

These circumstances force the search and use in building structures of modern, more advanced building 
materials with high physical and mechanical properties, low specific gravity, not subject to corrosion, rotting, 
warping; possessing chemical resistance, low combustibility, low coefficient of thermal linear expansion, a 
wide range of operating temperatures. 

Some materials possess the required properties, namely, polymer composite materials (PCM) – 
polymer materials reinforced with fabrics, mats, strands or other forms of fibrous fillers (FRP). These materials 
are considered an attractive alternative for structures operating in marine and other aggressive environments, 
since they are resistant to the destruction mechanisms mentioned above. 

Due to the advantages of FRP, researchers in many countries, including China, the USA, Canada, 
Japan, etc., are studying CFGFT with PCM shells. The strength and deformability of compressed CFGFT 
elements [2, 7, 8, 13–15, 17], as well as the use of compressed CFGFT elements in piles [3, 9–11], offshore 
platforms [4], sheet piling [5, 6], road constructions [12, 16]. In Russia, in connection with the adopted program 
for the introduction of composite materials, structures and products from them in the construction industry of 
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the Russian Federation (approved by the order of the Ministry of Regional Development of the Russian 
Federation No. 306 dated July 24, 2013), PCM production (pipes made of glass and carbon fiber, 
reinforcement for reinforcing reinforced concrete structures, woven materials, etc.) has grown significantly. 
However, today, there is a significant lag behind the USA, a number of European countries and China in the 
development of a regulatory framework for the design and calculation of building composite structures using 
PCMs, as well as noticeably less experience in the use of PCMs in building structures and the operation of 
such structures. The lack of domestic materials, technologies and equipment for the production of PCMs 
dictates a high price for the final product, thereby restraining their use. 

However, increasing interest in the use of PCMs in construction, and a number of the above – mentioned 
measures of state support for manufacturers of composite materials, emphasize the relevance of the 
development and research of composite load – bearing building structures, such as, for example, CFGFTs. 

In order to reduce the cost of compressed CFGFT elements, we propose to reduce the size of the outer 
fiberglass shell (wall thickness or pipe diameter), while maintaining the necessary bearing capacity through 
the use of high – strength concrete and (or) additional reinforcement of the concrete core. An analysis of the 
possible options for reinforcing the concrete core indicates that the use of spiral reinforcement will be most 
effective here [20, 21]. 

The purpose of this work is to evaluate the effectiveness of the spiral reinforcement of a high-strength 
concrete core of short compressed CFGFT elements. 

2. Methods 
In the course of laboratory studies, the strength of short CFGFT cylindrical samples under axial 

compression was evaluated. The cross – sectional diameter of the test samples was 109 mm; their length was 
500 mm. In total, two series of sample elements were investigated. Each series consisted of 3 identical 
samples. 

For the production of samples of series I, heavy concrete of class B80 was used. A fiberglass pipe was 
used as the outer shell for concrete. It had the following characteristics: 

– section diameter of 109 mm; 

– wall thickness of 4.5 mm; 

– modulus of elasticity under axial tension (compression) Epl = 13.8 GPa; 

– modulus of elasticity at circumferential tension Ept = 22.8 GPa; 

– axial tensile strength fpl = 265 MPa; 

– tensile strength at circumferential tension fpo = 303 MPa; 

– Poisson's ratio υpo = 0.39; 

– volumetric weight γp = 19.5 kN/m3. 

Series II differed from Series I only by the presence of spiral reinforcement of the concrete core. Before 
molding samples of this series, a reinforcing cage was placed inside the fiberglass pipe. A wire with a diameter 
of 5 Vr500 served as spiral reinforcement of the frame, which was wound with a pitch of 30 mm around four 
longitudinal rods made of wire of the same class – diameter 5 Vr500. The diameter of the cross section of the 
spiral was 90 mm. The yield strength of reinforcing wire is σys = 552 MPa. 

Series III consisted of reinforced concrete elements with a cross – sectional diameter of 100 mm. 
Prototypes of this series had indirect reinforcement similar to the series II, but they did not have fiberglass 
shells. 

To obtain more objective data, when comparing the strength of samples of the structures under study, 
three samples of different series were simultaneously formed using concrete mix of one batch. 

After manufacturing, all the prototypes were kept at a temperature of about 20 °C for 28 days. The tests 
were carried out on a 500 – ton hydraulic press with a short – term compressive load. The load was transmitted 
over the entire cross section of the structures. In this case, a standard technique was used, regulated by 
Russian State Standard GOST 8829. 
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3. Results and Discussion 
The main results of the experiments are summarized in Table 1. It contains the following data for each 

sample:  

– prismatic strength of the source concrete fc; 

– percentage of fiberglass reinforcement µp;  

– percentage of spiral reinforcement µsc;  

– breaking load exp ;uN   

– the force that the sample could withstand under conditions of uniaxial compression Ncp; 

– indirect reinforcement efficiency coefficient exp ;eff u cpm N N=  

– relative limit of elastic work exp exp ,el el un N N=  where exp
elN  is maximum effort corresponding to the 

stage of elastic work; 

– limitary axial deformation of shortening exp.uε   

Table 1. Main laboratory test results. 

Sample fc , MPa µp , % µsc , % 
exp ,uN kN Ncp, kN meff nel 

exp ,uε % 

I-1 82.9 18.8 0 967 651 1.48 0.49 0.65 
I-2 84.6 18.8 0 1033 664 1.55 0.54 0.75 
I-3 85.0 18.8 0 1000 667 1.50 0.52 0.80 
II-1 82.9 18.8 1.45 1300 694 1.87 0.52 1.70 
II-2 84.6 18.8 1.45 1300 708 1.84 0.58 1.57 
II-3 85.0 18.8 1.45 1380 711 1.94 0.60 1.80 
III-1 82.9 0 1.45 867 651 1.33 0.55 0.55 
III-2 84.6 0 1.45 833 664 1.25 0.51 0.50 
III-3 85.0 0 1.45 900 667 1.35 0.56 0.48 

An analysis of the results indicates that indirect reinforcement (fiberglass shell and / or spiral 
reinforcement) had a significant effect on the strength of centrally compressed samples. Explicitly, the 
presence of just spiral reinforcement led to an increase in their strength compared to uniaxially compressed 
elements by an average of 1.31 times, the presence of a fiberglass shell – by 1.51 times, and the presence of 
both types of indirect reinforcement – by 1.88 times. 

The relative limit of elastic work for the samples of series II turned out to be higher than for samples of 
other series, but not by much. Compared to the samples of series I, it is 5–10 % higher, and compared to the 
samples of series III, the difference in nel values is even less. 

The maximum recorded values of the longitudinal deformations exp
uε  of the samples under study 

significantly depended on the level of indirect reinforcement. The smallest value of these deformations was 

recorded in samples of series III. Their exp ,uε  on average, amounted to 0.63 %, which is approximately two 

and a half times higher than similar deformations of uniaxially compressed concrete. The limit deformations of 
series I samples turned out to be 22 % higher. The highest deformability was demonstrated by samples in a 
fiberglass shell with spiral reinforcement of concrete. For them, the average value was 1.69 %. It should be 
noted here that the high deformability of the compressed elements makes it possible to use high – strength 
longitudinal reinforcement efficiently in them. 

The nature of the destruction of the studied samples mainly depended on the presence of an outer shell. 
For reinforced concrete elements with spiral reinforcement, before reaching the maximum load, almost 
complete destruction of the protective layer was observed (Figure 1, c). With a further increase in load, the 
concrete core crushed inside the spiral. 

The destruction process of samples of series I and II was different. Immediately before the destruction, 
a slight bulging of the outer shell was observed. The reason for this was the fragmentation of the concrete 
core in local zones, due to the beginning of the shift of its parts. With a further increase in load, a rupture of 
the fiberglass shell was observed (Figure 1, a, 1, b). The nature of the destruction of the samples of both series 
was fragile. Externally, the picture of the destroyed samples practically did not differ. However, the presence 
of spiral reinforcement in Series II samples slightly decreased fragility due to a significant increase in the limit 
of deformability.  
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 a) b) c) 

    

Figure 1. The nature of the destruction of samples from the series I (a), II (b) and III (c):  
1 – not destroyed area; 2 – shell rupture at an angle of 30–60 degrees to the longitudinal axis;  

3 – peeling of the protective layer of concrete; 4 – vertical cracks in the protective layer of concrete. 

Strength calculation of test samples 

In this paper, we study the force resistance of short samples of little flexibility. Their destruction occurs 
from a loss of compressive strength.  

In modern publications, there are proposals for the calculation of such structures based on the breaking 
stress method [18]. In this case, the volumetric stress state of the materials is taken into account using 
empirical dependencies having a limited area of applicability. There are publications listing the results of 
calculations of compressed concrete elements based on finite element models [18–20]. Sadly, neither of the 
published works takes into account the actual nature of the force resistance of compressed elements with 
indirect reinforcement. In particular, they ignore the fact of a change in lateral pressure on the concrete core 
during a gradual increase in load, which causes a constant change in the stress state of the materials. 

Considering this, we propose to calculate the strength of CFGFT using a different approach. The nature 
of their reinforcement involves the use of a deformation model for this purpose [21]. 

The essence of the proposed deformational calculation of the strength of centrally compressed elements 
is as follows. An element is considered, at the ends of which compressive load N with a random eccentricity 
ea is applied. Before that, the concrete core and the outer shell (if applicable) of the element is divided into 
small ranges with areas Acj and Apk, within which the emerging stresses are averaged. The area of each rod 
of longitudinal reinforcement (if applicable) is indicated as Asn. 

In the calculation, the axial deformations of the most compressed fiber are increased step by step, 
starting from zero. In accordance with the Bernoulli hypothesis, a strain diagram is constructed in the cross 
section of an eccentric compressed element corresponding to the equilibrium conditions of internal forces in 
concrete, fiberglass, and forces from external load. To check the equilibrium conditions by the values of 
deformations in each section of concrete and fiberglass outer shell, into which the normal section of the 
element was previously divided, we calculate the stresses σczj, σpzk and σszn. The equilibrium conditions in 
the general case are written in the form of a system of equations: 

;a czj cj cj pzk pk pk szn sn sn
j k n

N e A Z A Z A Zσ σ σ⋅ = + +∑ ∑ ∑  (1)  

,czj cj pzk pk szn sn
j k

N A A Aσ σ σ= + +∑ ∑ ∑  (2)  

where Zcj, Zpk and Zsn
 
are coordinates of the center of gravity of the j-th section of concrete, the k-th section 

of the fiberglass outer shell (if applicable) and the n-th rod of longitudinal reinforcement (if applicable). 

When the equality of the left and right sides in Equations (1) and (2) is observed, the compressive force 
from the external load is fixed and the deformation build – up process continues εcz,max. The calculation 
continues until the compressive force reaches its maximum value Nu or until axial deformation reaches the 

maximum permissible value εcz,u, set by the researcher (see Figure 2).  
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Figure 2. Dependencies «N – ɛcz»: 1 is when  
N reaches its maximum value; 2 is when ɛ 

reaches its set value. 

Figure 3. Concrete deformation diagrams  
for incremental longitudinal deformation: 1 – uniaxial 

compression, 2, 3 – volumetric compression 
at intermediate stages of deformation,  

4 – volumetric compression in the limiting state. 

The deformation calculation involves the use of deformation diagrams of the materials from which the 
structure under consideration is made. In our case, it is necessary to have diagrams reflecting the 
dependences between stresses and strains of axial direction for volumetrically stressed concrete and shell 

«σcz – εcz» and «σpz – εpz». Longitudinal reinforcement deformation diagram «σsz – εsz» can be adopted 
according to the recommendations of current standards. The accuracy of the calculations largely depends on 
the reliability of the adopted diagrams. In this case, the most difficult task is to build a diagram of concrete 
deformation.  

Numerous proposals in publications on this subject [21, 22, 27–31] do not provide a reliable estimate of 
the strength resistance of a concrete core. They offer analytical dependences for describing the deformation 
diagrams of volumetric compressed concrete when a lateral pressure of a certain value is applied to it. 
Pressure is most often taken for the limit state of the structure. In fact, the lateral pressure is constantly 

changing with increasing load level. To each side pressure ( )i
crσ  at a particular i-th step of the calculation, 

there is a corresponding strain diagram. Taking into account the constant change in lateral pressure, we can 

obtain multiple diagrams ( ) ( )« »i i
cz czσ ε−  (see Figure 3). This fact significantly complicates the deformation 

strength calculation, but it cannot be ignored. 

To construct such strain diagrams, we propose to view the concrete core as a transversely isotropic 
body. The outline of each diagram is assumed to be curved with upward and downward sections. In this 
setting, for the analytical description of the diagrams, the most important task is to determine the coordinates 

of the vertices – the maximum stress ( )i
ccf  and corresponding deformation ( )

1.
i

ccε   

According to previously performed theoretical studies [32, 23], the maximum stress ( )i
ccf  and deformation

( )
1

i
ccε  of volumetric compressed concrete corresponding to lateral pressure is calculated using the following 

formulas: 

2
( ) 3 2 2

;
4 4

i i i i
cc cf f

b

σ σ σ + −  = + +    
  (3)  

( )( ) 1.5 1.5
1 1 1 ,i c

cc сi с сi ci
c

f

E
ε α ε α α

 
= − − 

 
 (4)  

where iσ  is a relative value of lateral pressure from the outer shell to the concrete core ( ) ;i
i cr cfσ σ=  

b is material coefficient, which is an experimental value (for heavy concrete b = 0.096 [24]); 

εс1 is relative strain of uniaxially compressed concrete under stress fc; 

αci is coefficient of strength growth of volumetrically compressed concrete ( )( ).i
ci cc cf fα =  
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The relationship between stress and strain ( ) ( )i i
cz czσ ε−  can be adopted according to the proposal of 

M. Attard and S. Setung [25], or a slightly modernized formula of D. Mander [16], which is written in the 
following form  

( )

( )
( )

( )
( ) ( ) 1

( )
( )

( )
1

,

1

i

i
i cz

i
i i cc

cz cc
i

i cz
i

cc

f
λ

ελ
εσ
ελ
ε

=
 

− +  
 

 (5)  

where λ(i) is a coefficient calculated by the following formula: 

( )
( ) ( )

1

,i c
i i

c cc cc

E

E f
λ

ε
=

−
 (6)  

where Ec is initial modulus of elasticity of concrete. 

To find the lateral pressure on concrete from the fiberglass shell, the following formula was proposed in 
[16] 

( ) ( )
( ) ( )

( )

( )

.
1

2

i i
zr pi i

cr czi
zr

i
pc сz c

d

E t E

υ υ
σ ε

υ
ν

−
= ⋅

−
+

 
(7)  

where ( )i
zrυ  and ( )i

pυ  are lateral deformation coefficients of concrete and fiberglass;  

( )i
сzν  is the coefficient of elasticity of concrete;  

Epc is modulus of elasticity of the steel shell in compression;  

d and t are external diameter and wall thickness of the steel shell 

The coefficient of elasticity of concrete introduced into this formula to refine the calculation in the zone 
of large deformations is determined by the formula 

( )
( )

( )
.

i
i cz

cz i
c czE

σν
ε

=  (8)  

To simplify the calculations, the fiberglass shell can be considered as an elastic isotropic material. In 

this setting ( ) ,i
p poυ υ=  where υpo is Poisson's ratio of fiberglass.  

The transverse strain coefficient of concrete varies. As the stress level increases, it increases from the 

Poisson's ratio υco = 0.18÷0.25 to the limit value (i)
zruυ  at the stage of concrete destruction.  

In [23], to determine the current values of ( )i
jrυ  (j = z, r) by A.L. Krishan offered the following formula: 

( ) 0.5
(i)

( ) (i) (i)
(i)

( ) .
1

i
i cz czu

zr zru zru co
czu

ν νυ υ υ υ
ν

 −
= − −   − 

 (9)  

The limit value of the coefficient of transverse deformation for a concrete core is determined by the 
formula  

(i) (i)3(1 ),zru co czuυ υ ν= + −  (10)  

where ( )i
czuν  is the coefficient of elasticity of the concrete core at the top of the diagram of its deformation, 

calculated by the formula (8) with ( ) ( )i i
сz ccfσ =  and ( ) ( )

1.
i i
сz ccε ε=  

Based on the proposed method of deformation calculation, an algorithm and a computer program 
«CFST-18» have been developed, which allow us to evaluate the stress-strain state and determine the 
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strength of compressed concrete elements. Table 2 shows a comparison of the new experimental values of 
strength and ultimate axial deformations of the samples studied by the authors of the article with the results of 
calculations using this program. Here, for analysis, calculated data are given on the total percentage of indirect 

reinforcement µ , the strength of volumetrically compressed concrete ,th
ccf  as well as lateral pressure th

crσ  in 

the limiting state of the element.  

Table 2. Comparison of experimental data with calculation results. 

Series µ , % fc, MPa ,th
crσ MPa ,th

ccf MPa 
th

cc
с

c

f

f
α =  ,th

uN kN 
exp
u
th
u

N

N
 ,th

uε % 
exp
u
th
u

ε
ε

 

I-1 18.8 82.9 2.2 115.8 1.40 933 1.04 0.63 1.03 

I-2 18.8 84.6 2.3 117.9 1.39 957 1.08 0.62 1.21 

I-3 18.8 85.0 2.3 118.5 1.39 962 1.04 0.62 1.29 

II-1 20.25 82.9 4.4 136.2 1.64 1440 0.90 1.92 0.88 

II-2 20.25 84.6 4.4 138.9 1.64 1482 0.88 1.89 0.83 

II-3 20.25 85.0 4.4 139.4 1.64 1490 0.93 1.88 0.96 

III-1 1.45 82.9 4.0 126.7 1.53 826 1.05 0.44 1.25 

III-2 1.45 84.6 4.0 129.1 1.53 845 0.98 0.42 1.19 

III-3 1.45 85.0 4.0 129.6 1.52 850 1.06 0.42 1.14 

Based on the comparison, we can state that the proposed calculation method allows to obtain quite 
reliable results on the strength and deformability of compressed elements with different options for indirect 
reinforcement. The maximum difference between the experimental and theoretical values of strength was 
12 %. Moreover, such a discrepancy is observed for samples in which lateral deformations of concrete are 
restrained by both the outer shell and spiral reinforcement. Theoretical and experimental values of limit strains 
differ more significantly. The difference between them is in the range of +19 to –21 %. However, specialists 
know that such differences should be considered quite acceptable for deformations. Therefore, in general, we 
can state that the performed comparison confirmed the adequacy of the adopted calculation model.  

4. Conclusions 
1. The results of experimental studies indicate a positive effect on the strength of short compressed 

CFGFRT elements of both options used indirect reinforcement – the outer fiberglass shell and spiral 
reinforcement. 

2. The high strength of such samples is due to a significant increase in concrete strength, which in 
samples with two types of indirect reinforcement increased by about 64 %. 

3. The simultaneous presence of two types of indirect reinforcement significantly increased the 
deformability of the studied compressed elements. The maximum recorded values of longitudinal deformations 
of shortening of series II specimens amounted to about 1.7 %. 

4. The high deformability of the compressed elements allows the efficient use of high-strength 
longitudinal reinforcement in them, which has economic feasibility. 

5. The proposed calculation method allows obtaining reliable results on the strength and deformability 
of compressed elements with different options for indirect reinforcement. 
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Abstract. Receiving the qualitative, energy efficient and economic building is the main tendency in the civil 
engineering. One of the leading places is occupied by technology of frame-panel construction with use of new 
non-autoclaved, monolithic foamed concrete technology producing on a building site. On the example of the 
real samples there were determined the heat-shielding properties of foamed concrete in a condition of setting 
process and after attainment of strength with a practical and theoretical methods. The results were obtained 
for a non-autoclaved monolithic foamed concrete wall fragment (lightweight steel concrete structure – LSCS) 
for the areas with and without rigid reinforcement with steel thin-wall profiles (lightweight gauge steel structure 
– LGSS). Influence of the thermal bypass on cold-resisting properties of enclosure structures with technology
“Intech LB” is revealed. On the basis of the received results, modernization of a design for improvement of its
thermotechnical characteristics is made.

1. Introduction
Construction of residential country house or cottage is often associated with significant expenses; 

however, integration of new materials and modern technologies allows decrease them.  

Technology that combines well known frame-panel construction technology (timber, plastic and thin-
walled steel structures) with modern technology of construction site production of non-autoclave, cast in-situ, 
acoustic and thermal insulating, constructive foamed concrete can be considered as breakthrough in modern 
low-rise construction industry. Application of such concrete gives an opportunity to decrease shipping costs, 
construction period, materials consumption. Moreover, even thin foamed concrete walls possess sufficient 
thermal insulation properties. High mobility of this concrete type allows to effortlessly perform concrete mix 
distribution and to form building structures on any height.  

There is a large variety of thermal insulating materials in modern construction industry; such as mineral 
wool, polystyrene and polyurethane foam. For example, M.V. Leshchenko and V.A. Semko proposes to use 
polystyrene concrete as an insulating material in wall panels made of light gauge studs. It should solve the 
problem of thermal bridges in such panels [1]. 

 However, they possess significant disadvantages. For instance, mineral wool insulators are subjected 
to sitting and, also, moisturizing that causes in one hand decrease of insulating properties, in another cause 
increase in load that is crucial in rooftop insulation. Cellular concretes are well known as material for a long 
time and develop as foamed and aerated concretes. These branches are described in article [2–6]. 

Thermal insulation of building enclosing by cast in-situ foamed concrete is relatively modern way of 
cellular concrete application. This technology is developed and integrated in Russian Federation construction 
industry by group of V.D. Vasiliev [7, 8]. 

A.Y. Struchkova, Yu.G. Barabanshikov, K.S. Semenov, A.A. Shaibakova solved the problems of thermal 
cracking resistance of massive concrete and reinforced concrete structures during the building period are 
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considered. The calculation results of a research on the effect of hardening temperature on the process of 
heat dissipation process of concrete are given [9]. 

T.V. Krivaltzevich and E.V. Gurova conducted comparison of technical properties and basic 
characteristics of thermal insulation materials of different structure and considered advantages and 
disadvantages of non-autoclave foamed concrete in their work [10]. 

V.V. Bespalov, D. Ucer, I.D. Salmanov, I.N. Kurbamov, S.V. Kupavykh consider a problem whose 
purpose is determine the combined behavior of masonry walls and reinforcing meshes together, according to 
their deformation characteristics. The results obtained from the theoretical sample wall and the case study 
wall with plain and reinforced alternatives stated that the compatibility of deformation characteristics between 
the wall and the reinforcing mesh is the key for combined strength behavior of the wall [11]. 

V.V. Plotnikov and M.V. Bogatovsky demonstrated research results of development of energy and 
material saving technology of construction of interior multilayer cast in-situ walls with application of low density 
composite foamed concretes [12]. This technology provides ability to control formation of foamed concrete 
structure in process of its obtainment and on first stages of curing. For example, in articles [13–17] possibility 
of direction of pore structure of non-autoclave foam concrete is studied. Option of concrete performance 
characteristics increase by adding of different admixtures (colloidal suspension of silicon dioxide, cold-bonded 
fly ash, etc). Such admixture stabilizes and improves pore structure of material, developing properties of 
foamed concrete. Also, the article [18] proposes a numerical model for estimating the effect of composite 
reinforcement on the bearing capacity of a compressed-bent masonry wall which is constructed on the basis 
of experimental studies of walls from cellular concrete blocks. 

Nowadays, there are technologies of enclosing structures construction based on combination of light 
steel framing and various thermal insulators. Lightweight metal framing is used for constructive purposes 
worldwide. However, it is applied in Russia for low rise construction only, since lack of production standards. 

Major advantages of light steel framing constructions are demonstrated in articles [19–23]. 

D.V. Kuzmenko and N.I. Vatin [24] developed new type of enclosing structure based on light meal 
framing – thermal panel. Main components are thermal profile and efficient thermal insulator. Thermal panel 
is perspective modern energy-saving technology that can be applied in high-rise construction. 

Based on LSTK M.K. Bronzova, N.I. Vatin, M.R. Garifullin were engaged in studying of a design in the 
work [25] and others in works [26–32]. 

Application of modern constrictions is reasonable only if their superior thermal properties exploited 
properly. Results of reduced total thermal resistance calculation and  
heat transfer performance uniformity factor determination are demonstrated in work [33], performed by 
T.A. Karnilov and G.N. Gerasimov. They concluded that the most efficient method of thermal protection of two-
layer walls is variation exterior layer along with constant width of inner layer that corresponds to minimal 
parameter of pillar cross section, determined by obtained value of bearing capacity.  

Enclosing structure, applying in low-rise construction and in attic erection, is chosen as object of 
research. The structure consists from galvanized steel profile TS200-50-1.5, filled with non-autoclave cast in-
situ foamed concrete in condition of natural moist contain (D200, 300 mm). Object was tested in climate 
chamber to determine thermal technical properties of construction. 

Results of wall fragment thermal technical properties evaluation by climate chamber presented in article 
[34]. Temperature values on wall-slab joint (thermal conductive location) have been determined and compared 
to values calculated according to calculated values of temperature and dew point parameters.  

There are developed three Standards that set regulations for design and construction cast in-situ, non-
autoclave foamed concrete buildings. Saint-Petersburg Peter the Great Polytechnic University research group 
(N.I. Vatin, V.A. Rybakov, and A.O. Rodicheva) developed Company's Code  

1) STO 83835311.001-2015. Reinforced concrete structures from heat-insulating non-autoclave 
monolithic foam concrete with rigid reinforcement from profile steel, with facing with asbestos-cement and 
glass-magnesite sheets. Design rules. (“Monplaisir”, Ltd., Russia) 

2) SТО 06041112.001–2018 (changed 10.02.2019). Panels from steel concrete structures based on 
heat-insulating non-autoclave monolithic foam concrete, profile steel faced with fibrocement sheets. (“INTECH 
LB”, Ltd., Russia) 

3) SТО 06041112.002–2018 (changed 10.02.2019). Steel concrete structures from heat-insulating 
non-autoclave monolithic foam concrete, profile steel with facing with fibrocement cement sheets. Design 
rules. (“INTECH LB”, Ltd., Russia) 

Requirements for cast in-situ foamed concrete are based on STO 83835311.001-2015, 
SТО 06041112.001-2018, and SТО 06041112.002-2018 and developed by Saint-Petersburg Peter the Great 
Polytechnic University research group.  
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Foamed concrete is a widely applicable material due to its economic efficiency. Main drawback of this 
material – low mechanical strength can be coped with framework for construction. Lightweight steel framing 
from thin wall profiles is one of the most convenient option for this purpose. 

This research is focused on determination of thermal protecting properties of non-autoclave cast in-situ 
foamed concrete after strength gain in reinforced and unreinforced sections of enclosing structure, consisting 
of steel thin-wall profiles framing and cast in-situ foamed concrete.  

Research process can be divided on solution of three goals: 

1. Determination of physical and mechanical properties of foamed concrete- used in research; 

2. Determination of thermal protecting properties of bearing enclosing structures, consisting of steel thin-
walled profiles and cast in-situ foamed concrete; 

3. Comparison of thermal resistance values in reinforced and unreinforced sections of structure. 

2. Methods 
2.1. Determination of thermal and mechanic parameters of thermal insulating 

constructive material 
2.1.1. Determination of humidity 

Humidity of foamed concrete is determined according to Russian State Standard GOST 12730.2–78. 
Twelve samples (100×100×100 mm) have been weighted in moist condition, put in low temperature 
experimental furnace SNOL 67/350 and being dried (+105 °С) until mass can be considered constant 
(approximately 48 hours). Then dry samples being weighted again and humidity being calculated by formula 
(1):  

100 %,
−

= ⋅b c
m

c

m m
W

m
 (1)  

where Wm is samples humidity, %; 

mb is mass of samples before drying, kg;  

mc is mass of samples after drying, kg. 

2.1.2. Determination of density 
1. Density is found by formula (2): 

,=
m

V
ρ  (2)  

where ρ is density, kg/m3;  

m is mass, kg;  

V is volume, 𝑚𝑚3. 

Results of density and humidity determination are presented in Table 1. 

Table 1. Density and humidity of samples. 

Samples number Mass of moist samples, kg Density, kg/m3 Mass of dry samples, kg Humidity, % 

1 0.497 497 0.342 45 
2 0.441 441 0.307 44 
3 0.458 458 0.32 43 
4 0.466 466 0.327 43 
5 0.472 472 0.36 43 
6 0.511 511 0.33 42 
7 0.469 469 0.327 42 
8 0.46 460 0.307 41 
9 0.44 440 0.331 43 
10 0.441 441 0.306 44 
11 0.502 502 0.348 44 
12 0.624 624 0.438 42 

Average value – 481.75 0.337 43 
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2.1.3. Determination of strength 

 Each specimen is being tested by compact experimental press MIP-25/50 to evaluate compressive 
strength. Samples 2, 4, 6, 11 have been put in plastic containers to conserve dehydrated condition after drying 
in SNOL 67/350 furnace. Samples 1, 3, 8, 12 were tested in conditions of natural humidity; mass of these 
Samples raised by 3–5 grams since furnace extraction. Results presented in Table 2. 

Table 2. Compressive strength of specimens. 

Samples number Humidity, % Mass, kg Compressive strength, MPa 

1 1 0.346 0.1 

2 0.1 0.307 0.14 

3 1 0.323 0.15 

4 0.1 0.327 0.1 

6 0.1 0.36 0.19 

8 1 0.331 0.12 

11 0.1 0.348 0.16 

12 1 0.443 0.12 

 Average value  0.135 

2.2. Determination of thermal protecting properties of enclosing structure based 
on thin-wall steel C-beams and cast in-situ foamed concrete. 

Structure consists from non-autoclave cast in-situ foamed concrete D200 block (460×760×300 mm) with 
natural humidity (tests performed 37 days after casting) and two galvanized steel С-beams PS 200-50-1.5 
(Figure 1). 

    
Figure 1. Geometric parameters of samples. Location of temperature sensors. 

Goals of the experiment are determination of thermal resistance in points of reinforced and unreinforced 
foamed concrete, their comparison and analytic comparison of actual resistance to thermal transition to 
structure with theoretic calculation for the samples. 

2.2.1. Determination of thermal technical properties of enclosing structure, climate chamber tests 

Structure has been put in climate chamber TX-500, with following temperature conditions: temperature 
in cold (exterior) section is set on –30 °С, temperature in warm (interior) section) set on +24 °С. The sample 
was subjected to chamber tests until installation of thermal process balance, in this case – 3 days. 
Temperature sensors and sensors of heat flow were installed on surface of the sample (Figure 1). Results are 
formed in Table 2. Charts that represent dependence of surface temperature om time and dependence of heat 
flow on time presented on Figures 3, 4.  

Coefficient of thermal conductivity is determined by formula (3): 

Results of coefficient of thermal conductivity calculation put in Table 4. Approximate value is calculated 
for each point after installation of thermal balance, in this case balance was set on 4:57 07.06.2017. 
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Table 3. Temperature value sand heat flows values in interior and exterior points of wall samples. 
Date Time Point 1 Point 2 

Day/ month/year Hour/minute Heat flow 
W/m2 

Interior 
temp., °С 

Exterior 
temp., °С 

Heat flow 
W/m2 

Interior 
temp., °С 

Exterior 
temp., °С 

05.05. 16:57 10.733 21.61 23.17 6.776 23.09 23.3 

05.05. 19:57 34.892 18.01 –26.26 26.205 20.95 –25.8 

05.05. 22:57 41.942 17.2 –26.53 41.693 20.14 –26.44 

06.05. 1:57 46.919 17.02 –26.68 50.544 19.88 –26.72 

06.05. 4:57 52.112 17.19 –26.69 54.82 20.02 –26.8 

06.05. 7:57 52.868 17.77 –26.76 62.061 20.59 –26.87 

06.05. 10:57 51.413 17.98 –26.9 62.293 20.75 –27.01 

06.05. 13:57 53.769 18.58 –26.9 64.086 21.36 –27.03 

06.05. 16:57 51.638 18.38 –26.96 62.781 21.06 –27.13 

06.05. 19:57 50.962 17.96 –26.91 60.947 20.55 –27.1 

06.05. 22:57 52.152 17.69 –26.94 65.48 20.29 –27.07 

07.05. 1:57 49.82 17.65 –26.89 62.974 20.26 –27.06 

07.05. 4:57 56.092 17.85 –26.93 64.895 20.37 –27.12 

07.05. 7:57 57.965 20.93 –26.99 73.648 23.5 –27.1 

07.05. 10:57 51.404 19.92 –27.11 68.787 22.42 –27.27 

07.05. 13:57 49.483 19.75 –27.13 71.43 22.29 –27.22 

07.05. 16:57 52.964 19.39 –27.02 68.723 21.85 –27.12 

07.05. 19:57 49.829 18.72 –26.91 65.984 21.08 –27.02 

07.05. 22:57 48.752 18.51 –26.99 71.406 20.93 –27.14 

08.05. 1:57 49.941 18.62 –26.91 68.676 20.96 –27.06 

08.05. 4:57 52.369 18.78 –27.03 68.26 21.05 –27.11 

08.05. 7:57 58.463 21.09 –26.96 72.279 23.49 –27.09 

08.05. 10:57 57.764 23.63 –27.15 77.732 26.05 –27.18 

08.05. 13:57 60.24 20.84 –27.09 64.07 23.17 –27.13 

08.05. 16:57 54.548 19.88 –27.09 67.018 22.26 –27.12 

Date Time Point 3 Point 4 

Day/ month/year Hour/minute Heat flow 
W/m2 

Interior 
temp., °С 

Day/ 
month/year Hour/minute Heat flow 

W/m2 
Interior 

temp., °С 
05.05. 16:57 16.194 21.19 22.47 24.958 21.87 22.81 

05.05. 19:57 19.387 19.43 –25.67 28.275 21 –24.48 

05.05. 22:57 30.154 18.79 –26.09 35.133 20.89 –25.25 

06.05. 1:57 31.402 18.5 –26.31 40.217 20.99 –25.53 

06.05. 4:57 43.019 18.66 –26.34 41.656 21.32 –25.67 

06.05. 7:57 38.47 19.19 –26.48 47.48 22.07 –25.79 

06.05. 10:57 40.138 19.36 –26.68 44.839 22.32 –26.01 

06.05. 13:57 39.028 19.92 –26.71 44.083 22.98 –26.08 

06.05. 16:57 37.171 19.73 –26.8 42.373 22.69 –26.16 

06.05. 19:57 44.586 19.3 –26.73 42.866 22.23 –26.13 

06.05. 22:57 36.372 19.09 –26.74 42.126 22.03 –26.16 

07.05. 1:57 35.581 19.09 –26.72 41.982 22.04 –26.09 

07.05. 4:57 39.412 19.26 –26.76 41.021 22.22 –26.09 

07.05. 7:57 41.009 22.19 –26.84 43.256 25.44 –26.23 

07.05. 10:57 43.729 21.33 –27.04 42.644 24.39 –26.35 

07.05. 13:57 35.995 21.2 –27.01 43.725 24.21 –26.35 

07.05. 16:57 36.518 20.88 –26.91 41.227 23.76 –26.27 

07.05. 19:57 34.021 20.2 –26.82 39.27 23.05 –26.17 

07.05. 22:57 36.858 19.98 –26.88 40.256 22.95 –26.24 

08.05. 1:57 40.124 20.1 –26.81 39.453 22.98 –26.18 

08.05. 4:57 36.097 20.17 –26.98 38.776 23.09 –26.22 

08.05. 7:57 40.893 22.58 –26.89 42.882 25.62 –26.25 

08.05. 10:57 43.737 25.08 –27.04 46.096 28.25 –26.43 

08.05. 13:57 37.199 22.36 –26.99 37.424 25.23 –26.31 

08.05. 16:57 35.843 21.45 –26.98 38.999 24.34 –26.28 
Used next formulas from ISO 7345:1987 Thermal insulation – Physical quantities and definitions (MOD), 

determine coefficient of thermal conductivity: 
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2 1

,
⋅

=
−

q d

T T
λ  

where λ is coefficient of thermal conductivity, W/(m·K);  

q is heat flow, W/m2; 

d is wall thickness, m; 

T1, T2 are temperature of wall surfaces, °С 

Table 4. Coefficient of thermal conductivity of surface. 

Date Day/month/year Time Hour/minute Coefficient of thermal conductivity, W/(m·K) 

Date Time Point 1 Point 2 Point 3 Point 4 

07.05. 4:57 0.376 0.41 0.257 0.255 

07.05. 7:57 0.363 0.437 0.251 0.251 

07.05. 10:57 0.328 0.415 0.271 0.252 

07.05. 13:57 0.317 0.433 0.224 0.259 

07.05. 16:57 0.342 0.421 0.229 0.247 

07.05. 19:57 0.328 0.412 0.217 0.239 

07.05. 22:57 0.321 0.446 0.236 0.246 

08.05. 1:57 0.329 0.429 0.257 0.241 

08.05. 4:57 0.343 0.425 0.23 0.236 

08.05. 7:57 0.365 0.429 0.248 0.248 

08.05. 10:57 0.341 0.438 0.252 0.253 

08.05. 13:57 0.377 0.382 0.226 0.218 

08.05. 16:57 0.348 0.407 0.222 0.231 

Average value  0.344 0.422 0.24 0.244 

Technical thermal resistance is calculated by formula (4) (For reinforced section is Ra, for unreinforced 
section is Rb). 

,=
d

R
λ

 (4)  

where R is thermal resistance, (m2·K)/W;  

d is wall thickness, m; 

λ is coefficient of thermal conductivity, W/(m·K) 

2 20.3 0.3
0.783 ;  1.239

0.383 0.242
.= = = =

⋅ ⋅
a b

m K m K
R R

W W
   

Thermal resistance diagram for sample section is plotted to calculate thermal resistance for whole 
construction (Figure 2).  

 
Figure 2. Thermal conductivity resistance for specimen cross section. 
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Average value of thermal resistance is calculated: 
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(5)  

Formula (6) is applied to obtain thermal conductivity: 

1
,

1
= + +o

e i

R R
α α

 (6)  

where αi is heat exchange coefficient for interior surface of enclosure structure by Set of Rules 50.13330.2012 
2m

( 8.7 );
K

W

⋅
=iα  

αe is heat exchange coefficient for exterior surface of enclosure structure by Set of Rules 50.13330.2012 
2m

(
W

23 );
K⋅

=eα   

R is thermal resistance, (m2·K)/W. 

21 1 m K
1.209 1.367

8.7 23 W
.= + =

⋅
+oR    

 
Figure 3. Heat flow chart. 

3. Results and Discussion 

Technologies of cast in situ non-autoclave foamed concrete buildings construction are lack in Russian 
industry in 2020. Thus, Business association “SOVBI” is a unique manufacturer of bearing enclosing 
structures, based on thin-wall profile metal framing and cast in  situ foamed concrete. Therefore, research 
from this article does not have any analogue, and consideration of comparison of obtained results with 
others is premature. Researches of thermal-saving properties of this kind of structures are also lack abroad.  

However, in order to evaluate adequacy of obtained results, method from ISO_06946–2007 can be 
applied. 
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3.1. Theoretical calculation of thermal conductivity resistance for non-uniform 
enclosing structure 

Calculation of thermal conductivity resistance for non-uniform enclosing structure is performed 
according to following rules ISO_06946–2007. 

The total thermal resistance Ro, of a component consisting of thermally homogeneous and thermally 
inhomogeneous layers parallel to the surface is calculated as the arithmetic mean of the upper and lower limits 
of the resistance: 

2
,

′ ′′+
= T T

o

R R
R  (7)  

where ′TR  is the upper limit of the total thermal resistance, is determined by formula: 

1
.= + + + +

′
a b c d e

T Ta Tb Tc Td Te

f f f f f

R R R R R R
 (8)  

fa; fb; fc; fd; fe are fractional area of each section (Figure 5).  

  

Figure 4. Surface temperature chart. Figure. 5 Division to planes. 

RTa; RTb; RTc; RTe are the total thermal resistances from environment to environment for each section, 
calculated using Equation (4). 

21 0.33 0.0485 0.003 1
2 2 .

0.3 0.05 0.0015 0.197 0.05 0.2 0.442 2 2
0.08 0.08 47 0.08 0.08 47

= ⋅ + ⋅ + =
⋅

⋅

⋅ + ⋅ +′ +T

m K

R W
 

  

′′TR  is the lower limit of the total thermal resistance: 

Calculate an equivalent thermal resistance, Rj, for each thermally inhomogeneous layer using Equation 
(9): 

1
.= + + + +a b c d e

j aj bj cj dj ej

f f f f f

R R R R R R
 (9)  

The lower limit is then determined using Equation (10): 

1 2 3 4 5  .′′ = + + + +TR R R R R R  (10)  

Determine 
1

jR
 for every layer with Equation (9): 
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4. Conclusions
1. Research shows that strength properties of material do not allow to evaluate concrete with axial

compression strength class, thus impact of foamed concrete on composite mechanical strength is negligibly. 
Major function of foamed concrete is thermal insulation. 

2. Identified thermal protective properties of composite structure made of foamed concrete and steel
thin-wall profiles have been determined experimentally in sections with/without reinforcement: reinforced 
sections – 0.783 (m2·K)/W; unreinforced sections – 1.239 (m2·K)/W 

3. It’s established that the heat resistance of the enclosing structure in reinforced section is 63 % of
resistance in unreinforced one. 

4. Shown comparison of thermal conductivity resistance of non-uniform enclosing structure has been
performed by experimental and theoretical methodic :thermal conductivity resistance of enclosure, obtained 
experimentally – 1.367(m2·K)/W; thermal conductivity resistance of enclosure, obtained by calculation – 
2.44(м2·K)/W. 

5. It’s established that the heat resistance of the thermal conductivity of non-uniform enclosure,
obtained experimentally is two times less than resistance, calculated theoretically. 

6. It is recommended to modify enclosure made of steel thin-wall profiles and foamed concrete with
layer of mineral wool for optimal heating performance according to requirements for Province of Leningrad. 

7. Explanation of the discrepancies between the practical and theoretical values of the heat
transmission resistance: 

7.1  As we used monolithic foamed concrete on the site in the winter time, high probability that during 
the process of pouring of the sample, water or snow penetrated into the pores of sample and decrease heat 
transmission resistance. 

7.2 Experimental accuracy. 
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Abstract. The design model of reinforced crushed stone layer calculating as a multilayer plate on an elastic 
base using the technical theory of bending and the Bubnov-Galerkin method is proposed, which makes it 
possible to theoretically calculate and justify the effectiveness of using various types of geosynthetic materials 
for reinforcing pavement bases made of granular materials. The model is based on the hypothesis that the 
reinforced granular layer is deformed like a plate on an elastic base because of the mechanical connection 
with the geogrid. The calculating model is a multilayer plate consisting of an arbitrary number of solid 
homogeneous rigidly interconnected layers. The possibility of using this model for calculation of reinforced 
granular pavement base is confirmed experimentally. The results of the stamp tests showed satisfactory 
agreement with the results of theoretical studies. The discrepancy did not exceed 15 %. 

1. Introduction
One of the main structural elements of flexible road pavement is a base of granular material – crushed 

stone or gravel. An effective way to increase the rigidity of such a base is to reinforce it with a geogrid or 
geocell material. This makes it possible to increase a load bearing capacity and the service life of the 
pavement. At the same time, research [1] shows that the reinforcement of road structures is economically 
advantageous, since the use of geogrids in the roads construction provides significant saving money. 

Reinforcing geogrids are made of raw materials of various types: polymer and mineral. They have 
different dimensions and shape of the cell, that significantly affects the deformability of the reinforced layer, 
the mechanism of which is not fully understood. This is due to the lack of scientifically based, reliable, 
experimentally confirmed models of deformation of reinforced bases of granular material, and also of the 
theory of calculation of pavements with reinforced layers, including layers of granular material. 

In paper [2] a one-dimensional mathematical model is proposed for modelling geosynthetic-reinforced 
granular fills over soft soils subject to a vertical surcharge load. The geosynthetic reinforcement consists of a 
membrane (geogrid, orgeotextile) placed horizontally in engineered granular fill, which is constructed over soft 
soil. The proposed model is mainly based on the assumption of a Pasternak shearlayer. The results of full-
scale accelerated load testing [3] demonstrate the benefits of using geosynthetics in terms of reducing the 
permanent deformation in the pavement structure. The authors [4, 5] were able to develop elastic solutions 
for geogrid-stabilized base courses over subgrade by considering lateral restraint and tensioned membrane 
effects. The analytical solutions were then employed to estimate the reduction of vertical stresses underneath 
the geogrid compared with the measured results. 

The results of full-scale laboratory tests on geogrid reinforcements in unpaved roadway sections are 
presented in papers [6, 7]. The test sections were instrumented to measure geosynthetic deformation and to 
get information about the development of permanent strains in the geogrid during traffic loading. In addition, 
this study was performed to evaluate the integrity and performance requirements for geogrid junctions. An 
attempt to identify mechanical and physical properties of geogrids was made in the study Tang [8]. In works 
[9, 10], the elastic stiffness of a geogrid and its tensile rupture strength at a different temperature regimes were 
investigated. An empirical model of geogrid deformations under cyclic loading was proposed in [11]. The 
interaction features of a soil with geogrid at different loading rates, also under shear at cyclic loading, were 
studied in [12–14]. 
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A presence of significant structural deformations is a characteristic feature of a granular medium 
deformation. Due to these deformations, the grains of the lower row of the deformable granular layer are 
embedded in the base soil. In this case, there is a mutual penetration of the material of one layer into another. 
Professor Shestakov set the depth of individual crushed stone grain indentation approximately corresponds 
to its characteristic transverse dimension. Thus, the actual thickness of the upper layer is reduced. In order to 
preserve the design thickness of the upper layer in the absence of reinforcement, it is necessary to overspend 
the stone material. The geogrid, located at the level of the granular layer bottom, performs not only the 
functions of reinforcement, but also the separation of layers. It prevents the penetration of grains of gravel in 
the underlying sand layer. This makes it possible to prevent overspending of the stone material, and even to 
save it.  

Ferellec and McDowell [15] created a model of ballast–geogrid interaction using the discrete-element 
method, studying the working properties of reinforced and non-reinforced gravel cushion on soft subsoil.  

The soil reinforcement method, which consists of placing a geogrid at the bottom of granular layer, 
increases the load transfer on the underlying base distribution on top of subgrade layer [16]. In accordance 
with Abu-Farsakh and Chen [17] the inclusion of geogrid base reinforcement results in redistributing the 
applied load to a wider area, thus reducing the stress concentration and achieving an improved vertical stress. 
Alexandrov [18] has come to a similar conclusion, arguing that the presence of a reinforcing layer inside the 
granular medium changes the angle of distribution of vertical stresses in it. 

Geogrid reinforcement of granular base layers of flexible pavements was carried out at the end of 80-
th at the University of Waterloo. Reinforcing materials are incorporated into the base layer of flexible 
pavements so that the two materials act together. In summary, for optimum grid reinforcement of flexible 
pavements, the grid must be placed in a zone of moderate elastic tensile strain (i.e., 0.05 to 0.2 percent) 
beneath the load center, and maximum permanent strain in the grid over the design life should not exceed 1 
to 2 percent, depending on the rut depth failure criteria [19]. 

Existing methods for reinforced granular pavement bases calculation are based on traditional methods 
for calculating flexible road pavements developed several decades ago. The difference between existing 
methods of calculation reinforced and unreinforced structure is the introduction of additional amplification 
factor obtained empirically. 

New approach to reinforced granular base of pavement calculation is based on the model of a reinforced 
granular layer deformation like a multi-layer plate on an elastic base. The theoretical principles for the 
reinforced road structure calculating as a multilayer plate on an elastic foundation were developed by Matveev 
and Nemirovsky, further developed in [20] and experimentally confirmed in [21, 22]. The hypothesis that the 
reinforced granular layer works as a plate on an elastic base is confirmed in these studies, as well as in the 
works of other authors. The granular layer is actually a discrete medium and does not perceive tensile stresses. 
In the part of the granular layer adjacent to the geogrid reinforced granular material behaves like a continuous 
medium due to mechanical engagement with the geogrid, as well as due to friction forces between the 
individual grains. The reinforcing effect is achieved by the joint functioning of the geogrid with a granular 
material. In this case the geogrid ribs perceive horizontal tensile forces arising at the level of the reinforcing 
interlayer. The influence zone of the geogrid placed inside the granular layer as a reinforcing interlayer is 
extended to 15 cm up or down from the plane of reinforcement [23]. In this zone the additional shear resistance 
of the granular material caused by reinforcement is decreased with increasing distance from the geogrid. This 
phenomenon was experimentally confirmed in paper [24], where it was noted that the granular layer 
reinforcement makes the pseudo-plate effect. 

From the analysis of the above sources, it follows that the development of a design model of a reinforced 
granular base in the form of a model of an equivalent in rigidity of a multilayer plate on an elastic base is actual. 
Therefore, the purpose of this study is to create a design model allowing setting the effect of geogrid 
parameters on the stiffness of the reinforced granular base of the pavement. 

The problems of this study are to describe the stiffness characteristics of each of the layers, taking into 
account the basic properties and characteristics of the material constituting each layer; to describe the stiffness 
characteristics of the whole package of layers; to select a suitable method for calculating the multilayer plate; 
to perform the experimental studies in the form of stamp tests of the base of pavement structure. 

The novelty of this work lies in the fact that the results of experimental studies of a crushed stone base 
reinforced with a geogrid with steel wires were obtained for the first time. Previously, bases with this type of 
geogrid have not been tested. The theory for calculating of flexible pavements bases has been developed. 
This theory allows us to determine the coefficient of decrease in the elastic deflections of reinforced bases for 
different types of reinforcement. 

The results of this study can find practical application in the calculation of flexible pavements. 
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2. Methods 
2.1. Theoretical solution 

The object of the study is the base of pavement structure shown in Figure 1a. The upper layer is the crushed 
stone layer with thickness h1. The underlying soils are the sand with thickness of layer h0. The reinforcement in the 
form of a geogrid is located on the boundary between the crushed stone and the sand layer.  

The geogrid is formed from flat metal-plastic strips connected at an angle of 90° and superimposed one 
upon the other in height. The geogrid cell size is L×L. Metal-plastic strips consist of a bearing part and a 
covering. The bearing part of the strips is steel fibers of spring wire with a diameter of 0.6 mm, located at a 
certain distance from each other without interweaving. The number of wires inside one strip can change from 
3 to 9. In the experiment there were used geogrids with number of wires 3, 6 and 9 in one strip respectively. 
A covering of strips is low pressure polyethylene. The connection of metal-plastic strips between themselves 
is carried out by thermal welding methods. The geogrid scheme is shown in Figure 1b. 

In order to determine the deflections of the geogrid-reinforced granular layer, let us accept a hypothesis 
that a crushed stone layer will behave as a solid connected medium, provided that a geogrid is located at the 
base of the layer, similar to that shown in Figure 1a.  

 

Figure 1. The reinforced base design: a) the base construction; b) the geogrid scheme. 

A geogrid accepts tensile stresses and makes it possible to simulate a reinforced granular layer as plate 
on an elastic base [24]. In this case the technical theory of bending plate [20] can be used for reinforced 
granular base design. At small strains the internal forces in such plates arise from bending. In this case, both 
tensile and compressive stresses appear in the layer. Crushed stone as a discrete material is not able to 
perceive a tensile stresses. When reinforcing a crushed stone particle is caught by transverse ribs of a geogrid 
and cause tensile of the longitudinal ribs. It allows us to simulate a geogrid as a continuous composite layer 
or a thin plate with thickness h2 (Figures 2, 3), working in tension. Such a plate does not have bending stiffness 
factor. But if it is included as an additional layer in the composition of the multi-layer plate, it will have a 
significant impact on the overall bending rigidity of the whole structure. In this way, the reinforced crushed 
stone layer can be simulated as a plate on an elastic base. The plate consists of two rigidly connected layers 
(Figure 2). 

 

Figure 2. The model of two-layer plate located on an elastic base. 
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The physical and mechanical characteristics of layers will differ. Some layers of a multilayer plate may 
not work on bending, but they are formally included in the overall rigidity of the whole structure in accordance 
with the theory developed in the Siberian Branch of the Russian Academy of Sciences [2]. 

We accept the Kirchhoff-Love hypothesis, which will be valid for each layer of multilayer plate bending. 
The differential equation of bending plate is represented in the following form [20]: 
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where Cz is the coefficient of soil reaction; 

q = q(x, y) is the intensity of the loads on the surface plate;  

w = w(x, y) is the deflection function;  

D11...D33 are constants of the plate characterizing its elastic properties: 
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Included the first Equation (2) constants d11, C11, *
11c  calculated by the formulas 
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where Akj is the coefficient of proportionality between stress and strain accepted for the first (unreinforced) layer: 
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Here E is the elasticity modulus of crushed stone layer; 

ν is Poisson's ratio. 

The constants included in the Equation (3) are determined by the formulas 
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here h1, h2 are thickness of the 1-st and 2-nd layers respectively; 
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The total cross-sectional area of the reinforcing fibers oriented along the x-axis, is 

,=ax x fA n A   (8)  

where Af is cross-sectional area of one fiber;  

nX is the number of reinforcing fibers parallel to the x-axis, perpendicular to the width b of the cross-
section. 

Accordingly, the total cross-sectional area of the reinforcing fibers oriented along the y-axis, 
perpendicular to the width a of the cross-section of the reinforcing layer normal to the y-axis, is 

,=ay y fA n A  (9)  

where ny is the number of reinforcing fibers parallel to the y-axis per width a of the cross section. 

We replace separately located reinforcing fibers (Figure 3b) with a solid elastic composite layer of 
thickness h2 (Figure 3c) with areas of cross-sections normal to the x and y axes, respectively 

,; 2222 haAhbA yx ==  (10)  
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x A
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A
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22
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Figure 3. Reinforced plate: a) the structural scheme of a plate; b) forces and stresses  
in reinforcing fibers; c) forces and stresses in a continuous composite layer. 

Such a replacement makes it possible to simplify and unify the design model of the reinforced layer 
(Figure 3a), by presenting it in the form of a two-layer system (Figure 3c) with different elastic characteristics 
constant within each layer. 

We assume that the normal stresses σ2x 
and σ2y

 
in a cross sections of the composite layer coinciding 

with the geogrid cell boundary are distributed evenly over the areas A2x and A2y respectively (Figure 3c) and 
their resultant ones are determined from the equalities 

.,   222222 yyyxxx ANAN σσ ==  (12)  

The tensile forces in reinforcing fibers Nax and Nay 
represent like expressions  

ayaayaxaax ANAN σσ == ,    (13)  

where σA is normal stress in reinforcing fiber. 

Taking into account equalities (11)–(13), from conditions 
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we get 
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Assume that the Kirchhoff-Love hypothesis for a plate consisting of two elastic layers rigidly connected 
to each other is valid. 

We use the Bubnov-Galerkin method [20] to calculate the multilayer plate located on an elastic base 
while bending. The design scheme of the plate is shown in Figure 4. 

 

Figure 4. The design scheme of the plate located on an elastic base. 

The loading area in the design scheme is taken in the rectangle form equal to area a circles tamp. The 
deflection function is given in the form of a double trigonometric row 
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where m and n are integers in the range 1…m and 1…n;  

a and b are plate dimensions, m;  

wmn  is the row coefficient, calculated by the formula 
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qmn  is the row coefficient of load: 
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where  Δx and Δy are dimensions of loading area (Figure 4). 

2.2. Experiment 

Experimental studies were carried out in the form of stamp tests of two layers base of pavement 
structure. The upper layer consists of crushed stone fraction 40–70 mm. The layer thick h1=0.2 m. The lower 
layer of thickness h0=0.9 m is made of fine sand. The reinforcement in the form of a geogrid is located on the 
boundary of the layers. The reinforced base design is shown in Figure1a. 

The experiment was performed in the soil channel of the Siberian State Automobile and Highway 
University. The soil channel has dimensions in plan of 6×3.15 m and a depth of 1.2 m. 

Crushed stone was distributed layer by layer with moistening and compaction onto a previously 
compacted layer of sand. The total thickness of the crushed stone in the compacted state was 0.2 m. The 
loading was carried out through a circular rigid stamp with a diameter of 0.33 m, which simulates the imprint 
of the car wheel. The load was applied through a hydraulic jack in steps of 10 kN and reached 50 kN. The test 
setup scheme is shown in Figure 5, where B = 3.15 m. 
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Figure 5. The test setup scheme: 1 – hydraulic cylinder of jack, 2 – crushed stone layer, 3 – geogrid, 
4 – sand base, 5 – concrete tray, 6 – traverse, 7 – high rigidity rods connecting the traverse to the 

force floor, 8 – dial indicators with a scale value of 0,01 mm, 9 –pressure gauge of jack. 

The deflections of investigated structure under the stamp were determined by the help of dial indicators 
with a division value of 0.01 mm mounted on the upper surface of the stamp. The indicators were attached to 
the reference beam to eliminate the effect of deformations of the experimental setup. The indicators rods are 
touched the stamp surface from opposite edges in order to eliminate the effect of a skew stamp under load 
(Figure 6). 

 

Figure 6. Photograph of large-scale model experiment set-up:  
1 – hydraulic cylinder of jack, 2 – rigid stamp, 3 – dial indicators with a scale,  

4 – indicator mounting rods, 5 – bench mark beams, 6 – traverse. 

The measurements were carried out both during loading and unloading the structure to select the elastic 
component of the deflection, which is used to calculate the modulus of elasticity. The value of the unreinforced 
structure deflection was determined as a control value. 

27



Magazine of Civil Engineering, 94(2), 2020

Matveev, S.A., Martynov, E.A., Litvinov, N.N., Kadisov, G.M., Utkin, V.A. 

The modulus of elasticity was determined from formula using the obtained values of elastic deflections 
[25]: 
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where K is the coefficient accepted for a rigid stamp equal of 0.79; 

d is the stamp diameter, m;  

ν = 0.3 is Poisson’s ratio for the soil structure;  

Δq is the pressure difference under the stamp, kPa; 

Δs is the difference of the stamp deflections, m. 

There is proposed to estimate the effect of reinforcement using the coefficient Cw, which presents the 
percentage between deflections of reinforced and unreinforced structure; 
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where w1 and w2 are the maximum deflection of unreinforced and reinforced system respectively. 

The results of the tests are presented in Figure 7. 

Figure 7. Load-unload diagram of reinforced (a, b, c) and unreinforced (d) structure: 
a) the number of wires inside one strip– 3; the cell size 100×100 mm; b) the number

of wires inside one strip – 6; the cell size 75×75 mm; c) the number 
of wires inside one strip – 9: the cell size of 75×75 mm; 1) Load; 2) Unload. 

According to the test results, there was a decrease in deflections for all reinforced structures. The 
greatest reinforcement effect was shown by a structure reinforced with a geogrid with a cell size of 
100×100 mm and the number of wires inside one strip – 3. An almost linear increase in deflections is observed 
on the loading branches for all reinforced structures. The decrease in deflections shown on the unloading 
branch of the diagram occurs along a smooth curve. This type of deformation corresponds to the fact that the 
reinforcement of the base gives an increase in its elastic characteristics. The maximum effect of reinforcement 
on the deflection is 41 %, on the modulus of elasticity is 69 %. 

3. Results and Discussion
An analysis of the experimental data shows that the crushed stone layer reinforcement by geogrid with 

steel fibers on a sandy base makes it possible to reduce the elastic deflection of the “crushed stone –sand” 
system by more than 40%. The results of theoretical and experimental studies are given in Table 1. 
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Table 1. The results of theoretical and experimental studies. 

The size 
cells, mm 

The number of reinforcing 
wires inside one strip 

Elasticc deflection,w, mm 
Divergences, % 

theoretical experimental 

50×50 3 0.930 0.947 1.83 

9 0.79 0.925 17.09 

75×75 3 0.950 0.860 10.47 

6 0.900 0.998 10.89 

9 0.850 0.917 7.88 

100×100 3 0.970 0.862 12.53 

9 0.890 0.995 11.78 

The Table 1 presents the results of theoretical and experimental studies. Their analysis and comparison 
shows good convergence. This is a confirmation of the adequacy of the proposed calculation model. Its 
essence lies in the fact that a granular layer reinforced with a geogrid can be considered as a bending plate 
on an elastic base. The effect of reinforcement arises due to the fact that individual grains of granular materials 
are grasped by the geogrid while ensuring their joint deformation. 

A direct comparison of the experimental results with the results of other authors is impossible, since the 
geogrid with steel wires used to reinforce the bases is made relatively recently and there are no published 
data on the results of stamp tests of such structures in the literature. The reinforcement effect of pavement 
base on deflection established in this work for all sizes of geogrids with steel wires was 30–40%. A similar 
result (31%) was obtained when testing the construction of crushed stone bases reinforced with polymer 
geogrids described Mikhaylin [26]. 

4. Conclusions 

1. A design model of a reinforced granular base of the pavement structure was created in the form of 
an equivalent in rigidity two-layer bending plate on an elastic base. 

2. The formulas of cylindrical stiffness of a two-layer plate are received. They describe the stiffness 
characteristics of each of the layers and the whole package of layers. 

3. The Bubnov-Galerkin variation method is used to determine the deflections of a two-layer plate. It is 
characterized by fast convergence. 

4. The results of experimental studies in the form of a stamp test of a reinforced crushed stone base of 
a pavement showed a satisfactory agreement with the results of calculations by the proposed method. 

The proposed calculating method for the reinforced granular base of roadbed as a two-layer plate on 
an elastic foundation leads to a rapidly convergent series using the technical bending theory and the Bubnov-
Galerkin method. This makes it possible to apply it in practical calculations of the bases of granular materials 
reinforced with geogrid. 
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Abstract. Ductility is a feature which allows a structure to undergo large plastic deformations without any 
strength loss. Yield dampers are energy dissipation devices which increase the ductility and control the 
vibration of structures by absorbing earthquake input energy. If a structure is properly designed according to 
the standard, if a severe earthquake occurs, it will cause serious damage to the structure. If this happens in a 
massive city, thousands of people are homeless and need to evacuate the debris that it seems impossible to 
do. Therefore, the design of systems that lead the damage to a certain part of structures is required. 
Incorporating an energy-dissipater element in the braces is one of the novel approaches to increase the 
ductility of the braces. This study aims to assess the influence of design parameters related to the energy 
absorption device on the seismic response of CBFs. These factors include the yield strength, initial stiffness, 
and strain hardening ratio. Thus a regular octagonal-shaped energy absorption device is introduced, which 
enters the non-linear range by steel yielding in order to dissipate the earthquake input energy and prevent 
other structural members from entering the plastic region. The proposed device can be called Yielding 
Octagonal Connection (YOC), which is modeled using Abaqus finite element software and exposed to cyclic 
loading according to the ATC-24 code. A bilinear stress-strain curve for steel is used for the modeling. When 
the hysteresis and envelope curves are obtained, the structure equipped with YOCs is designed using 
SAP2000. To investigate the behavior of this energy absorption device, a non-linear time history analysis 
(NLTHA) is conducted for 16-storey steel structures with regular plans and concentrically braced frames 
(CBFs) under near- and far-field earthquakes. The results of analyses indicate 68 % and 65 % decrease in 
the maximum base reaction, 79 % and 82 % decrease in the maximum roof story acceleration, 60 % and 58 % 
decrease in the maximum displacement at roof level under near and far-field earthquakes, respectively. 

1. Introduction
Seismic design codes are generally accepted to repair the structures after major earthquakes. Members 

of a structure deformed against earthquake forces and dissipate the energy of an earthquake. When the 
earthquake forces rise to an extent, causing important structural members to have plastic joints. Since the 
repair of the important members of the structure is very difficult and sometimes impossible after earthquake 
In order to provide a repairable building, “Directed Damage Design” idea can be used, which means guiding 
damages to predetermined specific points of structure so that the damage of primary and secondary structural 
members is reduced by the concentration of plastic regions on these points. Yield dampers provide a suitable 
solution to focus damage on specific parts of the structural system. The mechanism of these dampers is based 
on increasing the energy absorption by concentrating a major part of plastic regions on them due to the nature 
of inelastic behavior, improving the seismic performance of the structure against ground motions. This paper 
proposes a new seismic damper based on the yielding of metals and compares its performance to a Special 
Concentrically Braced Frame «SCBF» through non-linear dynamic analyses. It can be easily installed like a 
conventional brace and strength and stiffness can be adjusted independently. To validate the applicability of 
the proposed damper design, a series of cyclic load tests on the damper were conducted. The cyclic behavior 
of the damper was determined by finite element method. The following researches have indicated a number 
of performance issues with respect to some of yielding dampers. 
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Added damping and stiffness (ADAS) and triangular added damping and stiffness (TADAS) dampers 
can be mentioned amongst these dampers. Franco et al. [1] proposed a yield damper whose performance 
mechanism was based on the plasticity properties of metals under twisting contact stress. This device 
comprised a tube of different cross-sections with lower thickness and diameter at middle parts. Hence the tube 
displacements were limited, and it would be allowed only to twist, improving the seismic resistance of structure 
by energy dissipation. In the same year, Mistakidis [2] numerically analyzed shear wall panels using low-yield-
point (LYP) steel to retrofit and improve the seismic behavior of structures. Benavent-Climent [3] also 
introduced a brace-type damper consisted of a tube-in-tube assemblage of hollow sections. Its outer section 
comprised strips created by cutting a series of slits through the wall and the strips dissipated earthquake 
energy by flexural-shear yielding. Other studies were conducted by Ward et al. [4] investigated the Cast 
Modular Ductile Bracing System (CMDB) is under development as an alternative to special concentrically 
braced frames. This system introduces cast components at the ends and center of the brace in an attempt to 
produce a system with reliable strength, stiffness, and deformation capacity. A cruciform cross-section has 
been chosen for the cast component geometry, which is specially detailed to enhance energy dissipation and 
increase low cycle fatigue life thereby reducing the likelihood of fracture. Gray et al. [5] proposed a new cast 
steel yielding brace system which was a type of high-ductility braces with unique characteristics. In this system, 
the fingers of a specially engineered cast steel connection dissipate seismic energy by yielding. In another 
research, Beheshti-Aval et al. [6] studied a combination of circular damper and friction connection installed in 
the center of X-bracing systems. Hong-Nan Li and Gang Li [7] presented a dual friction metallic damper 
experimentally that have appropriate energy dissipation capabilities. Nejati et al. [8] assessed the performance 
of yield dampers in a steel structure through rocking (see-saw) motion. The results suggested that it is possible 
to dramatically reduce the damage of the structure using the damper and hence the structural system can be 
easily repaired after major earthquakes. Hsu and Halim [9] introduced a new brace design that adopted curved 
steel dampers with amplified deformation mechanisms. Marco Baiguera et al [10] studied on a dual seismic-
resistant steel frame, which consists of a moment-resisting frame equipped with high post-yield stiffness 
energy-dissipative braces for residual drift reduction. Tiyari et al [11] proposed a new bracing system that 
consists of U-shaped elements as energy dissipation devices that can be considered as a hysteretic damper, 
which combines the advantages of the yielding dampers and the buckling resistant braces «BRB». Jarrah et 
al [12] introduced a new metallic damper which is comprised of a set of parallel hollow circular plates that can 
be installed in a structure within V-braces or diagonal braces. 

The presented researches show the good performance of yield dampers as energy absorption devices 
that can reduce damage to other structural members by the concentration of failures on themselves. These 
systems can be used in both the design of new construction and retrofitting of existing buildings. In this paper, 
a regular octagonal energy absorption device is introduced, and its modeling process is described using 
Abaqus finite element software. The proposed device can be called Yielding Octagonal Connection (YOC). 
This damper is evaluated in the Concentrically Braced Frames system under the near- and far-field 
earthquakes by SAP2000 software [13]. 

2. Methods 
2.1. Finite Element Simulation of YOCs 

The proposed energy absorption device YOC is made of ST37 steel (equivalent to A283 in ASTM 
standard [14]), 15 cm in outer dimension, 1.5 cm in thickness and 15 cm in length. Two 20×15×1.5 cm3 
connection plates were also connected to the YOC with a fillet weld. The octagonal element and connection 
plates were merged together and the simulation of the weld is neglected in the current study assuming that 
failure does not occur in the welds. The geometric shape of the yield damper is illustrated in Figure 1(a). As 
shown in Figure 1(b), the YOC is located at the point where the brace is connected to the top gusset plate of 
the frame. 

YOC is modeled as a deformable, 3-dimensional, solid and homogeneous element, indicating the 
homogeneity and constancy of density throughout the components, and assessed through general and static 
analyses. Non-linear geometric deformations (large deformations) are applied in all steps of the analysis. The 
specifications of the steel used are given in Table 1 according to A283 in ASTM standard [14]). 

The YOC is modeled using an 8-node linear brick element with reduced integration and hour-glass 
control (C3D8R). The C3D8R is defined as three-dimensional, hexahedral, eight-node linear brick, with 
reduced integration with hourglass control and first-order (linear) interpolation. Reduced integration uses a 
lower-order integration to form the elements stiffness which greatly reduces computation time. The first-order 
element is highly suggested when large strains have happened. A mesh size of 4 mm was utilized in the finite 
element simulation. Figure 2 shows the mesh of YOC.  
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Figure 1. Geometric dimensions [m] of YOC (a), Position of YOC in the braced frame (b). 

Table 1. Steel specifications. 

Ultimate Strain Ultimate Strength 
(MPa) 

Yield Strength 
(MPa) Poisson's Ratio Modulus of Elasticity (GPa) Density (kg/m3) 

0.2 370 240 0.3 200 7850 

 

Figure 2. The meshing of YOC for Finite Element Analysis. 

The cyclic loading protocol is applied according to the ATC-24 code [15] in order to examine the 
performance of YOC under cyclic loads. A displacement-controlled loading calculated based on the yielding 
displacement of the model is used in the current study. Figure 3 presents the loading sequence applied to the 
model, where δi is the maximum displacement at the ith cycle of loading history and ni is the number of cycles 
with the peak of δi and ∆ is yielding displacement of the energy absorbing device. The fixed boundary conditions 
and cyclic loading are defined for both opposite sides of the octagonal device. Also, in Figure 4 the support 
conditions and loading direction are displayed. 
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Figure 3. Loading protocol according to the ATC-24 code [15].  

Figure 4 shows the loading and boundary condition of YOC. It should be mention that all degrees of 
freedom are restrained on boundary conditions. 

 

Figure 4. Boundary conditions and loading of YOC. 

Figure 5 shows the von Mises stresses in YOC under the cyclic loading. The load-displacement diagram 
of the model is presented in Figure 6. The model was pushed until the peak strain reached the ultimate strain. 
The maximum tension and compression forces were 141.65 kN and 119.38 kN, respectively.  

 
Figure 5. von Mises stress distribution in YOC (Pa). 
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Figure 6. Force-displacement hysteresis curve of YOC. 

The envelope of the hysteretic response of the YOC is presented in Figure 7. As can be seen in this 
figure, the maximum displacement and corresponding displacement of the system at the end of the tensile 
elastic limit are 29.6 mm and 4.9 mm, respectively, based on two linearization method of FEMA 356 [16]. 
Similarly, the aforementioned parameters under the compression force were 27.7 mm and 4.6 mm, 
respectively. Therefore, the ductility of the model (µ) in tension and compression can be calculated, where 
∆max is the maximum deformation at failure and ∆y is the deformation when the material or member yields. 
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Figure 7. Hysteresis loop push of force-displacement plot for YOC. 

2.2. Verification of the FE model 

An experimental test performed by Abbasnia et al. [17] was used to verify the accuracy of the simulation. 
The specimen consisted of a steel ring with an outer diameter of 220 mm, the thickness of 12 mm, and a 
length of 100 mm. Two 200×100×12 mm3 connection plates were also connected to the steel ring with a 7 mm 
fillet weld. Figure 8(a) presents the tested specimen and Figure 8(b) shows its Abaqus model. 

In the first step, based on the experimental results, steel material properties were defined in the Abaqus 
software [18]. Figure 9 presents the steel stress-strain diagram for ring and plates. The steel rings and 
connection plates were merged together and simulation of the weld is neglected in the current study assuming 
that failure does not occur in the welds. Fixed boundary condition was applied to one end of the model while 
an axial force was applied to the other end to investigate the behavior of the model (Figure 10). A mesh size 
of 4 mm was utilized in the finite element simulation. 
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Figure 8. Dimensions [mm] of experimental specimen (a) analytical specimen (b). 

 

Figure 9. Steel Stress-strain diagram for the ring (a) and plates (b). 

 

Figure 10. Boundary conditions and loading direction in Abaqus  
for analytical specimen. 

Figure 11(a) illustrates how the steel ring was loaded by a hydraulic universal jack with a capacity of 
700 kN of compressive and tensile strength. In addition to the applied axial force, the jacks measured the 
diameter of the ring. Figures 11(b) and 11(c) show the steel rings in pre-failure cycles in tensile and 
compression states, respectively. 

Figure 12 shows von Mises stresses under a cyclic load for the steel ring in Abaqus.  
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Figure 11. Hydraulic Universal Jack (a), Steel ring in tension (b), Steel ring in compression (c) [17]. 

 

Figure 12. von Mises stress distribution [Pa] in the steel ring in tension (a) and compression (b). 

The load-displacement in experimental analysis dependence of the simulated ring under cyclic loading 
is shown in Figure 13. The Model was pushed until the peak strain in the model reached the ultimate strain. 
The maximum displacement and corresponding displacement of the system at the end of the tensile elastic 
limit are 20.16 mm and 2.79 mm, respectively. On the other hand, the aforementioned parameters under the 
compression force were 19.93 mm and 3.09 mm, respectively. Also, the maximum tension and compression 
force sustained by the model was 87.74 kN and 73.39 kN, respectively. Therefore, the ductility of the model 
in tension and compression can be calculated. This value are expressing for simulation, such that: 

20.16
7.23;

2.79
= = =Max

T
y

∆µ
∆

 (3)  

19.93
6.45.

3.09
= = =Max

C
y

∆µ
∆

 (4)  

37



Magazine of Civil Engineering, 94(2), 2020 

Nejati, F., Zhian, M., Safar Mashaie, F., Edalatpanah, S.A. 

 

Figure 13. Force-displacement plot for experimental specimen [17]. 

The comparison between the numerical model and the experimental test, provided in Figure 14, 
demonstrated that the simulation can successfully predict the behavior of the tested steel ring and the results are 
in good agreement. Simulation results show that the maximum displacement and corresponding displacement of 
the system at the end of the tensile elastic limit are 20.37 mm and 2.53 mm, respectively. On the other hand, the 
aforementioned parameters under the compression force were 19.86 mm and 2.95 mm, respectively. Also, the 
maximum tension and compression force sustained by the model was 84.92 kN and 73.01 kN, respectively. 
Therefore, the ductility of the model in tension and compression can be calculated, such that: 
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Figure 14. Comparative hysteresis plots for finite element modeling and experimental results. 

2.3. Specifications of the building 

A 16-story steel structure with a regular plan and X-shaped bracing system is modeled 3-dimensionally in 
SAP2000 software to evaluate the performance of damper in the structure. The building was designed based on 
the conventional provisions (Iranian Standard No.2800 [19], which is very similar to the UBC). The plan of the 
floors along with the locating of the braces is shown in Figure16 (a). The beams, columns, and braces are 
connected using pinned connections and the base of the structure is connected to the foundation using fixed 
connections. Moreover, IPE sections for the beams and hollow structural section (HSS) for the columns and 
braces are determined. The gravity load is included in dead and live loads. According to the building executive 
plans, the dead and live load of the story floors are considered equal to 700 kg/m2 and 200 kg/m2. Also the dead 
and live load of the roof floor are considered equal to 650 kg/m2 and 150 kg/m2. The other types of loading 
including a wind load, a snow load, and also the load from soil–structure interaction have not been considered. 
The concrete deck compressive strength and thickness have been considered equal to 200 MPa and 15 cm, 
respectively. The cross-section specifications are summarized in Table 2. 
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Table 2. Specifications of cross-sections. 

Number of stories 
Column 

Brace Beam 
Other Bay of bracing 

1 BOX 400×400×25 BOX 520×520×25 

BOX 160×160×10 IPE 240 2 BOX 400×400×25 BOX 450×450×25 

3–6 BOX 400×400×25 BOX 400×400×25 

7, 8 BOX 340×340×20 BOX 340×340×20 

BOX 140×140×10 IPE 220 9, 10 BOX 280×280×16 BOX 280×280×16 

11 BOX 200×200×16 BOX 200×200×16 

12 BOX 200×200×16 BOX 200×200×16 
BOX 120×120×10 

IPE 200 13, 14 BOX 160×160×10 BOX 160×160×10 

15, 16 BOX 120×120×10 BOX 120×120×10 BOX 100×100×10 

Plastic hinges are assigned in SAP2000 software as follows: for the columns of the braced span, force-
controlled actions (brittle elements) and axial force type plastic hinges are defined and assigned. For the brace 
members, deformation-controlled actions (ductile elements) and axial force type plastic hinges are assigned. The 
plastic hinges are defined in accordance with the ASCE 41-13 [20]. Figure 15 shows the generalized force-
deformation curves and acceptance criteria for deformation-controlled actions. Acceptance criteria for 
deformation or deformation ratios for primary components “P” and secondary components “S” corresponding to 
the target Building Performance Levels of Collapse Prevention “CP”, Life Safety “LS”, and Immediate Occupancy 
“IO” as shown in Figure15. The portions of the hinge load-deformation curve from A to B are ignored by the 
SAP2000 software. In this range, the behavior of the element is linear and the hinge is colorless. After hinge 
yields at point B, plastic deformation is determined by the curve B-C-D-E with all plastic deformation measured 
relative to B. The hinge colors in the plastic region for ductile elements are shown in Table 3. 

 

Figure 15. Generalized Component Force-Deformation Relations for deformation-controlled actions. 

Table3. The hinge colors in the plastic region for ductile elements in SAP2000 software.  

Hinge Status Hinge Color 

Before point B Colorless 

B to < IO Purple 

IO to < LS Blue 

LS to < CP Turquoise 

CP to < C Green 

C to < D Yellow 

D to < E Orange 

After Point E Red 

 

The SAP2000 force-controlled tool was employed to check the “Force/Maximum Allowed Force Ratio” 
of the structural members. The values of these ratios are specified by the user. There is no plastic area for the 
force-controlled actions (Brittle elements), then it is not necessary to consider the acceptance criteria for the 
brittle elements; however, the SAP2000 has chosen the same three colors as the acceptance criteria colors. 
Therefore, the brittle elements can have blue, turquoise, green, and red colors. 
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2.4. Using the proposed device in building frames 

In order to model the proposed connection at the end of the brace, multi-linear plastic kinematic is used 
in SAP2000 software. This behavioral model, based on the kinematic hardening behavior commonly observed 
in metals, presents a non-linear force-deformation relationship under monotonic loading provided by a multi-
linear curve described by a set of user-defined points, as seen in Figure 16(a). The first slope on each side of 
the origin is elastic and the remaining portions of the curve define plastic deformation. Upon reversals of 
deformation, the hysteresis path follows the two elastic segments of the curve from each side of the origin 
before initiating plastic deformation in the reverse direction. To appropriately illustrate the behavior of load 
reversal paths under cyclic loading of increasing magnitude, Figure 16(b) defines the origin as point 0, the 
points on the positive axis as 1, 2, 3 from the origin, and the points on the negative axis as –1, –2, –3 from the 
origin. The displacement and force values obtained from the YOC hysteresis curve for these 7 points are 
presented in Table 4. 

 

Figure 16. SAP2000 multi-linear kinematic plasticity property type for uniaxial deformation (a), 
SAP2000 behavior under cyclic loading of increasing magnitude for the multi-linear kinematic 

plasticity property type for uniaxial deformation (b). 

Table 4. Defined envelop curves for the multi-linear plastic link elements in SAP2000. 

Point Displacement (mm) Force (kN) 

3 29.6 141.65 

2 14.5 111.46 

1 4.9 81.92 

0 0 0 

–1 4.6 76.66 

–2 12.4 101.18 

–3 27.7 105.63 

The hysteresis envelope curve for the proposed damper is located within a 16-story steel structure 
equipped with a CBF system in order to evaluate the seismic performance of the damper in braced frames 
under near- and far-field earthquakes. Figure 17 shows the plan and the 3D view of the 16-story structure 
equipped with and without YOC schematically. 

2.5. Specifications of applied earthquakes 

Given the distance from a fault, recorded accelerations are classified as near-fault and far-fault 
earthquakes. If acceleration is recorded at a station within a distance of less than 15 km from the fault, it is 
generally called a near-fault motion, while that recorded within a further distance is called a far-fault motion. 
The distance from the fault is very important for selecting the acceleration, because it may lead to highly 
different responses of the structure. Thus three near-field and far-field accelerations are used for the Non-
Linear Time History Analysis (NLTHA) in this study, whose specifications are given in Tables 5 and 6, 
respectively. The earthquake records have been scaled based on the method proposed by Section 2.4.2.2 
ASCE 41-13 [20]. Therefore, the scale number obtained for the near- and far-field acceleration is equal to 
0.4117 g and 0.4349 g, respectively. Ground motions used in this study were generated by PEER ground 
motion database [21]. Figure 18 shows the response spectra for the suite of ground motions. A Target 

response spectrum based on type II soil (The average shear wave shear rate « »,sν  Average Standard 
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Penetration Resistance 1(60)« »N  and Average Undrained Shear Strength « »uC  are 700 m/s, 60 and 275 kPa, 

respectively) and very high risk in seismic regions of Iran have been selected [19]. 

 

 

Figure 17. Plan (a) Structure without YOC (b) Structure with YOC (c). 

Table 5. Specifications of near-field accelerations [21]. 

Earthquake Name Station Name Date Magnitude 
(Richter) 

Closest Distance to 
Fault Rupture (km) Component PGA (g) 

Imperial Valley El Centro Array 1979 6.53 0.56 

Horizontal-X-axis 0.34 

Horizontal-Y-axis 0.46 

Vertical 0.57 

Loma Prieta LGPC 1989 6.93 3.88 

Horizontal-X-axis 0.56 

Horizontal-Y-axis 0.60 

Vertical 0.89 

Northridge Rinaldi Receiving Sta 1994 6.69 6.50 

Horizontal-X-axis 0.87 

Horizontal-Y-axis 0.47 

Vertical 0.95 
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Table 6. Specifications of far-field accelerations [21]. 

Earthquake Name Station Name Date 
Magnitude 
(Richter) 

Closest Distance to 
Fault Rupture (km) 

Component PGA (g) 

Kobe Kakogawa 1995 6.90 22.50 

Horizontal-X-axis 0.24 

Horizontal-Y-axis 0.32 

Vertical 0.17 

Darfield LPCC 2010 7.00 25.67 

Horizontal-X-axis 0.23 

Horizontal-Y-axis 0.35 

Vertical 0.15 

Landers Indio-Jackson Road 1992 7.28 48.84 

Horizontal-X-axis 0.30 

Horizontal-Y-axis 0.12 

Vertical 0.08 

 

 

Figure18. Spectral acceleration of the suite of ground motions: near-field (a) far-field (b). 

3. Results and Discussion 
To evaluate the effect of using YOC devices in reducing the seismic response, the selected building 

(Figure 17) equipped with- and without- YOCs is investigated through the non-linear time history analysis and 
its responses are compared with each other. The results related to the 16-story building are categorized as 
follows. 

3.1. Formation of plastic hinges 

Figures 19–24 show how plastic hinges form in the structure equipped with damper and the structure 
without damper during near- and far-field earthquakes. Evidently, in the structure without damper, plastic 
hinges are formed until the collapse of the structure. When the braced frame is equipped with the YOCs, no 
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plastic hinge is formed during the earthquakes; this indicates that the formation of plastic hinges is 
concentrated on the energy absorption devices and the plasticization of structural members is avoided, and 
there was no yielding or buckling in the braces. 

  

Figure19. Plastic hinges formed subjected 
to Imperial Valley earthquake: (a) structure  

without damper; (b) structure equipped with YOCs. 

Figure 20. Plastic hinges formed subjected 
to Loma Prieta earthquake: (a) structure without 

damper; (b) structure equipped with YOCs. 

 
 

Figure 21. Plastic hinges formed subjected 
to Northridge earthquake: (a) structure  

without damper; (b) structure equipped with YOCs. 

Figure 22. Plastic hinges formed subjected to Kobe 
earthquake: (a) structхлебозаготовure without 

damper; (b) structure equipped with YOCs. 

3.2. Effect of the damper on story drift ratio 

The estimation of the maximum story drift ratio (defined as the ratio of the maximum story drift to the story 
height) and of the maximum roof displacement is appropriate measures of the global and local response of 
buildings under earthquakes, respectively. As demonstrated in Figures 25–30, the maximum story drift ratios 
have an ascending trend in the 16-story structure during the near- and far- field earthquakes. Although the 
maximum drift ratio in the middle stories increases, it decreases in the upper stories. 
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Figure 23. Plastic hinges formed subjected 
to Darfield earthquake: (a) structure  

without damper; (b) structure equipped with YOCs. 

Figure 24. Plastic hinges formed subjected 
to Landers earthquake: (a) structure without 
damper; (b) structure equipped with YOCs. 

 

Figure 25. Maximum story drift ratio subjected to Imperial Valley earthquake along X- and Y- axes. 

 
Figure 26. Maximum story drift ratio subjected to Loma Prieta earthquake along X- and Y- axes. 
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Figure 27. Maximum story drift ratio subjected to Northridge earthquake along X- and Y- axes. 

 

Figure 28. Maximum story drift ratio subjected to Kobe earthquake along X- and Y- axes. 

 

Figure 29. Maximum story drift ratio subjected to Darfield earthquake along X- and Y- axes. 

Usually, the expected loss resulting from damage to acceleration-sensitive non-structural elements is 
somewhat higher than that in structural elements. Story accelerations are needed for determining forces for 
the design of non-structural components and equipment supported on the floors. As shown in Figures 31–36 
for near- and far-field earthquakes, the peak floor accelerations at all floors of the structure equipped with 
YOCs are less than that of the structure without YOCs. These results indicate that the performance of non-
structural members in the structure equipped with YOCs has improved. 
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Figure 30. Maximum story drift ratio subjected to Landers earthquake along X- and Y- axes. 

3.3. Effect of the damper on the peak floor acceleration 

 

Figure 31. Peak floor acceleration ratio subjected to Imperial Valley earthquake along X- and Y- axes. 

 

Figure 32. Peak floor acceleration ratio subjected to Loma Prieta earthquake along X- and Y- axes. 

In Tables 7 and 8 a comparison of base reaction values in the structure without YOCs and the structure 
equipped with YOCs is presented and the variations are investigated. The application of YOC in the structure 
results in a 51–67 % decrease in the base reaction under near-field earthquakes and a 33–65 % decrease in the 
base reaction under far-field earthquakes. The maximum reduction in the amounts of base reaction for near- and 
far-field earthquake belongs to the Loma Prieta and Landers earthquakes, respectively. 
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Figure 33. Peak floor acceleration ratio subjected to Northridge earthquake along X- and Y- axes. 

 
Figure 34. Peak floor acceleration ratio subjected to Kobe earthquake along X- and Y- axes. 

 
Figure 35. Peak floor acceleration ratio subjected to Darfield earthquake along X- and Y- axes. 

3.4. Effect of the damper on maximum roof acceleration 

In Figures 37–42, the time histories of the Peak floor acceleration at roof level during near- and far-field 
earthquakes are compared. As presented in the acceleration time history graphs, the octagonal damper leads 
to a significant decrease in the roof acceleration. The reduction of roof acceleration varies from 72 % to 78 % 
and from 55 % to 82 % under near- and far-field earthquakes, respectively. 

3.4.1. Effect of the damper on maximum roof acceleration in near-field earthquakes 

It is seen in Figures 37–39 that maximum roof acceleration of the structure equipped with YOCs has 
decreased by 77 %, 77 % and 75 % of the structure without YOCs under Imperial Valley, Loma Prieta, and 
Northridge earthquakes, respectively. 
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Figure 36. Peak floor acceleration ratio subjected to Landers earthquake along X- and Y- axes. 

3.5. Effect of the damper on base reaction 

Table 7. The base reaction of the 16-story building under near-field earthquakes. 

Earthquake 
Structure equipped with YOCs (ton) Structure without YOCs (ton) Difference ( %) 

X-axis Y-axis X-axis Y-axis X-axis Y-axis 
Imperial Valley 205.99 235.04 502.19 647.06 –58.98 –63.67 
Loma Prieta 223.18 151.92 688.33 389.26 –67.57 –60.97 
Northridge 237.56 231.81 485.12 540.95 –51.03 –57.14 

Table 8. The base reaction of the 16-story building under far-field earthquakes. 

Earthquake 
Structure equipped with YOCs (ton) Structure without YOCs (ton) Difference ( %) 

X-axis Y-axis X-axis Y-axis X-axis Y-axis 
Kobe 163.35 159.34 357.69 238.60 –54.33 –33.21 
Darfield 142.29 129.53 316.48 300.15 –55.03 –56.84 
Landers 240.62 232.61 610.42 675.74 –60.58 –65.57 

 
Figure 37. Roof acceleration histories of the building along X- and Y- axes subjected  

to Imperial Valley earthquake. 

 
Figure 38. Roof acceleration histories of the building along X- and Y- axes subjected  

to Loma Prieta earthquake. 
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Figure 39. Roof acceleration histories of the building along X- and Y- axes subjected  

to Northridge earthquake. 

3.5.1. Effect of the damper on maximum roof acceleration in far-field earthquakes 

It is seen in Figures 40–42 that maximum roof acceleration of the structure equipped with YOCs has 
decreased by 62 %, 89 % and 83 % of the structure without YOCs under Kobe, Darfield and Landers 
earthquakes, respectively. In general, the results of the near- and far field earthquakes indicate that addition 
of YOC leads to a significant decrease in the maximum acceleration of the roof floor. 

 
Figure 40. Roof acceleration histories of the building along X- and Y- axes subjected  

to Kobe earthquake. 

 
Figure 41. Roof acceleration histories of the building along X- and Y- axes subjected  

to Darfield earthquake. 

3.6. Effect of maximum roof displacement 

Figures 43–48 depict the effect of the damper on the time history of the maximum roof displacement during 
near- and far-field earthquakes. The 16-story structure equipped with the damper can reduce the maximum roof 
displacement by 61 % under the Northridge earthquake and 57 % under the Landers earthquake. However, an 
increase of 28 % and 8 % is observed under the Imperial Valley and the Darfield earthquakes, respectively. This 
difference is due to the fact that the structure shows different behavior under various records.  
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Figure 42. Roof acceleration histories of the building along X- and Y- axes subjected  
to Landers earthquake. 

3.6.1. Effect of maximum roof displacement in near-field earthquakes 

It can be seen in figures 43 to 45 that maximum roof displacement of the structure equipped with YOCs 
has decreased by 28 % and 61 % of the structure without YOCs under Loma Prieta and Northridge 
earthquakes, respectively. It has increased by 28 % under Imperial Valley earthquake. 

 

Figure 43. Roof displacement histories of the building along X- and Y- axes subjected  
to Imperial Valley earthquake. 

 

Figure 44. Roof displacement histories of the building along X- and Y- axes subjected  
to Loma Prieta earthquake. 

3.6.2. Effect of maximum roof displacement in far-field earthquakes 

It can be seen in Figures 46–48 that maximum roof displacement of the structure equipped with YOCs 
has decreased by 31 % and 58 % of the structure without YOCs under Kobe and Landers earthquakes, 
respectively. It has increased by 8 % under Darfield earthquake. In general, the results of the near- and far 
field earthquakes indicate that addition of YOC leads to a decrease in the maximum displacement of the roof 
floor. 
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Figure 45. Roof displacement histories of the building along X- and Y- axes subjected  
to Northridge earthquake. 

 

Figure 46. Roof displacement histories of the building along X- and Y- axes subjected  
to Kobe earthquake. 

 

Figure 47. Roof displacement histories of the building along X- and Y- axes subjected  
to Darfield earthquake. 

4. Conclusion 
In this paper, by using numerical studies, the new energy absorption device on the seismic response of 

CBF called Yielding Octagonal Connection “YOC” has been introduced, which is modeled using Abaqus finite 
element software, and hysteresis curve were created for this element under cyclic loading. In order to evaluate 
the behavior of the YOC, a series of non-linear time history analyses are performed for the 16-story steel 
structure under near- and far-field earthquakes. Therefore, according to the result of conducted study the 
following results are presented: 
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Figure 48. Roof displacement histories of the building along X- and Y- axes subjected  
to Landers earthquake. 

• The Non-linear time history analyses performed using the Sap2000 software show that inelastic 
deformations are concentrated only in the YOCs, and the main structural components were essentially elastic 
while the structure experienced severe earthquakes. The reason for this is no plastic hinges formed in 
structural members, and there was no yielding or buckling in the braces. 

• Test results show that YOCs are very effective in reducing excessive vibration of the structure due to 
seismic excitations. The structure equipped with YOC achieves a reduction of the peak floor acceleration in 
whole stories under near- and far- field earthquakes. 

• The analysis findings of the structure containing connection equipped with YOC indicate that although 
it doesn't keep maximum displacement of stories extent for most of the earthquakes used, it reduces the base 
reaction to a considerable extent. 

• According to the numerical studies carried out in this paper, it was concluded that the amounts of 
story drift ratios in the structure equipped with YOCs are different under various earthquakes, sometimes are 
increased or decreased. But the results show that Finally, this study represents a first attempt to describe the 
cyclic behavior of the proposed YOC numerically. The results of analyzing real structures with such a 
numerical model can be used to assess design a prototype system for full-scale experimental work. Further 
studies are necessary to extend experimentally, this scenario for reaching the final goal.  
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Abstract. The object of the study in this work is the relationship between the elastic modulus, tensile stresses 
and deformations of frozen sandy soil with evolving cracks using the example of three-point bending. The goal 
is to develop a methodology for determining the modulus of elasticity and tensile stresses in frozen sandy soil 
under force indirectly. The choice of the object and the purpose of the study is motivated by the relevance of 
the soil strength problems during seasonal freezing. To achieve the goal, methods of mathematical modeling 
of mechanical systems with changing characteristics during the deformation, also the testing methods of 
samples on the SHIMADZU AGS-X test machine were used. A mathematical model has been developed, the 
realism of which is ensured by taking into account the evolution of a crack and using the effective geometric 
characteristics known from fracture mechanics. It has been substantiated that the destruction of the material 
occurs on the descending branch of the «load - displacement» diagram. The simulation results are consistent 
with the data known in the scientific literature. The condition for the model application is the existence of an 
extremum point on the curve «load - displacement». Prospects for the development of the topic are associated 
with the adaptation of the proposed approach to the analysis of the of frozen soil state, taking into account its 
rheological properties. 

1. Introduction
The object of study in this work is the relationship between the elastic modulus, tensile stresses and 

deformations of frozen sandy soil with evolving cracks. The choice of the research object is motivated by the 
relevance of the problem of soil strength during seasonal freezing and the need in continuing the research 
focused on solving these problems. To develop the topic of the work, we pay attention to the following facts. 

Large volumes of sandy soils, which include both sand and gravel mixtures, are used in the construction 
of roads, buildings and other engineering structures. The strength of the soil under power and temperature 
influences should be sufficient to ensure the reliability of these objects. Tensile stresses are known to appear 
in the soil mass during seasonal freezing. These stresses can cause frost cracking in the upper layer of the 
highway, if the soil strength is insufficient [1, 2]. In this case, tensile stresses are proportional to the elastic 
modulus; therefore, simple methods for determining its values are necessary. In addition, the modulus of 
elasticity characterizes the rigidity and strength of frozen soil [3]. Obviously, it is necessary to know the strength 
and elastic modulus of frozen soil while designing, building, monitoring and forecasting the condition of roads 
and other construction objects [4–6]. 

The analysis of the scientific literature showed that intensive studies of the state of frozen soils are currently 
being conducted taking into account various factors. Studies are usually experimental, and the publication of their 
contributes to the better understanding of the frozen soils behavior under influences of various kinds. Tests of the 
frozen soils samples described in scientific works show that the relationship between load and displacement (for 
example, between force and vertical displacement of the point of its application in three-point bending) is usually 
non-linear. Nonlinearity is explained by the influence of plastic deformations. 

In [7, p. 31], it was shown that plastic deformations and fractures happened when the nucleation of 
microcracks predominated. It follows that the appearance and evolution of cracks can be considered as the 
primary cause of the frozen soil destruction. The key issue in this case is the ratio between the damage and 
the displacement. Then the above nonlinearity of the relationship between load and displacement can be 
explained by the crack evolution. 
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An additional argument in favor of this conclusion can be one of the results of [8], in which a model of 
the mechanical condition of soil has been proposed on the base of an analysis of tests under uniaxial 
compression using a logistic equation in this four parameter model, from the results of uniaxial compression 
tests it becomes possible to determine the elastic modulus of intact material. In addition, the bifurcation 
phenomenon of cracks in these tests has been explained. In this case, the use of the results of mechanical 
testing of rocks in the study of the frozen sandy soil strength seem appropriate, since frozen sandy soil can 
be considered as a kind of composite inhomogeneous material consisting of mineral particles, ice as a binder, 
unfrozen water inclusions, pores with air and microcracks. 

With increasing mechanical stress, the bearing capacity of the soil gradually decreases due to the 
evolution of microcracks to meso- and macro-damage to the material. Excessive crack evolution significantly 
reduces the strength and rigidity of frozen ground. However, despite the obvious need, the problem of frozen 
soils with cracks modeling in order to determine the elastic modulus and evaluate tensile stresses still does 
not have a sufficiently complete solution [2, 8]. 

Tensile stresses are known to play the main role in the evolution of cracks. However, uniaxial 
compression tests dominate in the experimental literature on frozen soils due to the technical difficulties of 
both specimen preparation and direct measurement of tensile stresses. Therefore, along with direct methods, 
indirect methods to determining tensile stresses during tests are used, for example, acoustic technologies, 
three- and four-point bending [7]. In this work three-point bending tests for the indirect determination of the 
elastic modulus and tensile stresses in a section with an evolving crack were used. 

Tests for three-point bending of a frozen soil beam were used by the authors of [7, 9] to determine the 
stress intensity factor in the neighborhood of the crack tip. According to the Griffiths – Irwin criterion, crack 
propagation will begin if the stress intensity factor at the crack tip reaches a certain critical value [10]. The 
influence of evolving cracks on the stress – strain state of sandstone and other brittle rocks during uniaxial 
compression was studied in [8] using the logistic equation of a three-point bending test. The three-point 
bending of samples consisting of sand and ice was studied in [11]. The test results showed that such a material 
is brittle, its strength increases with the decreasing temperature. A model based on a failure arising from the 
propagation of defects in an ice matrix is presented. Despite the good agreement between the model and 
experimental results, it was noted that the further work is needed to refine the model. 

A modern understanding of the problems of modeling the mechanical state of frozen soils is shown in [1, 
2, 12–16, etc.]. 

The review showed that in literature there is no solution to the problem of determining the elastic 
modulus of frozen sandy soil and tensile stresses in the cross section of a beam with an evolving crack 
according to the results of tests for three-point bending. 

Objective: to develop a methodology for determining the modulus of elasticity and tensile stresses in 
frozen sandy soil with an evolving crack under a force. 

2. Material and Methods
Object of study: a beam of rectangular cross section with a width of 55 mm, a height of 39 mm; the span 

of 280 mm (Figure 1, 2). 

Figure 1. Beam diagrams before and after cracking (dimensions in mm). 
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Figure 2. A beam and its central part with an evolving crack. 

Samples preparation for testing was carried out by the analogy with [9]. 

However, there are some particular features. Samples were made from a mixture of sandy soil (with 
particle sizes not exceeding 2 mm) and gravel (with particle sizes from 2 to 10 mm). This mixture belongs to 
the first group of fortified sand and gravel mixtures according to Russian State Standard GOST 23735-2014. 
In the case under discussion, the sand-gravel mixture serves as the material of the upper layer of the dirt road. 
To predict the bearing capacity of such a road in winter, it is necessary to determine the strength of the above 
mixture when it freezes. 

The particle size distribution of the mix was determined by the sieve method and is characterized by the 
presence of the soil particles remainder on sieves with openings with a diameter of 10, 7, 5, 3, 2 mm and on 
the pallet for particles of the size less than 2 mm, respectively, 10.0, 7.5, 5.2, 21.0, 30.1 and 26.2 % (by mass). 

The particle size distribution for the sand-gravel mixture is shown in Figure 2.1. 

Particle size distribution and the properties of the of soil mixture components affect their strength and 
stiffness [31]. However, we consider only one soil mixture, but with different water contents. The practical 
value of the humidity indicator is explained by the fact that freezing water significantly changes the strength of 
the soil. For example, the Figure (2.2) shows the curves “Displacement f – Force F” for beams from Figure 2, 
consisting of the frozen soil mixture mentioned above (Figure 2.1), but different in the water content in the 
material of the beams. 

 
 

Figure 2.1. The particle size distribution  
for sand-gravel mixture. 

Figure 2.2. Curves «Force F – Displacement f» 

of the beams according to Figure 2 with different 
water content in the material of the beams/ 

Beam 5 (Figure 2.2) contained a large amount of water, which explains the analogy of the dependence 
“displacement f – force F” for this beam with the data known on the dependence of the strength on the 
displacement for the beams consisting of ice [32]. Beam 5 is excluded from the further consideration, since 
the analysis of the strength of ice beams is beyond the scope of our work. 

The water content in the material of each sample was measured using a SHIMADZU MOC-120H 
moisture analyzer at the temperature of 105 °C in the drying chamber of the analyzer. The decrease in 
moisture content in the sample during drying was automatically controlled with an accuracy of 0.01 % 
(by weight) every 30 seconds. The water content (relative humidity) in the material of beams 1, 2, 3, 4 and 6 
was equal, respectively, to 7.88, 10.89, 8.75, 12.53 and 14.19 %. 
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At the moisture value indicated above, the tensile stresses of each of the beams in the section with a crack 

were calculated (Figures 1 and 2): /M W  , where max / 4M F L , 2
0 / 6W BH . The calculation results 

are shown in Figure 2.3. Thus, five series of beams were processed. To determine the number of samples in a 
series, you can use the method of analogies. Indeed, from a mechanical point of view, ice in frozen ground functions 
as a cement analogue in concrete [33, 34]. This means that frozen ground can be considered as an analogue of 
lightweight concrete, for example, cellular concrete. Therefore, to determine a sufficient number of samples for 
frozen soil testing the recommendations of Russian State Standard GOST 10180-2012 (paragraph 4.1.3 can be 
used). According to these recommendations the number of samples made from cellular concrete is taken to be 3 
in each series. Additional assessments of the of the research results reliability were obtained using the 
determination coefficient R2 (Figure 2.3), as well as the elements of the indirect measurements theory (Figures 4, 5). 

 

Figure 2.3. Tensile stresses in the beam according to Figure 2 for F = Fmax. 

The data obtained show (Figure 2.3) that the dependence of tensile stresses on humidity in the range 
from 7.88 to 14.19 % can be described by a polynomial of the second degree with a determination coefficient 
of almost 1. This means that there is a functional dependence of stresses on the water content in soil. The 
reliability of the data presented in Figure 2.3 is also confirmed by their consistency to the results known from 
the scientific literature [33, p. 152–158]. 

Three-point bending tests were carried out on a SHIMADZU AGS-X testing machine, for which the 
relative measurement error is not more than 1.0 %. The download speed was chosen equal to 5 mm / min. 
The temperature of the material on the fracture surface of the samples (minus 4.6 C) was measured in a non-
contact manner using a pyrometer immediately after the test. 

Tests have shown that in the process of fracture during three-point bending, a primary crack forms, the 
length and width of which increase with the load increasing and this is natural. In addition, the signs of 
bifurcation of the primary fracture and the formation of secondary fractures can be seen (Figure 2). 

Note that the bifurcation of a crack during uniaxial compression of sandstone and other brittle materials 
was predicted in [8, p. 1016] using the logistic equation in a mathematical model of the evolution of the stress-
strain state of a material. 

In our case (Figures 1 and 2), it is important to pay attention to the fact that with the increasing crack 
length h, the effective cross-section height 𝐻 decreases: 0  h  H0;  H = H0 – h. 

According to the test results, the diagram “load F – the vertical displacement of the point of force F” 
application is obtained. The mathematical processing of the test results is discussed in the following section. 

3. Results and Discussion  
3.1. Mathematical Processing of the Test Results 

Let B and H0 be, respectively, the width and the height of the cross section of the beam, f is the vertical 
displacement of the point of force F application, h is the length of the crack (Figure 1). As noted above, with 
increasing crack length h, the effective cross-sectional height H = H0 – h decreases. Accordingly, if f changes 
by some f, then the change in effective height is H. With small changes, the dependence of H on f can 
be written as a linear relation with a constant proportionality coefficient K1: 

1
0

.
f

H K H
H


  (1)  

Let us divide both sides of equality (1) by H0 and move on to the dimensionless parameters θ and  θ: 
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0 0

 ,   . 
H H

H H


   (2)  

The parameter   can be considered as a geometric characteristic of the effective area. The values of 
θ vary from 0 to 1, with 0 corresponding to a completely damaged material, and 1 to a material without damage 
(without cracks). 

Equality (1) with θ  0 transforms to the form: 

1
0

.
d df

K
H




 (3)  

Integrating both sides of the equality (3), we determine the integration constant from the condition: if 
f =  0, then H = H0, i.e. θ = 1. We get: 

1
0

0 .

f
K

HH H e  (4)  

Using (4), we define I – the effective moment of inertia of the cross section with an evolving crack and 
W – the effective moment of resistance of the same section: 

3

,
12


BH

I  (5)  

2

.
6


BH

W  (6)  

For the considered example (Figure 1), we get:  7
12.719 10 exp 76.92 , I fK  

 4
10.1394 10 exp 51.28 . W fK  

The experiments showed that the ratio “load F – displacement f” can be represented with sufficient 
accuracy in the form: 

3
.

48


EIf
F

L
 (7)  

Taking into account equalities (4) and (5), we note that in relation (7) are f, I, F are the variables. In 
order to obtain explicitly the dependences F(f) and (f), where  is the tensile stress in the cross section with 
a crack, it is necessary to determine the coefficient K1 (1) indicated above and the elastic modulus E. We will 
find the values of K1 and E using the test results. The dependence F(f) obtained in the tests is nonlinear, 
Fextr = 769 N and fextr_F = 1.574 mm (curve 4 in Figure 2.2). The test results are shown in Figure 3 with 
markers. 

 
Figure 3. The results of tests (markers) and simulations (red and black lines). 

Taking into account the relation (7) and the experimental value fextr, we find coefficient K1 (1) indicated 
above from the condition: 
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.0
dF

df
 (8)  

For the example considered (Figure 1) after the transformations we get:  
3/ (0.5944 10  dF df E   1

1 10.4573 10 ) 76.92 , fK exp fK 1 8. 80.2 K  

Then, again taking into account (7), and using the calculated coefficient K1 and the experimental values 
fextr and Fextr, we determine the elastic modulus E from the equation F = Fextr. For the example considered 
(Figure 1) we find E = 2240 MPa after the transformations. Note that this value was obtained at the above 
temperature (minus 4.6 C) and is consistent with the data published. For example, in [1] it was shown that 
the elastic modulus of the upper part of the roadway in winter increases and can reach 10000 MPa. 

Using the calculated values of K1, E and taking into account relation (7), after the transformations, we 
find the dependence F(f) explicitly. For the example under consideration, the curve F(f) is presented in 
Figure 3. 

The information obtained is sufficient to determine the maximum tensile stresses σ in the section with a 
crack. Using the bending moment M = FL/4 and the effective moment of resistance (6), we write: 

.
4


FL

W
  (9)  

After the transformations and taking into account (6), (7), (4) and (1), we obtain the dependence (f) in 

an explicit form. For the example considered, the curve (f) is shown in Figure 3. In the example considered, 

extr = 11.58 MPa, the corresponding displacement is fextr_  = 4.71 mm. 

Thus, the technique of mathematical processing of the tests results for three-point bending is developed. 
However, all initial data and calculation results were assumed to be deterministic. In the next section, we will 
discuss the influence of random deviations of the input data on the simulation results. 

3.2. The Random Factors Influence on the Simulation Results 

Comparison of the experimental results (markers in Figure 3) and the analytical description of the load – 
displacement dependence (solid line in the same figure) show that the simulation results do not contradict the 
experimental data. 

Nevertheless, there are many factors (distance between supports, transverse dimensions of the sample, 
temperature, ice and mineral particles in the soil, particle size distribution, etc.), the quantitative characteristics 
of which include small random deviations from average values. For engineering practice, it is important to 
analyze the effect of random deviations on simulation results. 

In the case under consideration, the analysis of the influence of random factors is simplified due to the 
fact that we have obtained analytical expressions of the force F and stress  in the form of functions f (Figure 
3). Assuming that the deflection f is determined with a relative error of not more than 5 %, we use the well-
known method for estimating the accuracy of indirect measurements [18], according to which the error in 
determining the force F is calculated by the formula: 

0.05 . 
dF

F f
df

  (10)  

The derivative dF/df is also used in equation (8). 

Taking into account (10), we can calculate the relative error F = |F/f]. 

For illustration, the calculation results of F and F are presented in graphical form in Figure 4, 5, 
respectively. The markers in Figure 4 show the results of the experiment on Figure 3. 

Intensive destruction of the sample (Figure 2) was observed at 
f ≈ 0.0031 ± 0.00016 m = 3.1 ± 0.16 mm. It should be noted that at f > 0.0031 m, the difference between the 
experiment and the simulation increases (Figure 4). This feature indicates the presence of factors that are not 
taken into account in the simulation. However, it is important for engineering practice to prevent fracture. 
Hence, in the range 0 ≤ 𝑓 ≤ 3.1 mm, the state of the material is of most interest for practice. It is at this interval 
that the agreement between the experiment and the simulation is quite high (Figure 5). 
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So, if f > 3.1 ± 0.16 mm, then the experiment can be terminated. However, we are publishing a full load 
displacement diagram for possible use in further research. 

 

Figure 4. To the analysis of the random factors influence. 

 

Figure 5. Relative error variation F depending on deflection f. 

Similarly, assuming that the deflection f is determined with a relative error of no more than 5 %, we 

analyze the accuracy of the tensile stress  calculating. In this case, the error is calculated by the formula 

σ
σ 0.05 . 

d
f

df
  (11)  

Taking into account (11), we can calculate the relative error ./    

The calculation results of  and  are presented in graphical form in Figures 6 and 7, respectively. 

 

Figure 6. To the analysis of the random factors influence. 

 

Figure 7. Relative error variation  depending on deflection f. 

We conclude that the influence of random factors on the tensile stress σ in the section with a crack is 
small (Figure 6) and does not exceed 5 % (Figure 7). 

In the example above Fextr = 769 N, fextr_F = 1.574 mm; tensile stress in the section with a crack is 7.52 

MPa, if F = Fextr;  extr = 11.58 MPa, fextr_ = 4.71 mm, Fextr_ = 312 N. 
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Using relation (4), we calculate 𝐻 and the crack length h = H0 – H (Figure 1) if f = fextr_. We get: 

Hextr_  14 mm, hextr_  25 mm. Then hextr /Hextr = 25 / 14  1.8. Using Figure 2, you can determine the 
conditional distances from the bifurcation point to the lower edge of the beam, as well as from the bifurcation 
point to the upper edge of the beam. The ratio of these distances is approximately equal to 2.0. If we take into 
account that the calculated ratio is approximately equal to the ratio found in the experiment (1.8 ≈ 2), then we 
can assume that the bifurcation of the crack is realized if   extr. At the same time, some deviations are 
explained by the influence of material heterogeneity, small differences in the shape of the real sample from 
the ideal shape, and other random factors. 

In the following section, we will consider the interpretation and comparison of the results of the 
methodology applied with the results got by other authors. 

3.3. Comparison of the Obtained Results with the Results of Other Authors 

The model developed is based on the experimental data and relations (1)–(9), describing the full history 
of the force acting on the beam, and can be assigned to the class of constitutive models that have appeared 
relatively recently, but are increasingly used in research and prediction of the mechanical condition of frozen 
soils [14, 17]. 

The technique developed does not require a large amount of input data and is characterized by the low 
cost of numerical implementation. From the point of view of practice, it is important to note that for the 
numerical implementation of the model developed, two test results (Fextr and fextr_F) for three-point bending 

are necessary (Figure 2). In addition, a physically based hypothesis on the dependence of H on f is needed. 
In the case considered, such a hypothesis is presented in the form of equality (1). However, this is not the only 
option. For example, in [8], a damage variable was used, which varies from 0 to 1, with 0 corresponding to the 
undamaged (intact) and 1 – completely damaged states of the material under uniaxial compression. 

In our case, the geometric characteristics of the effective area (1) were introduced; the form of the 
equations of the sample state also differs from the relations known from the scientific literature. As a result, a 
methodology was developed for modeling the state of fairly wide class materials, of state which was confirmed 
by the practice of applying the technique. For example, using the results of tests for three-point bending of 
specimen B11 with a notch according to [7, p. 26], as the initial data we will perform their processing according 
to the methodology discussed above. We will obtain the data presented in Figure 8 by solid lines. Experimental 
data known from the work [7, p. 26] are shown in Figure 8 by markers. 

 

Figure 8. Test results by [7, p. 26] (markers) and our simulations (lines). 

For large movements, the predicted values of the load F according to Figure 4 (a beam without a notch) 
are less than real, and according to Figure 8 (a beam with a notch by [7]) are more. This difference can be 
explained by the effect of the notch. It is important to note that in the cases considered there are two general 
patterns, namely: the consistency of the experimental data with the results of mathematical modeling; the 
increase of random factors influence of the deflection increases after passing the points of extrema (Figures 
4 and 8). Thus, the adequacy of the developed model (1-9) is confirmed by the results of the processing the 
test results, both copyright (Figures 4 and 6), and well-known from the scientific literature (Figure 8). 

The influence increase of random factors with an increase in the deflection after passing through the 
points of extrema (Figures. 4 and 8) can be explained by a decrease in the effective cross-sectional area of 
the beam due to the cracks evolution. Indeed, crack growth (Figure 2) is accompanied by local fracture and a 
decrease in the number of frozen soil particles that transmit internal forces from one part of the beam to 
another. 

Formally, according to the statistics, this means a decrease in sample size and, as a consequence, an 
increase in measurement error. Experimental confirmation can be found in article [19], the authors of which 
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have tested frozen, thawed and thawing loams using the method of ball stamps of various diameters (0.022; 
0.1; 0.3 and 1.0 m). Tests were conducted with controlled precipitation. The rheological properties of the soil 
have also been taken into account [20]. 

It was found that the larger the diameter of the stamp is, the higher is the accuracy of the measurements. 
Obviously, the larger the contact area of the stamp with the soil is, the greater is the number of soil particles 
in the contact area. Formally, according to statistics, this is equivalent to the sample size increase and the 
random factors influence on the test results decrease. 

In our case, tests at three points bending were carried out with the controlled movement of the loading 
device (Figure 1). As it was noted above with an increase in the deflection cracks evolve. And it leads to the 
decrease in the contact amount and, accordingly, and to the increase in the experimental error. This is due to 
an increase in the random factors influence with an increase in the deflection after passing through the points 
of extrema (Figures 4 and 8). 

The analysis of the results of applying the methodology developed (Figure 3) shows sufficient adequacy 
of the model in the ascending and in a section of the descending branch of the diagram “load F – displacement 
f”. With increasing displacement f, the mismatch increases, but is not critical. The search for the causes of this 
discrepancy may constitute the subject of further experimental and theoretical studies on the topic of the work. 

The model developed is nonlinear, and nonlinearity is explained by the evolution of the crack and, 
accordingly, the change in the effective geometric characteristics (4), (5), (6) of the cross section with the 
crack. The data obtained are sufficient to conclude that in the full diagram (Figure 3), the deflection fextr_F 

corresponding to the extremum of the force Fextr is less than the deflection fextr_, which corresponds to the 

extremum of the tensile stress extr. From the physical point of view, this means that the destruction of the 

material occurs on the descending branch of the diagram F(f), i.e. when the force is F < Fextr, but  = extr. 

Generally speaking, destruction can occur with  extr and the corresponding displacement f  fextr_. 

As an additional argument confirming the adequacy of the model developed, we refer to the 
aforementioned work [8], which theoretically substantiates the appearance of a bifurcation of a crack during 
uniaxial compression of sandstone and other brittle materials. 

Limitations on the scope of the model are determined by the properties of soils. From a formal point of 
view, a necessary condition for applying the model developed is the existence of an extremum on the curve 
F(f). The class of such materials and the corresponding diagrams obtained in bending tests was studied in [7]. 

Estimating the results of the work from a practical point of view, it should be noted that using a small 
amount of initial data, the developed technique allows us to obtain estimates of the elastic modulus of frozen 
soil and the highest tensile stresses in the section with a crack. The need to obtain such estimates is repeatedly 
stated in the literature [20, 21]. The analysis showed that the most pressing issues relate to the improving the 
technology of building roads [1, 3, 4, 23], including logging roads [24], to sufficient (but not excessive) 
protection of engineering structures from freezing, to designing and forecasting the state of foundations in 
permafrost regions [25, 26] taking into account temperature deformations [2, 27–29]. 

Prospects for the development of the present work topic relate to the refinement of the geometric 
characteristics of the effective area (2) for adapting the approach used in the engineering analysis of soils 
under the influence of “freeze – thaw” cycles and time factor [1, 30]. 

4. Conclusions 
1. A nonlinear model has been developed for the complete process of deformation of a frozen soil 

beam with an evolving crack at three-point bending. Nonlinearity is explained by the evolution of the crack 
and, accordingly, the change in the effective geometric characteristics of a cross section with a crack. For the 
numerical implementation of the model, it is sufficient to use two parameters: the extremum of the force in the 
tests for three-point bending before fracture and the value of the vertical displacement of the force application 
point corresponding to the extremum. 

2. The model developed was used for mathematical processing of the of tests results for three-point 
bending. It was found that the magnitude of the deflection corresponding to the extremum of the force is less 
than the deflection, which corresponds to the extremum of the tensile stress in the section with a crack. Thus, 
it is substantiated that the destruction of the material occurs in the descending branch of the «load – 
displacement» diagram. 

3. Using the model proposed a methodology for determining the elastic modulus and the highest tensile 
stresses has been developed. Analytical dependences of the tensile stress force and extremum in a section 
with an evolving crack on the deflection value have been obtained. The developed model enables calculating 
the length of an evolving crack in the entire process of deformation of a beam from frozen soil. 
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4. The adequacy of the model developed and the reliability of the results of its application are confirmed 
by consistency with the results of three-point bending on the SHIMADZU AGS-X machine, which provides 
measurement of force and displacement with a relative error of no more than 1.0 %. The simulation results 
obtained are also consistent with the experimental and theoretical data known in the literature. 

5. Restrictions on the scope of the method are determined by the properties of soils. From a formal 
point of view, a necessary condition for applying the model is the existence of an extremum on the «load – 
displacement» curve. Prospects for the study relate to the adaptation of the approach used to the analysis of 
the mechanical condition of soils under the influence of «freezing – thawing» cycles and time factor. 
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Abstract. Subject. In technological and general ventilation ducts with a given uniformity of intake is often 
needed to be designed. The calculation of pressure losses in such ducts is complicated by the lack of reliable 
information about the characteristics of the flows at the inlet to the intake openings and slots. Intensity of air 
intake through slot openings located on one and two opposite walls of the duct in a series of sequentially 
placed slots, which determines the presence of a transit air stream passing by the hole is calculated. The slots 
are perpendicular to the generatrix panel and can be opposite or offset relative to each other. The presence 
of a stagnant zone formed when the flow is cut off from a sharp edge at the inlet is taken into account. Methods. 
The search for a solution is carried out in the framework of ideal fluid jets theory using the Kirchhoff scheme 
and Chaplygin method of singularities, as well as by the numerical method using Flow3d software package, 
where the system of equations of plane turbulent motion was ended with “standard” k-e model. Results. The 
flow rates of the air entering through the slots were found, depending on their width and value of the transit 
flow. Dependencies for the attached flow with and without flow separation are obtained. The shape of the free 
streamline separating the jet and vortex zones, the compression coefficients of the jet are determined. Current 
flow lines are constructed for different values of the geometric parameters of the duct and the hole. Conclusion. 
Analytical and numerical calculations showed that the kinematics of currents and values of the attached flow 
rate are very similar, but the size and shape of the stagnant zone are significantly different. A numerical 
solution gives more physics of stagnant zone formation. It was found that flow separation reduces the 
associated flow rate. It was also found that the intensity of absorption is minimal with the opposite order of 
cracks. 

1. Introduction
The intake of air through slots or a series of local openings of various shapes (round, square, slotted) 

in the side wall when exposed to intense transit flow is a typical task for many technical devices. For example, 
it is used when calculating cooling of the turbine blades surface [1], during the operation of ejectors [2, 3]. In 
technological applications of ventilation, there is often a need to design ducts with a given uniformity 
(nonuniformity) of intake along the length. Failure to comply with the specified intake conditions can lead to 
ineffective local intake from sources of harmful emissions, a violation of regulations for the operation of 
technological equipment, etc. [3–10]. Uniform intake ducts (USD) are also used in public buildings to remove 
air from the upper zone by general ventilation. 

Depending on the current task, uniform intake along the entire length can be achieved by selecting the 
optimal hole sizes and distances between them. With sufficient length, such air ducts are more technologically 
advanced and economical in comparison with air ducts having variable parameters. The main characteristic 
of the energy-efficient choice of geometry and location of the openings in the USD is the local resistance 
coefficient (LRC) of its main perturbing elements. The analytical determination of USD flow parameters, which 
are important for calculating the LRC (associated flow rate, intake rate, stream compression ratio, flow stream 
lines, shape and size of stagnant zones), is very difficult, because when entering through openings and slots, 
air loses energy in the opening itself, and when passing through the duct near such a hole. Therefore, the 
LRC values are determined, as a rule, experimentally. A large amount of LRC data is contained in the well-
known Reference book on hydraulic resistance by I.E. Idelchik [11], which has already been published in four 
editions in 1960, 1975, 1992 and 2005. But this fundamental work is far from exhausting the whole variety of 
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constructive situations encountered in practice. In these handbooks there is no data on separation zones, 
compression ratios of flow at the entrance and passage through the side openings of the air-blast. 

Significant simplifications introduced in the USD analysis in the well-known works on this topic [13] do 
not make it possible to consider this problem as a solved one, and theoretical and experimental studies of 
transit ducts with constant parameters of channel and slot or channel and side openings are relevant. 
Therefore, now there still appear works devoted to the study of USD currents, for example. In these works, 
the authors use numerical experiment using computational fluid dynamics methods. Modern software systems, 
such as Fluent [13], Flow3d [14], which implement computational fluid dynamics methods, allow one to study 
such flows quite accurately and in detail. However, the accuracy and adequacy of results obtained by such 
methods should be monitored by comparison with already known and reliable methods. 

The paper considers methods for calculating flows during intake through a series of slit-like openings, 
which can be located on one or two opposite walls of the duct. The purpose of the calculation is to determine 
the intensity of absorption through the holes for different geometric situations, as well as the flow parameters 
necessary to calculate the CLR of the flow in the turbine fouling (connected flow rate, absorption rate, stream 
compression ratio, flow stream lines, shape and size of stagnant zones). The analysis is carried out within the 
framework of the ideal fluid flow model and numerically taking into account viscosity C using Flow3d software 
package. 

2. Methods
2.1. Hole on one side of the intake duct wall 

A flow diagram is given in Figure 1a where l – long CA slot in the wall of the intake duct with height h 
(Figure 1a). Transit airflow from overlying openings moves with velocity v∞, accordingly, specific transit flow 

is 0 .∞=q v h  It is necessary to determine the intensity of air intake ∆q0 through the gap (adjoined flow rate)

and construct the currents flow lines.

2.1.1. Ideal fluid, unseparated flow 

First, we consider the unseparated flow model (Figure 1, a), which does not take into account the fact 
of formation of a weakly-vortex (stagnant) zone when stream flows around a sharp edge A. We will find the 
solution using the conformal mapping method [15, 16]. 

As a parametric region, we take the upper half-plane = +t iξ η  with the location of points indicated in 

Figure 1, a, b. The flow region in the plane of complex potential = +w iφ ψ  is shown in Figure 1, c. 

Figure 1. Flow areas for unseparated flow model: a is physical plane z = x + iy; 
b is parametric plane t = ξ + iη; c is plane of complex potential w = φ + iψ 

The matching between the flow areas in the z and t planes is established using the Christoffel-Schwartz 
formula [15] 

2 2

2
,

1

−
=

−
dz t bс
dt t

 

where c and b are the mapping parameters. 
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After integration the following expression is obtained: 

2 21 1 1
ln .

2 1 2

 − − −
= + − + 

b t b
z c t i

t
π  (1)  

At the point D (t = –1), the function dz/dt has a first order pole. By determining the residue of function 
at this point, we obtain 

2 1
,

2

−
=

b
h cπ  (2)  

and find the final form of the mapping formula 

2

2 1
ln .

1 1

+ = + + − − 
h t t

z iH
b tπ

 (3)  

At points A and C we have 

( )
2 21 1 1

ln ;
2 1 2

 − − −
= = + − + 

A

b b b
z z b c b i

b
π    

( )
2 21 1 1

ln .
2 1 2

 − + −
= − = − + − − 

C

b b b
z z b c b i

b
π    

Consequently, 
2 1 1

2 ln
2 1A C

b b
z z l c b

b

 − +
− = = + −   

  

and further 
12 1 1

ln .
2 2 1

−
 − +

= + − 

l b b
c b

b
 (4)  

From equations (2), (4) we obtain the formula for determining the parameter b > 1 

2

2 2 1
ln .

1 1

+ = + − − 
l b b

h b bπ
 (5)  

Further we find the equation of the AC line in the parametric plane .= +t iξ η  It is a consequence of 

the expression 

2

2 1
Im ln 0.

1 1

+ + = − − 
t t

b t
   

Having completed the necessary transformations, we obtain 

2
2

2
2 1 , 0 ,

1
= ± + − ≤ <

− Mctg
b

ηξ η η η η  (6)  

where 0>Mη  is determined from the equation 2
2

2
2 1 0.

1
+ − =

−
M

M Mctg
b

ηη η  

Note that for large values of b, from formula (6) it follows that the line BE in the parametric plane is 

determined by equation (at b → ∞) 2 2 ,= ± −bξ η  that is, this line is almost a circle of radius b. 

On the segment AC 

( )
( )

22 2 2

22 2

1 41 2
1, ln , , 0 .

1 1

 + − + = = = = ± + > ≤ < − − +  

M

y x
y x b

h h b

ξ η ηξ ξ η η
π ξ η

 (7)  
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In the plane t, we have sources at points D (t = –1); B (t = ∞) and drain at E (t = 1). The complex 
potential of such a flow will be 

( ) ( ) ( ) ( ) ( )0 0 0 0ln 1 ln 1 ln 1 1 ln 1 ,
+  = + − − = + − + − q

q q q q
w t t t С t∆

π π π
 (8)  

where 0 0=qС q q∆  is the dimensionless adjoined flow. 

The complex adjoined velocity is 

( ) ( )( )
0

2 2

1 1 1
.

− − + +
− = ⋅ = ⋅

−
q

x y

t С tqdw dt
v iv

dt dz t bπ
 (9)  

By defining residues of function dw/dt at points D and B, we find the dimensionless adjoined flow 

2
.

1
=

−qС
b

 (10)  

By separating the real and imaginary parts of equalities (8), (9), we find the equations for the flow 
function 

( )
( )

( )
0

2 22 2

1 1
1 ,

1 1

 + − = − +
 + + − + 

q

q
arcCos С arcCosξ ξψ

π ξ η ξ η
 (11)  

and for the flow velocity components: 
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v

c b

ξη ξ ξ η ξ η
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 (13)  

where 0,≥ξ  0.≥η  

We let us consider the problem of an ideal fluid flow, taking into account the separated flow (the diagram 
is shown in Figure 2 a). At point A, the flow breaks away from the wall, forming a stagnant (weakly vortex) 
zone. The velocity at the free AE boundary is v0. At point C, the leakage rate is finite. As before, it is necessary 
to determine the adjoined flow rate and construct the flow stream lines. We will find the general solution to the 
problem by the method of singular points of S.A. Chaplygin [15]. As a parametric region, we choose the upper 
right quadrant with the corresponding points shown in Figures 2, a, b. 

We construct the function dw/dt, which is a the complex conjugate velocity of the imaginary flow in the 
parametric plane. We take into account that the fluid flows from the infinitely distant points B, D and is 
absorbed at the infinitely distant point E, that is, the streamlines start at points B, D and close at point E. 

There exist a separation point C, where the general streamline is perpendicular to the axis ξ. 

We define the features of the function dw/dt. At points A and C, the right angles are flowed around, so 
tA = 0, tc = c are zeros of the first order. Points E lie at infinity; therefore, they do not participate in the 
construction of the function dw/dt. At points B (tB = b) and D (tD = 1) we have the poles of the first order. 

We analytically continue dw/dt on the entire complex plane. On the real axis ξ the condition Im 0=
dw

dt
 

is satisfied. According to the principle of symmetry, we analytically continue dw/dt through this axis to the 

lower right quadrant, with no additional features. On the imaginary axis η the condition Re 0=
dw

dt
 is satisfied 

that allows one to analytically continue dw/dt on the whole complex plane. Moreover, at the point C (tc = –c) 
we get zero, and at the points B (tB = –b) and D (tD = –1) we obtain the first order poles. 
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As a result of these continuations, the function dw/dt is built in the form 

( )
( )( ) ( )

2 2

0 02 2 21
.

t t cdw
f t

dt t t b
φ φ

−
= =

− −
 (14)  

On ADE Im 0=
dw

dt
 and therefore, is a real number. 

The picture of the flow lines of an imaginary flow in the parametric plane, constructed using the 
StreamPlot option of the Mathematica software [14], is shown in Figure 3. 

  

Figure 2. Flow areas for separated flow model:  
а is physical plane z = x + iy; b is parametric plane  

t = ξ + iη; c is plane of complex potential w = φ + iψ. 

Figure 3. Imaginary flow. 

We construct a function 
0 0 0

.= − yx
vvdw

i
v dz v v

 This function has a unique zero at the point t = b, which, after 

analytic continuation through the imaginary axis, turns into a pole at the point t = −b, since 
0

1=
dw

v dz
 on the 

imaginary axis. Given that with t → ∞ 
0

1,=
dw

v dz
 we obtain 

0

.
−

=
+

dw t b

v dz t b
   

Next, we find the derivative of the mapping function z = z(t)  

( )
( )( ) ( )
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t t cdz dz dw t b
q v h F t

dt dw dt v t b vt t b

φ φ
 (15)  

The expressions (14), (15), in principle, allow constructing streamlines in the parametric and physical 
planes. 

We proceed to determine the flow rate of air sucked through the gap. The flow rate at point D is 

0 ,= ∞q v h  and at point E it is 0 1,=q v h  so flow through the gap is 0 0.q q q∆ = −   

Function dw/dt is analytical in the upper right quadrant, excluding points B, C, E. Points B, C on the 
parametric plane are marked by semicircles of infinitely small radius; we surround the remote point E with a 
quarter of a circle of infinitely large radius (Figure 2, b). When switching from DC to DE in a semicircle Cd 
Im w experiences a jump q0 (Figure 2, c). 

Using the residue theorem, we find 

( ) ( )
2

0 0 0 2

1

1 2 1
,

−
= = =∫

= −
  

d

dw c
iq dt i res f t i

tс dt b
π φ π φ    
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whence it follows that the transit flow intensity is 

( )
2

0 0 2
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=

−

c
q

b
πφ  (16)  

When moving from BC to BA in a semicircle Cb Im w experiences a jump ∆q0, hence  
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and the intensity of flow entering the gap is 
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−
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q
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when switching from DE to AE in a quarter circle CR Im w experiencing a jump q and 
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which means the intensity of the total flow 

0

2
.=q

πφ
 (18)  

From formulas (16)÷(18) we find the dimensionless associated flow 
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Now we determine the sizes h and h1. When switching from DC to DE by semicircles cd Im z 

experiences a jump h. From here 
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when switching from DE to AE in a quarter circle cR Im z experiences a jump h1 and it means that 

( )0 0
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Combining expressions (20), (21) we find the compression ratio of the flow 

( )2

1
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1

1
.

−
= =

−

bh
K

h c
 (22)  

It remains to determine the mapping parameters b, c and the coefficient ϕ0. Since point B in the physical 
plane at infinity to the left and to the right of the gap is at the same level, then 

( )Im 0 0.= ⇒ =∫
==



dz
dt res F t

t bdtt b
 (23)  
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On the other hand 
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We take the logarithmic derivative 

( )2 2

2 2 2 2

1 2 2
ln 0

1 1

t t cd t t

dt t t t c t t bt b

−
= + − =

− − − ==

 
  

 

  

From the previous equalities it follows 
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From the graph of function (24) (Figure 4) it can be seen that for 0 < b < 1, the following is always true: 
b < c < 1. 

The function ( ) ( )
( )( )

2 2

2 2 21
,

−
=

− −

t t c
F t

t t b
 entering the mapping formula (15), will be decomposed to a sum 

of partial fractions 
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Figure 4. Plot of function c = c(b).  

In view of (23) the coefficient K = 0, for other coefficients we get  

( )
( )

( )
( )

( )

2

211

2

211

2 2

2

1

2 1

1

2 1

1

==

=−=−

=

−
= = =∫

−

−
= = =∫

+

−
= =∫

−

















tt

tt

t b

dz c
M dt res F t

dt b

dz c
B dt res F t

dt b

b b cdz
C dt

dt b

 (25)  

We find the primitive for function F(t)  
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For the parametric plane the slot of the width l corresponds to a segment AC  
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Using the expression (20), we obtain 
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So, to find b and c, which meet the criteria 0 1b с< < < , one should solve a system of equations (24)–
(27). By combining them, we get  
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The equation (28) is solved using the Find_Root of the MathematiCa software, and the parameter c is 
defined using the formula (24). 

Let v0 =1, h =1. We introduce notations: 

1 0 1 0 1 0, , .= = − =M M N N P Pφ φ φ    

Taking into account (20), (25), (28) we obtain 
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As point A has coordinates (1/2,0), we have a conformal mapping of the parametric plane onto the 
physical plane in the form 
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We proceed to the construction of streamlines. This is easier to perform in the parametric plane, and 
then, using the conformal mapping (29), to transfer them to the physical plane. The imaginary flow in the 
parametric plane has velocities 

( ) ( ), Re0 ,= = +  v v f iξ η φ ξ ηξ ξ    

( ) ( ), Im0 .= = − +  v v f iξ η φ ξ ηη η    

Since the imaginary flow is steady, the streamlines coincide with the particle trajectories. Therefore, the 
differential equations of streamlines will be 

( ) ( ) ( ) ( ) ( ) ( ), ,, ,′ ′= =      v vξξ τ ξ τ η τ η τ ξ τ η τ
η

 (30)  

where τ is the time of particles motion in the parametric plane.  

We construct N streamlines of the transit flow. Initial conditions must be added to the system of 

differential equations (30). On the semicircle Cd of a small radius ε1, we arrange N points. The initial conditions 
are formulated as 

( ) ( )1 10 cos 1, 0 sin , 1... ,
1 1

i i
j N

N N

π πξ ε η ε= + = =
+ +

 (31)  

Using NDSolve program of the Mathematica software the Cauchy problem (30), (31) was solved on the 

interval [ ]max0, .τ τ∈  As a result, we obtain the coordinates of streamlines in the parametric plane  
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( ) ( ) [ ]0, max, , .ξ ξ τ η η τ τ τ= = ∈    

The values τmax were determined from a numerical experiment. 

The problem described above for a viscous fluid was solved numerically by Flow3d software package. 
The system of equations for plane turbulent motion of a viscous fluid was closed using the “standard” k-ε 

model (k is the kinetic energy of turbulence, ε is the dissipation rate k). For flow zones in the immediate vicinity 
of the duct walls, standard wall functions were used. 

At the boundaries of the computational domain, the following boundary conditions were adopted (see 
Figure 1, a): 

– On DD, the condition for uniform distribution and constancy of velocity ∞


v  in the positive direction of 

the x axis corresponding to a given specific intensity q0; 

– On EE, the condition for a smooth continuation of the flow through the boundary (normal derivatives 
at the boundary for all quantities are equal to zero); 

– At the permeable boundaries of the area of air leakage to the gap, the excessive static pressure ∆Р = 0; 

– On the boundaries ВC, AB, DE, solid impermeable walls on which the condition of adhesion (non-

slip) is fulfilled 0.=


vτ  

The temperature at all boundaries is equal to air temperature of 293K. 

The total number of grid cells in the channel is 80 thousand, along the length of the slotted hole it is at 
least 20, as it is recommended in [14]. The channel length to the slot hole was taken equal to 3h in order to 
exclude the influence of boundary conditions in the DD section on the flow near the slot hole. The length of 
the channel after the slot hole was taken to be at least 10h to smooth the flow deformation due to adjoining of 
the flow through the slot and separation of flow from the sharp edge, which affects the accuracy of determining 
the total flow rate q = q0 + ∆q0. 

2.2. Bilateral arrangement of slotted openings in the duct 

An element of the intake panel with a two-sided arrangement of slotted openings is shown in Figure 5 a. 
Transit flow from upstream openings has velocity v∞. Here it is also necessary to determine the flow rates of 
air entering through the slots and to build the flow stream lines. 

 

Figure 5. Flow areas: a) physical plane z = x + iy; b) parametric plane t = ξ + iη. 

Ideal fluid, unseparated flow. We find the solution using the theory of potential flows of ideal fluid by the 
method of conformal mappings. We do not take into account the presence of vortex zones in the places of 
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boundaries fractures (points A4, A6). We assume that at points A0 and A2 the Kutta-Joukowski condition of 
the limited velocity [20] is satisfied. 

We will construct the flow in the parametric region, which in our case will be the upper half-plane with 
the correspondence of points shown in Figure 7a, b. The relationship between the flow regions in the z and t 
planes is established using the Christoffel – Schwartz formula 

( ) ( )
2

2 4
2

1 1 3 5

( 1)( )( )
;

( )( ) ( )
,

t t t a t a
z A F u du F t

t a t a t a−

− − −
= =∫

− − −
 (32)  

where u is the integration variable. 

The mapping parameters a1, a2, a3, a4, a5 and coefficient A must be defined. We expand the function 
F(t) at the sum of simple rational fractions 

1 1
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( ) 1
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,F t
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α βα β
= + + + +

− − − −
   

where coefficients α, α1, β, β1 are real. The coefficient A is also real and positive, since for A6A7 we have 

dx/dξ > 0.  

In order to obtain the same duct width at points A1 and A5, the following conditions must be met 
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where C1 and C5 are semicircles of infinitely small radius, surrounding points A1 and A5 in the parametric 
plane t (see Figure 7, b). 

Using the residue theorem, we obtain 
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It follows that 
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;
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= = −  (33)  

1 0.α α+ =  (34)  

In order to have the straight lines A7A0, A6A7 at the same level in the physical plane, we additionally 
use the condition 

Im 0 Im ( ) 0,
R R

dz
F t dt

с сdt
= → =∫ ∫  (35)  

or otherwise 

1 1
2

1 5 3 3

Im 0 ,
( )R R R R R

dt dtdt dt
dt

с с с с сt a t a t a t a

α βα β
+ + + + =∫ ∫ ∫ ∫ ∫

− − − −

 
 
 

   

where CR is the semicircle of an infinitely large radius surrounding the point A7 in the parametric plane (see 
Figure 5, b). 

According to the residue theorem 
2

3

0
( )

,=∫
−R

dt

с t a

β
 and besides, Im 0,=∫

R

dt
с

 which means 

1 1 0.+ + =i i iπ α π α π β  Taking into account expression (34), β1 = 0, and the function F(t) takes the form  
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2
1 5 3

( ) 1
( )

.F t
t a t a t a

α α β
= − + +

− − −
   

Having determined the residues of function F(t) at points A1, A5 and the limit of function value 

( )2

3( ) −F t t a  at 3,→t a  we express the coefficients α , α1 , β through mapping parameters a1, a2, a3, a4, a5 

22
5 5 2 5 41 1 2 1 4

12 2
1 3 1 5 5 3 5 1

2
3 3 2 3 4

3 1 3 5

( 1)( )( )( 1)( )( )
; ;

( ) ( ) ( ) ( )

( 1)( )( )
.

( )( )

a a a a aa a a a a

a a a a a a a a

a a a a a

a a a a

α α

β

− − −− − −
= =

− − − −

− − −
=

− −

   

Using condition (3) from the first two expressions we find 

22
5 5 2 5 41 1 2 1 4

2 2
1 3 5 3

( 1)( )( )( 1)( )( )
0 .

( ) ( )

a a a a aa a a a a

a a a a

− − −− − −
− =

− −
 (36)  

Now consider the condition Im ( ) 0 ( ) 0.= → =∫ =∞
R

F t dt res F t
tс

 By determining the residue of the function 

F(t) at infinity, we get 

2 0 .51 2 3 4a a a a a− + − + − =
 

(37)  

If the mapping parameters satisfy conditions (36), (37), then 

( ) ( ) ln( ) ln( ) .51
3

f t F t dt t a t a t
t a

β
α α= = − − − − +∫

−
   

The well-known geometric characteristics of the flow region make it possible to write down three more 
equalities 

[ ]Re (1) ( 1) ; Re ( ) ( ) ; Re ( ) ( 1) .1 2 4 2 3 2l f f A l f a f a A l f a f A= − − ⋅ = − ⋅ = − − ⋅        
  

Given that ,=A h απ  and introducing new notations , ,1 1 2 2 3 3= = =l h l l h l l h l  we get three 

equations that are missing to determine the five mapping parameters aj , j=1,2,…5 

[ ]Re (1) ( 1) 0 ;1− − − =f f l απ  (38)  

Re ( ) ( ) 0 ;4 2 2− − =  f a f a l απ  (39)  

Re ( ) ( 1) 0 .2 3− − − =  f a f l απ  (40)  

Now it is necessary to solve a system of five nonlinear equations (35), (36), (38)-(40) with respect to 
five mapping parameters. The main difficulty in solving this system by the Newton method is the ordering of 

parameters: 

1 2 3 4 51 1a a a a a− < < < < < <
   

The point is that the method iterations regularly violate this ordering. To preserve it, we use the technique 
proposed in [18] (see also [19]). We introduce new variables 

0 6
1ln , 1, 5 , 1, 1.

1

a ai ib i a ai a aii

− −= = = − =
−+

 (41)  

We turn the last equalities to variables ai, for this we solve the following system of linear equations with 
a tridiagonal matrix 

( ) 01 1 ,
bia a e a ai ii i− − − =− +  where 1, 5.i =    

Solving this system of equations in the Mathematica package, we obtain 
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1 2 5( , , , ) , 1, 5.i ia G b b b i= =

 
(42)  

where functions Gi are built explicitly.  

Now, taking into account equalities (42), we transform the system of equations (35), (36), (38)–(40), 
solving which we find the mapping parameters. Note that variables bi are unordered, but any set of them gives 
an ordered set of variables ai . When applying the Newton method to the transformed system, the zero values 
of variables bi were simply chosen as the zeroth approximation, and the iteration process was always 
converged. 

Thus, we have an opportunity to construct a function 

( ) ( ) ln( ) ln( )51
3

f t F t dt t a t a t
t a

β
= = α − − α − − +∫

−
 

  

and conformal mapping  

( ) ( ) ( )1z t A f t f= − −    
(43)  

Now we calculate the adjoined flow rate through the slotted openings in the walls of duct. In the parametric 
plane, we have sources at points A1 (t = a1), A3 (t = a3), A7 (t = ∞) and stock at point A5 (t = a5). The complex 
potential w iφ ψ= +  of such a flow will be equal to 

2
5

2
1 3

( )1ln( ) ln( ) ln( ),
q q qq q

w t a t a t a
π π π

+ +
= − − − + −  (44)  

where ϕ, ψ are potential and function of flow, q1 and q2 are flow rates through the corresponding slotted 

openings, q = v∞h is the transit flow rate. We find the derivative 

1 2 2

1 5 3

.
( ) ( ) ( )

q q q qdw q

dt t a t a t aπ π π
+ +

= − +
− − −

   

At points A0, A2 velocities are limited and therefore dw/dt, dw/dt = 0. We solve the system of equations 

1 2 2

1 5 3

1 2 2
2

2 1 2 5 2 3

( 1) 0 ;
( 1 ) ( 1 ) ( 1 )
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( ) ( ) ( )

q q q qdw q
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π π π

+ + = − = − + = − − − − − −


+ + = = − + =
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with respect to q1 and q2. As a result, we obtain 

3 1 5 1 3 3 2 1 5
1 2

1 2 1 1 2 1 3 5

( )( ) ( 1)( )( )
, .

(1 )( ) (1 )( )( )

q a a a a q a a a a a
q q

a a a a a a a a

− − + − −
= =

+ − + − −
   

Now we can calculate the adjoined flow rate, which we present in the dimensionless form  

3 1 5 1 3 3 2 1 51 2

1 2 1 1 2 1 3 5

( )( ) ( 1)( )( )
.

(1 )( ) (1 )( )( )q

a a a a a a a a aq q
C

q a a a a a a a a

− − + − −+
= = +

+ − + − −
 (45)  

The problem for a viscous fluid was also solved numerically in the Flow3d software package. The 
boundary conditions were formulated in the same way as in Problem 1. The calculation results are presented 
below. 

3. Results and Discussion 
3.1. Hole on one side of the intake duct wall 

During the calculations, we also determined the dimensionless adjoined flow rate Cq and the jet 
contraction coefficient K. Figure 6 shows graphs of the corresponding dependences (19) and (22). Recall that 
the parameters b and c at given values l/h are determined by formulas (24), (28). The dashed line shows the 
graph Cq for the flow, where the flow separation at point A is not taken into account. 
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Comparison of graphs shows that separation of flow reduces the adjoined flow. We also see that the 
jet contraction coefficient tends to 0.5 with an increase in the length of the gap, that is, the flow in the channel 
becomes close to the flow in the Bord nozzle [17]. 

 

Figure 6. Function graphs: 1 – adjoined flow taking into account flow  
separation (solid line), without taking into account flow separation (dashed line),  

2 – jet contraction coefficient, (Cq values obtained  
numerically in the Flow3d program are shown by circles). 

Using the mapping formula (29), the streamlines’ coordinates in the physical plane are determined. 
Similarly, the intake flow streamlines are constructed, but a semicircle of small radius Cb is constructed around 
point B (t = b). Figure 5a shows the streamlines constructed in the described way for various values of l/h. 

 

Figure 7. Flow lines near the hole in one wall of the duct: a – analytical solution in NDSolve program 
of Mathematica software, b – numerical solution in the Flow3d program 

3.2. Double-sided intake panel element 

Figure 8 presents a graph of dependence of Cq
 on the device geometry. Minimum of Cq is achieved for 

opposed openings. As the gap between the slots increases, the adjoined flow tends to a constant value. 
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The intake rate is minimal with the opposite arrangement of openings, with an increase in the spacing it 

increases. Starting from a distance 3 2,=l  it reaches its maximum value and then remains constant. That is, 

it can be argued that at 3 2>l  the mutual influence of the openings disappears. 

 

Figure 8. The graph of dependence of the adjoined flow from  
the spacing between openings 1 2= 1, = 0.5l l . 

Knowing the complex potential (44) and the conformal mapping formula (43), we can further construct 
the flow streamlines in the physical domain. Figure 9a shows the flow map for different locations and sizes of 
slot openings. 

 

Figure 9. Flow streamlines in openings on opposite walls of the duct:  
a – analytical solution in the NDSolve program of Mathematica package,  

b – numerical solution in the Flow3d program. 

The intake rate is minimal with the opposite arrangement of holes, with an increase in the spacing it 

increases. Starting from a distance 3 2,=l  it reaches its maximum value and then remains constant. I.e. it 
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can be argued that with 3 2>l  the mutual influence of the cracks disappears. Considering the complex 

potential (44) and the conformal mapping formula (43), we can further construct the flow streamlines in the 
physical domain. In Figure 9a a flow pattern for different locations and sizes of slit openings is shown. Pictures 
of flows constructed by Flow3d software package are shown in Figure 9, b.  

The results of calculating the attached flow are shown by dots in Figure 8. We can state the accordance 
between analytical and numerical calculations  

The numerical method allows to obtain more physics of the flow and, in particular, determines the 
geometry of the stagnant zone formed when the flow is cut off from sharp edges. Within the framework of the 
used analytical model, the shape of the stagnant zone is not determined. 

The problem was also solved numerically in the Flow3d software package. The boundary conditions 
were formulated in the same way as in Problem 1. The flow maps constructed using the Flow3d software 
package are shown in Figure 9, b. The results of calculating the adjoined flow are shown by dots in Figure 8. 
We can state a good agreement between analytical and numerical calculations. 

The numerical method allows one to obtain a more physical picture of the flow and, in particular, it 
determines the geometry of the stagnant zone formed when the flow is cut off from sharp edges. Within the 
framework of the used analytical model, the shape of the stagnant zone is not determined. 

4. Conclusions 
In the work, the velocity field created by the action of the slotted hole on the duct wall, as well as at the 

intake panel with a two-sided arrangement of slotted holes, is analytically and numerically calculated. In the 
framework of the inseparable and detached models of potential ideal fluid flows, equations for the flow stream 
lines are obtained. The flow patterns are compared with the results of numerical calculations performed for a 
viscous fluid. The intensity of absorption is determined depending on the width of the slit and the flow rate. 

Important results have been obtained that can be used in the design of air duct systems: 

• the flow rates of air entering through the slots in the walls of the duct are determined, depending on 
their width, relative position and transit flow value; 

• current flow lines are constructed; 

• it was found that the intake intensity is minimal with the opposite arrangement of slots; 

• The shape and size of the stagnant zones are determined numerically. 

It should be noted that the qualitative patterns of the flows obtained by analytical and numerical methods 
are slightly different, since the flow model underlying the analytical calculation does not imply that the 
boundaries of the stagnant zone are closed on the duct wall. The values of the attached flow, determined 
analytically and numerically, practically coincide. 

The results of the experimental determination of the flow characteristics and the intensity of absorption 
through the openings for the considered geometric situations are being prepared for publication. In particular, 
Figure 10 shows photographs of the boundaries of the separation zones at the middle suction inlet in a 
rectangular duct at l/h = 0.32. The experiments were run by Ph.D. Ziganshin A.M. in the laboratory of Kazan 
State University of Architecture and Engineerin (KSUAE). 

 

 Figure 10. Boundaries of the separation zones at the middle intake hole  
in a rectangular duct at l/h = 0.32 at different velocity of the transit flow. 
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Abstract. This paper aimed to investigate the mechanical and durability properties of basalt fiber reinforced 
pumice lightweight concrete (BPLC) containing nano ground calcium carbonate (GCC). GCC was utilized as 
ordinary Portland cement replacement material at the percentages of 5 %, 10 %, 15 %, 20 % and 25 %, and 
basalt fibers with the 6 mm length were added in two contents of 0.5 % and 1 % by volume. The experimental 
results showed that GCC added mixes had lower mechanical strength results at the early ages; however, 
comparable strengths with the reference mixes at later ages. The addition of GCC addition also resulted in 
decreased water absorption, sorptivity and increased magnesium sulphate resistance compared to the reference 
lightweight concrete. Basalt fiber utilization enhanced the mechanical properties of the BPLC, but fiber inclusion 
lessened the fresh concrete properties. With respect to the enhanced material properties and less cement usage 
with produced BPLCs, it can be suitable for the green concrete block production industry. 

1. Introduction
Lightweight concrete has been widely used in several parts of the construction industry such as masonry 

concrete block and wall panel productions due to its low density and thermal conductivity, and high strength 
to density ratio [1]. However, some disadvantageous properties have been also reported such as brittleness, 
lower mechanical strength and crack forming at early ages [2]. The application of lightweight concrete reduces 
the structural loads and the cost of the structural elements production. For this reason, it is widely preferred 
for the structures constructed in seismic zones [3, 4]. Portland cement containing lightweight concrete are 
traditionally produced with lightweight aggregates such as diatomite, perlite, pumice (from natural sources), 
and recycled clay bricks (recycled sources) in many researches [5–7]. Construction industry requires new 
developments due to increased needs, therefore fiber additions [8, 9], nano additives [10] have become 
significant solution to these increased needs.  

The reinforcing fiber inclusion to the lightweight concrete mixes has been reported in many experimental 
studies. Fiber is used in order to enhance the fresh and hardened state behaviour of the concrete. Many types 
of the lightweight concrete have been developed to investigate the behavior differences that can be attributed 
to the fiber types (steel, carbon, etc.) and their lengths [11, 12].  

Due to the environmental reasons, the demand for the cement replacement material to formulate 
environment friendly and economical concrete is rapidly growing. Therefore, many researches have been 
focused on cement replacement materials and alternative binding materials [13, 14]. Utilizing cement 
replacement materials such as GCC may enhance the strength and the cohesiveness of the concrete mixes 
or mortars. Nano GCC is widely used for filling the structural gaps in the microstructures and providing bleeding 
and shrinkage mechanism control [15].  

The tensile strength property of the concrete mixes can be significantly improved with the inclusion of 
fibers. The cost of the fibers can be reduced by adding cheaper synthetic fibers compared to the metal fibers 
[16]. Basalt fibers are one of the environments friendly and high-performance fibers, and it has been widely 
utilized in many researches [17, 18]. These types of fibers can improve the flexural strength and toughness 
properties of the cement based composite materials [19]. Basalt fiber is also preferred due to its positive impact 
on corrosion resistance, high tensile strength [20]  
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As it is widely known compressive and flexural strength of concrete is vitally important. Furthermore, 
sorptivity, dry bulk density, water absorption, setting times and sump test results are also included. In terms 
of containing two materials namely fiber and grand calcium, this study is unique. 

It is reported by many researcher that fiber addition, especially steel, carbon and polypropylene fibers 
inclusion to the lightweight concrete mixes improved the material properties such as modulus of elasticity, 
abrasion resistance, freeze-thaw resistance, drying shrinkage and porosity [21, 22]. Among all fiber types, 
carbon fiber are commonly utilized due to its superior contribution to the composite materials such as high 
strength, good stability and good bonding behavior with the cement; however, its high cost limits the application 
of carbon fiber reinforced concrete [23]. Basalt fiber is also used as an eco-friendly and high-performance fiber 
in the research of fiber reinforced concrete materials. Basalt fibers can enhance the both compressive and 
flexural strengths, and toughness together with the fracture energy in the cement matrix composite 
applications [24]. Basalt fibers are also have a better binding performance with the cement due to its similar 
chemical properties with cement, and it is cheaper compared to the other widely used fibers in civil engineering 
researches [25]. Basalt fibers have many times greater tensile strength than steel fibers, and it has been widely 
used as small pieces during the mix design of concrete composites in civil engineering applications [26]. Steel 
and polypropylene fibers addition to the lightweight concrete mixes has been widely researched, and different 
results reported due to the variety of the examined parameters. In most cases, positive influences [27–29] 
have been reported for the strength improvement of the cementitious composites. However, very limited 
literature exists for the basalt fibers on the lightweight concrete composite production. The researches into 
basalt fiber added conventional concrete were generally focused on the mechanical properties of the 
composites. Those research results indicate that basalt fibers addition up to 0.5 % by volume was beneficial, 
and optimum fiber dosage can vary significantly according to the types of the concretes [17, 30, 31]. Primary 
benefit of basalt fiber addition can be evaluated as a shift from a brittle failure behavior to more ductile one for 
conventional concrete mixes under compressive loads [31]. And literature suggest that basalt fiber addition 
can significantly increase the tensile strength of concrete [32]. Basalt fiber inclusion has also been shown to 
increase toughness of the concrete; however, it is difficult to assess the relative benefits since different test 
methods were applied [33]. 

Portland cement is one of the fundamental components of the mortar, grout and concrete production. 
Approximately, 5.78 GJ of thermal and 138 kWh of electricity energies are consumed intensively during the 
production of one ton of Portland cement [34]. Cement production is also responsible for the release of 
significant amount of CO2 emissions. It was estimated by International Energy Agency (IEA) that CO2 
emissions during the cement production could be reduced by 18 % compared to the current levels by 2050 
[35]. There are many ways to reduce the carbon footprint of the cement production such as carbon capture 
and storage, improving thermal and electric efficiency, clinker substitution and reducing usage of cement 
amount in construction industry. By product materials such as silica fume, fly ash and slags are daily used 
in the production of concrete as cement replacement materials [36]. In addition, many researches have 
been conducted focusing on the potential usage of minerals as cement supplementary materials [37–40]. 
GCC have typical particle size comparable to Portland cement. Nano GCC is generally utilized as mineral 
filler in concrete mixes [41]. Increased early strengths were obtained in many studies by replacing cement 
with the nano GCC, however, high dosage GCC inclusion as cement supplementary material in concrete 
can be resulted in reduced strength [15, 42]. The reactivity of the nano GCC depends on its surface area, 
andmsmaller particles provide more surface are for the reaction with the C3A [43]. GCC has small grinding 
energy consumption compared to the other supplementary materials due to its low hardness [44]. 

Available experimental results from the literature review revealed that the use of basalt fiber in pumice 
lightweight concrete containing nano GCC cannot be considered as sufficient. Reported research results 
reflect many dissimilarities due to variety of examined parameters. This study aims to discover mechanical 
and durability properties of basalt fiber reinforced pumice lightweight concrete containing nano ground calcium 
carbonate. Compressive and flexural strength tests were carried out within the scope of the study. This study 
also aims to enrich available experimental data in the literature on the pumice lightweight concrete production 
in order to reach a better understanding of its behavior. 

2. Methods 
2.1. Materials and Mixture Design 

The materials used in this study are Fine Aggregates (FA), Pumice Aggregates (PA), Basalt Fibers (BF), 
commercially available nano GCC (Betocarb® F) and CEM I 42.5 R Cement. Particle size distribution of and 
physical properties of the blended aggregates are given in Figure 1 and Table 1, respectively. 

BFs with the length of 6 mm were used in the experimental study. The technical properties of the BF 
are summarized in Table 2. Polycarboxylic based hyper plasticizer was utilized in all mixtures at the amount 
of 1.25 % of cement by weight. 
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Figure 1. Particle size distribution of mixture and Fuller curve. 

Table 1. Physical properties of the aggregates. 
Aggregates Particle size (mm) Particle density (g/cm³) Los Angeles abrasion loss (%) 

Fine aggregate(FA) 0–4 1.071 – 
Pumice Aggregate(PA) 2–12 0.395 70.9 

Table 2. Physical and chemical properties of the BF. 
Technical property 

Elasticity module, MPa 90 
Tensile strength, MPa 4832 
Melting point, C° 1452 
Application temperature, C° –220/+980 

Chemical composition Percentages (%) 
SiO2 51.2–58.9 
Al2O3 14.5–18.2 
Fe2O3 5.7–9.6 
MgO 3.0–5.4 
FeO + Fe2O3 9.2–14.0 
TiO2 0.8–2.25 
Na2O + K2O 0.8–2.25 
Others 0.08–0.14 

Material properties of cement and Betocarb® F are presented in Table 3. It can be clearly seen from the 
chemical composition of the materials (Table 2 and 3) that BF and cement have similar very similar chemical 
properties, and this similarity can be resulted in good bonding mechanism among these materials [25]. 

Table 3. Material properties of cement, PA and Betocarb® F. 

Chemical composition (%) &Physical property Cement PA Betocarb® F 
Fe2O3 3.52 1.5 3.19 
CaO 60.21 0.2 11.77 
SiO2 20.19 75.84 61.14 
MgO 2.32 0.4 2.43 
SO3 2.61 0.5 – 

Al2O3 4.32 12.54 7.42 
Free CaO, % 1.7 – – 

Loss on ignition 2.85 5.63 4.6 
Specific gravity 3.12 1.05 – 

Specific surface (cm2/g) 3,618 – >30,000 
Blue value – – <3 

d50 % – – 3 

Table 4 summarizes the mix design and material proportions. Mixtures were prepared with a pan mixer 
and its capacity is 60 L. The mixer rate was kept constant as 250 r/min in order to prevent the BF breakings. 
16 lightweight concrete mixes were designed within the scope of this study. The blends were coded in line 
with the nano GCC addition and BF contents. “R” defines reference mix with no GCC inclusion and any BF 
content. Other mixes were coded as “PCx-y”, where “x” represents the changed ratio (%) of nano GCC by 
cement by weight, and “y” defines the BF inclusions (%) by volume of the concrete. 
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Table 4. Mixture proportions of lightweight concrete specimens (kg/m3). 

Mixture code Cement (kg) GCC (kg) FA (kg) PA (kg) Water (kg) BF (Vf, %) Superplasticizer (kg) 

R 170 0 775 416 78 0 2.55 

PC5 161.5 8.5 775 416 78 0 2.55 

PC5-0.5 161.5 8.5 775 416 78 0.5 2.55 

PC5-1 161.5 8.5 775 416 78 1 2.55 

PC10 153 17 775 416 78 0 2.55 

PC10-0.5 153 17 775 416 78 0.5 2.55 

PC10-1 153 17 775 416 78 1 2.55 

PC15 144.5 25.5 775 416 78 0 2.55 

PC15-0.5 144.5 25.5 775 416 78 0.5 2.55 

PC15-1 144.5 25.5 775 416 78 1 2.55 

PC20 136 34 775 416 78 0 2.55 

PC20-0.5 136 34 775 416 78 0.5 2.55 

PC20-1 136 34 775 416 78 1 2.55 

PC25 127.5 42.5 775 416 78 0 2.55 

PC25-0.5 127.5 42.5 775 416 78 0.5 2.55 

PC25-1 127.5 42.5 775 416 78 1 2.55 

2.2. Sample preparation and testing 

The effect of BF addition and replacing cement with nano GCC was investigated by physical, 
mechanical and durability laboratory tests. Spread diameters of the blends were evaluated by slump test. 
Slump test were repeated three times with 20 min (first test time includes mixing duration) intervals in order to 
determine slump losses. Setting times of the specimens were determined according to the requirements of BS 
EN 196-3 [45]. Physical test includes the measurements of sorptivity, bulk dry density and water absorption. 
And mechanical test were flexural strength test and compression tests. All physical, durability and mechanical 
tests were conducted at 7, 28, 90 and 180 days.  

Bulk density and water absorption of the specimens were recorded according to the requirements of 
ASTM C 642 [46]. The disc specimens (Ø100/50) were prepared and initially oven dried at 105 °C and cooled 
in room temperature and their weight were recorded (W1). Following this process, the specimens were boiled 
for 5 hours in a container and left in the container for a natural cooling process. Then boiled surface dried 
mass of the specimens were recorded (W2). Mass of the specimens after the boiling and immersion processes 
were recorded as W3. Bulk dry density (Bdd, kg/m³) and water absorption (Wa, %) of the concrete mixes were 
determined by Equations (1) and (2), respectively: 

Bdd = W1/(W2- W3); (1)  

Wa = [(W2 – W1)/ W1] x 100. (2)  

Sorptivity test was recorded according to the ASTM C 1585 [47]. Disc specimens (Ø100/50) were 
isolated with paraffin material as per the requirements of the standard. The mass of the specimen was 
measured at 7, 28, 90 and 180 days. 

Compressive strength test was conducted on Ø150/300 mm cylindrical specimens according to the 
ASTM C 469 standard [48]. Flexural strength tests were performed on 100×100×500 mm specimens as per 
the requirements of EN 14651 [49]. Prismatic specimens were notched before the test procedure according 
to the EN 14651 standard at their mid-span width. 

Lightweight concrete blocks are widely used in the animal shelters; therefore, it is of great importance 
to evaluate the acid effect on concrete blocks. Magnesium sulfate attack effect on concrete specimens was 
evaluated with compressive strength change. Two groups of specimens were prepared during the test. One 
group was kept curing in water, and the second group was exposed to magnesium sulfate concentration of 
10 % in a separate container. Magnesium sulfate concentration was renewed every 20 days till the end of the 
test time (180 days). Compressive strength changes of the two groups were recorded at 7, 28, 90 and 180 
days. 
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3.  Results and Discussion 
3.1. Fresh concrete properties 

Slump and setting time test results are presented in Figure 4 and 5, respectively. Effects of nano GCC 
addition on slump tests are shown in Figure 4. Nano GCC inclusion up to 20 % by weight increased the spread 
diameter of the mixes. This can be attributed to the irregular shape of nano GCC particles (Figure 2).These 
results also show that nano GCC replacement by more than 20 % of the cement weight had very adverse 
effects on concrete workability, and this effect should be taken into consideration well when aiming to utilize 
such mixes for long term slump preservation behaviors. In addition, the negative impact of the presence of PA 
on the workability should not be neglected, since it has a porous microstructure (Figure 3). 

Increasing the BF reduces the slump flow diameter of the produced concrete mixes as seen in Figure 4. 
BF utilization in concrete mixes generally result in slump decreases [50]. This situation can be explained as 
the extra cement paste and mixing water consumption of BFs and increase in the friction of coefficient between 
cement and BF during the mixing process. Slump test results were obtained in parallel with the previously 
conducted studies [30, 51]. Figure 4 also shows that all mixture kept their plasticity and cohesive behavior at 
60 min. 

BF and nano GCC addition negatively affected the setting times of the concrete mixes as shown in 
Figure 5. The results indicated a slower hydration process compared to the reference paste. In other words, 
slow hydration process means of releasing less heat during hydration reactions [52]. Therefore, BF and nano 
GCC added blends at specific ratios can be beneficial in mass concrete construction. 

 

Figure 2. SEM images of GCC particles. 

 

Figure 3. SEM images of PA particles. 
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Figure 4. Slump test results. 

 

Figure 5. Setting times of the concrete mixes. 

3.2. Physical properties 

Water absorption and bulk dry density of the concrete mixes at 7, 28, 90 and 180 days are presented 
in Figure 6 and 7, respectively. Figure 6 show that water absorption rate of the all pumice concrete mixes are 
gradually reduced at later ages. Water absorption rates of the specimens vary between 20.54 % and 22.24 % 
at 7 days. PC10-1 had the minimum value. Nano GCC and BF addition both lowered the water absorption 
ratio ay 7 days. This can be attributed to filling of void volumes by BF and GCC particles. Water absorption 
rates of the mixtures continued to decrease at 180 days, where PC10-1 had the lowest value as 12.28 %. It 
can also be noted that BF inclusion increased the water absorption rate compared to the mixtures having 
same nano GCC content.  
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Figure 6. Water absorption test results. 

Dry bulk density test results of the concrete mixes are given in Figure 7. Density values are increased 
with the curing time and, highest dry bulk density values were obtained at 180 days. Nano GCC addition 
increased the dry bulk densities compared to the reference mix. BF reinforced mixes indicated slightly lower 
values than the only GCC added mixes on every experimental set up. 

Sorptivity test results of the concretes are given in Figure 8, where it can be noted that sorptivity values 
decreased with the increasing curing time. Lowest value obtained at 180 days, and BF and GCC addition both 
decreased the sorptivity of mixes compared to the reference mix. 

 
Figure 7. Dry bulk density test results. 

In most cases, denser microstructure and lower absorption test results were obtained during the 
physical property tests. It can be expected positive contributions to the concrete durability according to the 
test results. The improvement in physical properties of the BPLC can be clarified by filling of voids by nano 
GCC and BFs. Nano GCC acted as inert mineral filler as stated in previously concluded researches [53, 54]. 
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Figure 8. Sorptivity of concretes. 

3.3. Mechanical properties 

The average compressive strength test results are presented in Figure 9, where nano GCC addition up to 
10 % and BF inclusion increased the test results compared to the reference mix. GCC addition was contributed 
to early strength development of the specimens. The compressive strength values of the mixes containing more 
than 10 % replaced cement, reduced at all ages. This can be attributed to high GCC content and the dilution 
effect. Adding certain amount of GCC could be reacted with aluminate phases in the cement, and this reaction 
can produce more ettringite which as a larger volume than other hydration products. As a result, denser concrete 
microstructure can be formed, and this situation leads to better strength properties.  

BF reinforced specimens indicated better compressive strength performances compared to the other 
specimens. Especially, it was also found that BF addition of 1 % of volume showed the best compressive strength 
test results. Many researches highlighted that basalt finer usage up to 0.5 % by volume provides better results [55]; 
however, test results according to the used fiber content notably varied in terms of produced concrete types [18]. 

 

Figure 9. Compressive test results. 
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Figure 10 presents the flexural test results of the lightweight concretes. Flexural strength values increased 
with the increase in BF content of the concrete specimens. Mixes containing more than 10 % of replaced cement 
content showed lower performance than other mixes. In addition, a gradual increase with the curing time was also 
observed. Specimen PC10-1 showed the best flexural performance compared to the other specimens.  

 
Figure 10. Flexural test results. 

3.4. Magnesium sulfate resistance 

Sulfate resistance of concrete has great importance in the concrete production focused literature studies 
[56]. It was also noted that magnesium sulfate attack can be resulted in the transformation of C-S-H gel to a 
non-cementitious M-S-H gel (Equation (3)) [57].  

3 MgSO4 + 3 CaO 2SiO2 3 H2O + 8 H2O → 3 (CaSO4 2 H2O) + 3 Mg(OH)2 + 2SiO2 H2O [58]. (3)  

In this research, concrete behavior against magnesium sulfate was determined by compressive strength 
changes of mixes at 7, 28, 90 and 180 days. Magnesium sulfate effect increased with the exposure time as 
seen in Figure 11. The most deleterious sulfate effect was observed on the reference mix at both ages. 
Contrary, GCC and BF addition to mixes (except PC25, PC25-0.5 and PC25-1 specimens) improved the 
behavior of concretes against sulfate solution. PC10-1 and PC5-1 specimens showed the lowest compressive 
strength losses compared to the other mixes as 25.24 % and 25.98 % at 180 days, respectively. This value 
was obtained as 37 % for the reference specimens.  

The overall magnesium sulfate resistance test results indicated that the replacement of cement with 
certain amount of nano GCC (up to 10 %) had very significant effect on the concrete in terms of durability 
properties. BFs addition up to 1 % of volume also contributed to enhance the sulphate attack resistance by 
filing up voids in the concrete structure. More impermeable and low carbon footed BPLC specimens were 
produced within the scope of this study. 

4. Conclusion 
In this paper, the influences of utilizing nano GCC as cement supplementary materials on the BF 

reinforced lightweight concrete mixes were examined. The main conclusion of this research can be drawn as 
follows: 

1. Nano GCC replacement with cement up to 20 % increased the slump value of the concretes with no 
BF content. BF reinforced concrete mixes spread diameter values decreased with the increasing BF content. 
BF and nano GCC content contributed concrete mixes to preserve their plasticity and cohesive behavior up to 
60 min, in some cases. However, both GCC and BF inclusion increased the setting times of the mixes. 

2.  Utilizing GCC as cement supplementary materials and BF reinforcement resulted in lower 
absorption rates and sorptivity with the increasing time compared to the reference mixes. 

3. The addition of BF up to 1 % of concrete volume and GCC inclusion up to 10 %, as expected, 
increased the both early and late age strength properties of concrete. Especially, early strength properties 
were enhanced with the addition certain amount of nano GCC. 
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Figure 11. Magnesium sulfate attack effects on compressive strength of concretes. 

4. Magnesium sulfate resistance of concretes improved with prepared mixes. PC10-1 and PC5-1 
specimens showed the best performance against sulfate attack. 

5. In this study, BF and GCC additions to blends in certain amounts improved the durability, fresh state 
and mechanical properties of the concretes. Produced BPLC mixture design can be considered for lightweight 
concrete block industry, since pumice is abundant in Turkey. 
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Abstract. In the last two decades, using of Carbon Fiber Reinforced Polymers (CFRP) in strengthening of 
deficient reinforced concrete structural elements has been increased due to their ease of installation, low 
invasiveness, high corrosion resistance, and high strength to weight ratio. Strengthening damage structures 
is a relatively new technique. The aims of this study is to investigate the effectiveness of using CFRP to regain 
shear capacity of shear-deficient reinforced concrete (RC) beams after being damaged by thermal shock. 
Firstly, a novel Nonlinear Finite Element Analysis (NLFEA) model is created and validated. Then, Ten RC 
beams (100×150×1400 mm) have been constructed and divided into two groups to scrutinize the effect of 
CFRP strip number and thermal shock impact. The performance of each beam was evaluated in terms of 
failure mode, CFRP strain, load-deflection behavior, ultimate deflection, ultimate load capacity, elastic 
stiffness, toughness, performance factor, and profitability Index of the CFRP Strips. Load carrying capacity 
and stiffness of RC beams decreased about 68 % and 71 %, respectively, as compared with reference un-
damaged beam. Strengthening the thermal damaged RC beams allowed recovering the original load carrying 
without achieving the original stiffness. Strengthened beams with fully CFRP plates regained the original load 
capacity with a corresponding stiffness from 79 % to 105 %, respectively. Finally, the enhancement 
percentage increased with the increase of bonded area or number of CFRP strips and these percentages 
sharply dropped for damaged beams. 

1. Introduction
Flexural and shear are the main failure modes of RC beams. Shear failure of RC beams is classified as 

brittle and occurs unexpectedly without any warning while the flexural failure is ductile. Therefore, it is a 
necessity to make sure that the shear design of RC beams must be safe in order to develop their full flexural 
capacity. Unfortunately, many of existing RC beams suffering shear deficiencies due to construction faults, 
poor construction practices, mistakes in design calculations, changing in structure function, improper detailing 
of shear reinforcement and steel corrosion. Elevated temperatures cause severe damage for reinforced 
concrete (RC) structures, such as RC beams. RC beams have been reported to loss strength and stiffness 
with relatively large permanent deformations because of exposure to high temperatures [1]. These harmful 
effects could be attributed to the deterioration of mechanical characteristics of concrete and steel rebars and 
the redistribution of stresses within the beam due to the elevated temperatures [2–17]. Currently, the most 
commonly used technique to repair the heat-damaged RC beams is using carbon fiber reinforced polymer 
(CFRP) composites. These sheets are advanced materials that can be easily applied on the structures and 
characterized by outstanding mechanical and corrosion resistance characteristics. Various studies were 
performed to investigate the flexural behavior of RC beams wrapped with CFRP. The results showed that 
externally bonded carbon FRP (CFRP) sheets and laminates has the ability to enhance the flexural behavior 
of the beams and recover, to certain limit, the flexural strength of heat-damaged beams. Strengthening level 
or recovery depends on several factors such as degree of beam’s damage, geometry and type of fiber sheet, 
CFRP layers number, and the resin’s type and properties [18–33]. 

Reinforcing concrete structures are often subjected to cycles of heating–cooling such as in chimneys, 
concrete foundations for launching rockets carrying spaceships, concrete near to furnace, clinker silos and 
nuclear power plants, or those subjected to fire then extinguished using water. Temperature cycles are critical 
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to the stability of concrete structures and require considerations upon design [34, 35]. As well stipulated, the 
mechanical properties of concrete are preserved for exposure temperatures below 300 °C, yet are decreased 
considerably as temperature exceeds 500 °C. Additional damage results from rabid cooling such as in the 
case of distinguishing of fire with cool water due to creation of temperature gradient between concrete core 
and its surface. This results in tensile stresses on the concrete surface that are high enough to crack concrete 
and this considered as another source of damage results from incompatible expansion and contraction of 
aggregate and surrounding cement paste. The magnitude of damage is influenced by many factors such as 
the size of concrete members, the type of cement and aggregate, the concrete moisture content and the 
predominant environmental factors, Those are represented in heating exposure time and rate, type of cooling, 
and maximum temperature attained [36]. 

The shear deficient Reinforced concrete (RC) beams may be externally strengthened with bonded fiber 
reinforced polymer (FRP) composites through bonding on their sides only, U jacketing, or complete wrapping. 
Debonding and FRP rupture are the main shear failure modes of strengthened beams with FRP [37–46]. 
Different types of materials and techniques were used in strengthening and retrofitting of existing concrete 
structures such as steel plates bolting, reinforced concrete jackets, pre-stressed external tendons, and most 
recently FRP composite which has been used on a large scale in different countries. FRP composites have 
many advantages over conventional methods represented in ease of application, high strength-to-weight ratio, 
excellent mechanical strength, and good resistance to corrosion, especially that most structures are damaged 
due to dynamic loads, corrosion of steel, and freeze-thaw cycles [46, 47].  

In the construction industry, there is growing attention of using effective external strengthening 
techniques such as bonding of CFRP composites onto the external deficient faces of the structural members 
due to their ease of installation, low invasiveness, high corrosion resistance, and high strength to weight ratio. 
As a result, the center of consideration of the majority of previously published studies was either only on the 
impact of fibers on the structural behavior of reinforced concrete elements or using CFRP composite as 
external strengthening for flexural or shear. The intent was to arrive at the vital CFRP strengthening technique 
that provides an effective increase in the shear strength while maintaining ductile failure mode. Therefore, 
essential issues to produce effective, economical, and successful CFRP strengthening were needed. Also, 
exposure of such beams to thermal shock due to any of the reasons described earlier would aggravate the 
weakness of the high shear zone that unless otherwise strengthened would cause imminent shear failure. 
External strengthening with CFRP composites have established itself as an efficient method for strengthening 
of deficient beams in regaining shear strength, especially when concrete is thermally damaged, has not been 
well established. The scientific problem considered in the study is indeed one of the problems in the modern 
theory of deficient reinforced concrete shear beams. A lack of literature regarding behavior of shear deficient 
beams damaged by thermal shock necessitated conducting the present investigation.  

2. Methods 
Nonlinear finite element analysis (NLFEA) is an effective and important tool in the analysis of complex 

structures. The main benefits that NLFEA include: 1) substantial savings in the cost, time, and effort compared 
with the fabrication and experimental testing of structure elements; 2) allows to change any parameter of 
interest to evaluate its influence on the structure, such as the concrete compressive strength; 3) allows to see 
the stress, strain, and displacement values at any location and at any load level. Twenty-six full-scale models 
strengthened using CFRP are developed to carry out different investigated parameters. 

2.1. Experimental Work Review 

The validation process of the finite element model is based on the experimental work performed by 
Haddad and Al-Rousan [48]. Four high strength reinforced concrete (RC) beams (100×150×1400 mm) were 
designed without shear reinforcement in the shear region. Stirrups were placed only within the constant 
moment region to allow easier positioning of flexural reinforcement and to provide improved confinement of 
concrete within the constant moment region, as shown in Figure 1. Steel reinforcement: Grade 60 deformed 
steel bars of 16 mm diameter were used in the tension zone of the reinforced concrete (RC) beams, a steel 
bars of 12 mm diameter used as top steel reinforcement, and 8 mm diameter bars were used for stirrups. 
Unidirectional plates and sheets at a thickness of 1.4 and 0.17 mm and a width of 50 and 500 mm, 
respectively, were used in repairing of thermally damage RC beams. The tensile strength, modulus of 
elasticity, and strain at failure for CFRP plate and sheet are (3900 MPa, 2700 MPa), (230000 MPa, 
165000 MPa), and (1.5 % and 1.4 %), respectively. RC beam specimens were subjected to heat at 500 °C 
for about two hours using the electrical furnace before immersion inside the water. Figure 1 shows the 
configuration of different repair techniques. The RC beams were tested under four-point loading, as shown 
in Figure 1. The span between the supports was 1300 mm and the distance between two point loads was 
300 mm. Table 1 shows the Failure load, maximum CFRP strain, and modes of failure from the tested [48] 
and NLFEA.  
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Figure 1. Setup and reinforcement details of the beams [48]. 

Table 1. Failure load, maximum CFRP strain, and modes of failure.  

Specimens Test/NLFEA Ultimate Load (kN) δu (mm) Maximum CFRP strain (εmax) Failure Mode 

BC 
Experimental 35.2 5.94 N.A DS 

NLFEA 35.6 4.72 N.A DS 

BC-TD 
Experimental 11.3 4.13 N.A DS 

NLFEA 11.3 4.48 N.A DS 

BS-VP 
Experimental 31.7 6.09 13270 DS 

NLFEA 32.1 6.23 13274 DS+LDP 

BS-SS 
Experimental 35.9 5.81 11700 DS 

NLFEA 37.3 6.84 14540 DS+LDP 

Note: DS: diagonal shear; LDP Local debonding. 

2.2. Description of Non-linear Finite Element Analysis (NLFEA) 

Concrete is non-homogenous and brittle material and has different behavior in tension and 
compression. SOLID 65 element is capable to predict the nonlinear behavior of concrete materials by using a 
smeared crack approach by ultimate uniaxial tensile and compressive strengths. The average compressive 
strength of the cylinders before and after being damaged by thermal shock were 53.5 and 9.8 MPa, 
respectively, and the average splitting tensile strength of the cylinders before and after being damaged by 
thermal shock were 2.9 and 0.7 MPa, respectively. Poisson's ratio of 0.2 and shear transfer coefficient (βt) of 
0.2 for βt was used in this study. Figure 14(a) shows the stress-strain relationship for unconfined concrete 
which describes the post-peak stress-strain behavior.  

The steel in simulated models was assumed to be an elastic-perfectly plastic material and the same in 
compression and tension. Poisson's ratio of 0.3 and the yield stress of undamaged and damaged beams were 
420 MPa and 0.78fy [49], respectively, as well as the elastic modulus were 200 GPa and 0.6Es [49], 
respectively, were used for the steel reinforcement. Figure 2(b) shows the idealized stress-strain relationship. 
The steel plates were assumed to be linear elastic materials with a Poisson ratio and elastic modulus of 0.3 
and 200 GPa, respectively. The CFRP sheet is assumed to be an orthotropic material 0.17 mm thick, tensile 
strength of 3900 MPa, elastic modulus of 230 GPa, and ultimate tensile strain of 0.0169 as shown in 
Figure 2(c). 
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 (a) (b) 

 
(c) 

Figure 2. Stress-strain curves for: (a) unconfined concrete [48], (b) steel reinforcement [49], and 
CFRP composite. 

The contact area between the concrete and CFRP composite was modeled by a CONTA174 element. 
In this study, the bond stress-slip model between CFRP plates and damaged concrete by thermal shock 
proposed by Haddad and Al-Rousan [50] was used as shown in Figure 3. Figure 4 shows a typical finite 
element meshing of all beams. The total load applied was divided into a series of load increments or load 
steps. Newton-Raphson equilibrium iterations provide convergence at the end of each load increment within 
tolerance limits equal to 0.001 with load increment of 0.35 kN. 

 

Figure 3. CFRP to concrete bond slip model [50]. 
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(a) Control Beam 

 
(b) One CFRP 90° Web strip 

 
(c) Three CFRP 90° Web strips 

 
(d) Five CFRP 90° Web strips 

 
(e) Fully 90° Web sheet 

Figure 4. Typical finite element meshing of the beams. 

2.3. Investigated Parameters 

Figure 4 shows the configuration of different strengthening techniques, where unlike one un-damaged 
control beam (BC-UD) and one control damaged beam (BC-D), and the other eight beams were strengthened 
in shear using CFRP sheets as follows: BS1-UD and BS1-D (undamaged and damaged, respectively) were 
strengthened using one vertical strip (50 mm wide × 0.17 mm thick) on both sides within the constant shear 
zone of 500 mm. BS3-UD and BS3-D (undamaged and damaged, respectively) were strengthened using three 
vertical strip (50 mm wide × 0.17 mm thick), spaced at 100 mm center to center on both sides within the 
constant shear zone of 500 mm. BS5-UD and BS5-D (undamaged and damaged, respectively) were 
strengthened using five vertical strip (50 mm wide × 0.17 mm thick) on both sides within the constant shear 
zone of 500 mm. BSS-UD and BSS-D (undamaged and damaged, respectively) were strengthened using 
sheet to the web sides only (500 mm wide × 0.17 thick) on both sides within the constant shear zone of 
500 mm. A full description of the finite element modeling groups is shown in Table 2. 

Table 2. Investigated parameters. 

CFRP strengthening configuration Un-damaged/ 
Damaged 

Beam 
number 

Group 
Number 

Control beam without strengthening 

Un-damaged 

BC-UD 

1 

One vertical strip (50 mm wide × 0.17 mm thick) on both sides within the constant 
shear zone of 500 mm. BS1-UD 

Three vertical strip (50 mm wide × 0.17 mm thick), spaced at 100 mm center to center 
on both sides within the constant shear zone of 500 mm BS3-UD 

Five vertical strip (50 mm wide × 0.17 mm thick), spaced at 100 mm center to center on 
both sides within the constant shear zone of 500 mm BS5-UD 

Fully sheet to the web sides only (500 mm wide × 0.17 thick) on both sides within the 
constant shear zone of 500 mm BSS-UD 

Control beam without strengthening 

Damaged 

BC-D 

2 

One vertical strip (50 mm wide × 0.17 mm thick) on both sides within the constant 
shear zone of 500 mm. BS1-D 

Three vertical strip (50 mm wide × 0.17 mm thick), spaced at 100 mm center to center 
on both sides within the constant shear zone of 500 mm BS3-D 

Five vertical strip (50 mm wide × 0.17 mm thick), spaced at 100 mm center to center on 
both sides within the constant shear zone of 500 mm BS5-D 

Fully sheet to the web sides only (500 mm wide × 0.17 thick) on both sides within the 
constant shear zone of 500 mm BSS-D 

Note: B: Beam, UD: un-damaged, D: Damaged, S1: one vertical sheet, S3: three vertical sheets, S5: five vertical 
sheets, SS: fully sheet.  
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2.4. Validation Process 

Four beams were simulated to validate the NLFEA of the reinforced concrete beams. The results from 
the experimental and NLFEA were compared in terms of ultimate load, ultimate deflection, and the maximum 
strain induced in CFRP composites. The results obtained from the experimental tests are compared with the 
finite element analysis as shown in Figure 5. Inspection of Figure 5 reveals that the load-deflection curves 
from NLFEA had a good agreement with the experimental ones. Inspection of Figure 6 reflects that the NLFEA 
load-CFRP strain showed a little difference as compared with the experimental curves. Additionally, Table 1 
reflected that the NLFEA can be considered as a mirror of experimental ones in terms of ultimate strength and 
corresponding deflection as well as mode of failure and crack patterns. 

 

Figure 5. Experimental [48] and NLFEA load-deflection curves. 

 

Figure 6. Experimental [48] and NLFEA CFRP strain curves. 
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Figure 7. Typical NLFEA stress contours of undamaged, damaged, and strengthened beams. 

3. Results and Discussion 
3.1. Failure Mode 

The trajectories of the stress obtained from the finite element analysis and modes of failure for control, 
damaged, and different strengthened RC beams are shown in Figure 7. A typical brittle shear failure was observed 
for control and damaged RC beams. The first flexural crack started within the constant moment region. As the load 
increased, cracks extended and additional flexural cracks developed throughout the beam length. An inclined shear 
crack was initiated close to the middle of the shear span. As the load increased, the shear crack propagated towards 
the loading and supporting points leading to a sudden brittle shear failure. Figure 7 shows the typical shear failure 
for control and damaged beams. Table 1 illustrated the cracking characteristics and modes of failure of different RC 
beams. The cracking patterns at failure for beams strengthened with vertical CFRP strips are shown in Figure 7. The 
strengthened beams showed less number cracks and large spacing as compared with control specimen. The flexural 
cracking load for beams strengthened with vertical and inclined CFRP plates were increased significantly to about 
2 times that of control beams. The strengthened beams with fully sheet exhibited an initial flexural crack at the 
constant moment region. With further load increasing, the CFRP sheets rupture in the longitudinal direction of the 
fiber, after that the beam failed suddenly, no crack were visible on the shear span region due to the fully CFRP sheet. 
Also it can be noted that the use of fully CFRP plate was effective to delay the formation of the diagonal cracks and 
to arrest the propagation of the diagonal cracks than vertical CFRP ones. 
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Table 3. Results for all simulated models. 

Group 
Number 

Beam 
number 

Ultimate 
deflection (mm) 

Ultimate 
load (kN) 

Elastic stiffness 
(kN/mm) 

Toughness 
(kN.mm2) 

CFRP strain 

(µε) 
SF DF PF 

1 

BC-UD 4.7 35.6 9.2 95 --- 1.00 1.00 1.00 
BS1-UD 5.8 46.3 9.7 153 12870 1.23 1.30 1.60 
BS3-UD 6.5 52.4 9.8 193 13580 1.38 1.47 2.03 
BS5-UD 7.1 57.0 9.7 230 14360 1.51 1.60 2.42 
BSS-UD 7.9 62.3 9.6 277 15010 1.66 1.75 2.91 

2 

BC-D 4.5 11.3 2.6 27 --- 0.95 0.32 0.30 
BS1-D 5.4 23.1 4.9 69 12270 1.15 0.65 0.74 
BS3-D 5.8 27.3 5.4 87 13050 1.23 0.77 0.94 
BS5-D 6.2 32.1 5.9 110 13630 1.32 0.90 1.19 
BSS-D 6.8 37.3 7.2 152 14540 1.45 1.05 1.52 

Note: SF: strength factor, DF: Ductility factor, PF: Performance Factor = SFxDF, STF: Stiffness Factor, εCFRP is 

the strain in CFRP strips and εfu is the ultimate strain in CFRP strips of 16400 µε.  

3.2. CFRP strain 

Figure 8 shows the typical distribution of CFRP strain through the depth for all simulated beams. 
Inspection of Figure 8 reveals that the tensile stresses develop in the CFRP composites once the diagonal 
crack initiated in the concrete due to shear force. Furthermore, the maximum tensile stresses occurred close 
to the middle of the CFRP composite that intersect diagonal cracking near to the mid height of the beam cross 
section. Also, it is noticed that all simulated beams had CFRP strain below the maximum value of 16400 as 
shown in Table 3 and Table 4 as percentage of CFRP ultimate strain. Inspection of Table 4 reveals that the 
number of CFRP strips had a strong impact on the efficiency of CFRP strips for Group#1 (Un-Damaged) with 
a percentage with respect to ultimate strain of CFRP strips of 78 %, 83 %, 88 %, and 92 % for one, three, five, 
and fully strips, respectively. While, the percentage of Group#2(Damaged) with respect to ultimate strain of 
CFRP strips is 75 %, 80 %, 83 %, and 89 % for one, three, five, and fully stirrups, respectively, and this 
equivalent to 96 % of the Group 1 strains. In pre-cracking (diagonal shear crack) stage, CFRP strain 
development was equal to zero. After the creation of diagonal shear crack (the shear strength exceeds the 
concrete shear strength) within the shear span, the CFRP strain increased rapidly and continued to increase 
until the beam failure as shown in Figure 9. It can be observed that the strain in the CFRP developed at a low 
rate as the bond surface area decrease. Also the results indicated that the beams strengthened with fully 
CFRP sheet had highest impact on the CFRP strain.  

 
Figure 8. Typical CFRP strain versus beam depth. 

 
Figure 9. Typical load-CFRP strain curve. 
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Table 4. Percentage value of investigated parameters respect to control un-damaged beam. 

Group 
Number Beam Ultimate 

deflection (%) 
Ultimate 
load (%) 

Performance factor 
(%) 

Energy 
absorption (%) 

Elastic 
stiffness (%) εCFRP 

1 

BC-UD 0 0 0 0 0 – 

BS1-UD 23 30 60 6 60 0.78εφυ 

BS3-UD 38 47 103 6 103 0.83εφυ 

BS5-UD 51 60 142 6 142 0.88εφυ 

BSS-UD 66 75 191 5 191 0.92εφυ 

2 

BC-D –5 –68 –70 –71 –72 – 

BS1-D 15 –35 –26 –47 –28 0.75εφυ 

BS3-D 23 –23 –6 –42 –8 0.80εφυ 

BS5-D 32 –10 19 –36 16 0.83εφυ 

BSS-D 45 5 52 –22 60 0.89εφυ 

Note: εfu is the ultimate strain in CFRP strips of 16400 µε.  

3.3. Load-deflection behavior 

Table 3 shows the characteristics of the load-deflection curves for control, thermal shock damage, and 
strengthened beams. The characteristics include the ultimate load capacity and the corresponding deflection 
at the mid-span, toughness, and stiffness. The initial stiffness is defined as the slope of linear elastic portion 
of beam at load-deflection curve (k = P/δ). The toughness is defined as the area underneath the load-
deflection curve until ultimate load capacity. The curves of load versus mid-span deflection can be divided into 
three specific regions: a linear elastic region up to first flexural crack, transition region up to the development 
of diagonal shear crack, and a post cracking region up to ultimate beam capacity as shown in Figure 10. 
Inspection of Figure 10 reveals that the load-deflection curve was extensively affected by thermal shock in 
terms of ultimate load, ultimate deflection, toughness, and stiffness as shown before in Table 3. The average 
ultimate load for control undamaged and damaged beams were 35.6 and 11.3 kN, respectively, with a 
percentage of reduction of about 68 %, as well as a reduction of 5 % in the ultimate deflection. In addition, the 
average stiffness for control undamaged and damaged beams were 9.2 and 2.6 kN/mm, respectively, with a 
reduction of 72 %, while the percentage of reduction in toughness was about 71 %. This significant reduction 
in ultimate load of damage beams is due to the reduction in compressive strength. In addition, the larger CFRP 
bonded area showed better performance than those with small CFRP bonded area. 

 
Figure 10. Typical load-deflection curve. 

3.4. Ultimate load capacity and corresponding deflection 

The assessment of beams for load capacity and corresponding deflection shows the excellent 
performance of RC members. For strengthened RC members, deflection and ultimate load capacity can be 
related to the serviceability and ultimate load limit states, respectively, as shown in Table 3. The load capacity 
and deflection percentages are defined as the ultimate load capacity and deflection, respectively, of CFRP 
strengthened beam divided by the ultimate deflection and load capacity of the un-strengthened beam 
(undamaged beam) as shown in Table 4. The deflection indicates how much the strengthened RC beams can 
sustain deformations without failure. The deflection percentage is defined as the ratio of the ultimate deflection 
of the strengthened beam to the ultimate deflection of the control beam (undamaged beam) as shown in Table 
4. Strength ratio also predicts the increase of load that the model can sustain.  
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Figure 11 and 12 show the strength and ductility percentages with respect to un-damaged control beam, 
respectively, for all simulated models. Inspection of Figure 11 reveals that the strength percentage increased 
significantly with the increase of number of CFRP strips. The strength percentage (Figure 11) for Group #1 
beams (Un-Damaged) is 30 %, 47 %, 60 %, and 75 % for beam strengthened with one, three, five and fully 
strips, respectively, with an significant average enhancement of 53 %. Also, the strength percentage (Figure 
11) for Group #2 beams (Damaged) is –35 %, –23 %, –10 %, and 5 % for beam strengthened with one, three, 
five and fully strips, respectively,, with an significant average reduction of 16 % and this percentage is 0.25 
times the percentage for Group#1 (Un-Damaged). 

 

Figure 11. Ultimate load capacity percentage with respect to control undamaged beam 

Figure 12 shows that the ductility percentage also significantly increased with the increase of number 
of CFRP strips. The ductility percentage (Figure 12) for Group #1 beams (Un-Damaged) is 23 %, 38 %, 51 %, 
and 66 % for beam strengthened with one, three, five and fully strips, respectively, with an significant average 
enhancement of 45 %. Also, the ductility percentage (Figure 12) for Group #2 beams (Damaged) is 15 %, 
23 %, 32 %, and 45 % for beam strengthened with one, three, five and fully strips, respectively,, with an 
significant average enhancement of 29 % and this percentage is 0.64 times the percentage for Group#1 (Un-
Damaged). 

Figure 12. Ultimate deflection percentage with respect to control undamaged beam. 
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3.5. Elastic stiffness 

The elastic stiffness determines the response of the crystal to an externally applied strain (or stress) 
and provides information about the bonding characteristics, mechanical and structural stability. The slope of 
the first stage of the load-deflection curve before initiation of the first main flexural crack is represented the 
elastic stiffness. For comparison, the elastic stiffness of each strengthened beam with CFRP sheets was 
normalized with respect to the control beam (Un-Damaged) without CFRP sheets as shown in Table 4.  

 

Figure 13. Stiffness percentage with respect to control undamaged beam. 

Figure 13 shows the elastic stiffness percentages with respect to un-damaged control beam, 
respectively, for all simulated models. Inspection of Figure 13 reveals that the elastic stiffness percentage for 
un-damaged beams is the same for all strengthening techniques and equal to average value of 6 %. While, 
the elastic stiffness percentage for damaged beams is less than percentage of un-damaged beam and this 
value decreased with the increase of CFRP strips number. The elastic stiffness percentage (Figure 13) for 
Group #2 beams (Damaged) is –47 %, –42 %, –36 %, and –22 % for beam strengthened with one, three, five 
and fully strips, respectively, with an significant average reduction of 37 % and this percentage is eight times 
the percentage for Group#1 (Un-Damaged). 

3.6. Toughness 

In materials science and metallurgy, toughness is the ability of a material to absorb energy and plastically 
deform without fracturing. One definition of material toughness is the amount of energy per unit volume that a 
material can absorb before rupturing. Toughness is calculated as the entire area under the load-deflection curve. 
In addition, the toughness of each strengthened beam with CFRP sheets was normalized with respect to the 
control beams without CFRP sheets as shown in Table 4. Figure 14 shows that the toughness percentage also 
significantly increased with the increase of number of CFRP strips. The toughness percentage (Figure 14) for 
Group #1 beams (Un-Damaged) is 60 %, 103 %, 142 %, and 191 % for beam strengthened with one, three, five 
and fully strips, respectively, with an significant average enhancement of 124 %. Also, the toughness percentage 
(Figure 14) for Group #2 beams (Damaged) is –28 %, –8 %, 16 %, and 60 % for beam strengthened with one, 
three, five and fully strips, respectively, with an significant average enhancement of 10 % and this percentage is 
0.08 times the percentage for Group#1 (Un-Damaged). 

3.7. Evaluation of Performance of NLFEA Results 

The effect of CFRP composite materials is evaluated by the strength factor (SF), deformability factor 
(DF), and performance factor (PF) for different strengthened RC beams normalized with respect to control 
beams (undamaged). Performance factor is a combination of the strength factor and the deformability factor 
to generate an overall structural performance as shown in Figure 15. Based on Figure 15 the DF, SF, and PF 
increased as the number of CFRP strips (bonded area of CFRP) increase. Finally, as the bonded area increase 
the beam reached the performance of control beams (undamaged) and protected the beams against brittle 
shear failure. The RC beams strengthened with fully CFRP sheet were much more effective in improving the 
performance of the strengthened beams than those beams strengthened with vertical strips. Thus, the beams 
strengthened with fully CFRP sheet is the most efficient technique than those strengthened with CFRP strips 
on the web.  
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Figure 14. Toughness percentage with respect to control undamaged beam. 

 

Figure 15. Normalized characteristic factor for different strengthened RC beams. 

3.8. Profitability Index of the CFRP Strips Number 

Table 5 shows the shear contribution of the concrete (Vc), shear contribution of the CFRP composites 

(Vf), and the final loads from the NLFEA for various RC beams strengthened using CFRP composites with 

different techniques. Table 5 indicated that the contribution of CFRP (Vf) to the shear capacity had increased 
as the CFRP bonded area increase or number of CFRP strips. To evaluate the efficiency of various CFRP 
composites strengthening techniques in terms of the amount of CFRP consumed, profitability indices were 
computed. The profitability index is defined as the ratio of CFRP contribution in shearing capacity to the total 
CFRP bonded area within the shear span of strengthened beams. Table 5 shows the profitability indices for 
the different strengthening techniques. Inspection of Table 5 reveals that the profitability index for undamaged 
beams were 3.57, 1.87, 1.43, and 0.99 MPa for 1, 2, 3, 4, and 9 CFRP strips (Fully), respectively. While, the 
profitability index for damaged beams were 3.93, 1.78, 1.39, and 0.96 MPa for 1, 2, 3, 4, and 9 CFRP strips 
(Fully), respectively, and these equivalent to 1.10, 0.95, 0.97, and 0.97, respectively, of the undamaged ones.  
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Table 5. Profitability index of CFRP strips. 

Group Number Beam number Vc, kN Vf, kN Vu, kN Vf/Af, MPa

1 

BC-UD 17.8 0.0 17.8 --- 

BS1-UD 17.8 5.4 23.2 3.57 

BS3-UD 17.8 8.4 26.2 1.87 

BS5-UD 17.8 10.7 28.5 1.43 

BSS-UD 17.8 13.4 31.2 0.99 

2 

BC-D 5.7 0.0 5.7 --- 

BS1-D 5.7 5.9 11.6 3.93 

BS3-D 5.7 8.0 13.7 1.78 

BS5-D 5.7 10.4 16.1 1.39 

BSS-D 5.7 13.0 18.7 0.96 

Note: Vc is the shear contribution of the concrete, Vf  is the shear contribution of the CFRP composites, Af  is the
total CFRP bonded area within the shear span of strengthened beams  

3.9. Comparison of NLFEA with other results 

Comparison of NLFEA with Irshidat and Al-Saleh [51], the heat-damaged specimens repaired with FRP 
sheets based on neat epoxy (NE-500 and NE-600) experienced similar crack patterns of NLFEA. However, 
the presence of FRP sheet delayed the initiation of the flexural cracks in the area high moment zone. Specimen 
NE-500 was failed by sheet debonding followed by concrete crushing. The debonding started at the end of the 
specimen and extended to reach its center. Specimen NE-600 was failed by FRP sheet delaminating initiated 
at one end of the beam and extended toward the second end, followed by concrete crushing and splitting. 
Heating RC beams significantly affected their flexural behavior. Using externally bonded carbon fiber sheet/ 
epoxy composite to repair the heat-damaged RC beams help them to partially recover their flexural capacity 
is almost the same performance as the NLFEA. 

4. Conclusions
1. NLFEA can be considered as a mirror of experimental ones in terms of ultimate strength and

corresponding deflection as well as mode of failure and crack patterns. Hence, its results can be extended to 
generate data for cases, not studied experimentally. 

2. NLFEA helped tracking propagation of cracks especially in case of beams externally strengthened
with CFRP sheets in which crack patterns cannot be seen experimentally. The cracking patterns at failure as 
obtained from the NLFEA compared well with those observed experimentally for control, thermally damaged, 
and strengthened beams. 

3. Subjecting thermal shock has a notable and significant impact on the mechanical properties and
structural behavior represented in reduced shear capacity, stiffness, and toughness at percentages of 70 %, 
72 % and 71 %, respectively, and formed extensive cracking in their concrete. 

4. The beams strengthened with fully CFRP sheets achieved the highest load capacity, deflection,
elastic stiffness, and toughness followed, in sequence, by those strengthened using five CFRP strips, three 
CFRP strips, one CFRP strip. 
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Abstract. Damage that occurs in reinforced concrete elements can reduce the capacity and serviceability of 
these elements. One of the damages that may be encountered is spalling or delamination of concrete covers. 
Repairs to this type of damage can be carried out by patching methods. This research uses unsaturated 
polyester resin mortar (UPR-mortar) as a patch repair material to recover the damage of two-way slabs. 
Laboratory investigations were carried out to determine the effects of variations in patching location and 
loading on the ultimate capacity. The development of crack patterns as the load increases, the final yield lines 
formed at the time of collapse, and the magnitude of the ultimate load are the main data discussed in this 
research. In addition, load-deflection behavior, stiffness and toughness are also presented and discussed. 
Yield Line Theory (YLT) has been applied using virtual work principle with several assumptions and 
simplifications to estimate the ultimate load of the slabs. The experimental results show that UPR-mortar is 
able to recover the capacity and stiffness of the damaged slab, but it can not restore the toughness to the 
original level. The theoretical strength of the patched repair slabs estimated by simplified YLT shows that it is 
at least 90 % compared to experimental results. 

1. Introduction
Reinforced concrete slab is widely used as floor elements in multi-story building structures. One type of 

slabs that is commonly found is rectangular slab which is supported on all four sides. This type of slab is known 
as a two-way slab. As part of structural system, reinforced concrete slab must be designed in such a way that 
they have sufficient capacity to be able to bear all the load combinations that the building will receive. The 
adequacy of the slab capacity in carrying the load can be expressed from the value of the safety factor. The 
structural concrete designers refer to Codes of Practice to ensure that the value of this safety factor is met [1, 
2]. In reality, we must realize that the ultimate strength of slab may decrease along with the life of the building, 
and so it lowers the safety factor level over time. There are several factors that can reduce the value of this 
strength, for example, the degradation of concrete components that arise a result of high intensity of seismic 
load [3], fire exposure [4], reinforcement corrosion [5, 6], etc. In the case of reinforcement corrosion, the 
degradation of concrete components can be in the form of cracking, spalling and delamination of concrete 
covers [7–11]. In such situation, it is necessary to repair the damaged concrete components and corroded 
reinforcement so that the strength and serviceability of reinforced concrete slabs are restored. Several 
methods can be used to repair such damage including patching [12–14] and strengthening [15–24] with 
various materials and techniques. In term of patching, this method requires patch repair material which must 
meet several criteria including compatibility in mechanical properties, compatibility in dimensional properties, 
and compatibility in durability [13, 25–30]. One potential repair material that meets these criteria is unsaturated 
polyester resin mortar or UPR-mortar [31–34]. 

The ability of UPR-mortar in recovering the capacity of reinforced concrete slab patched with this 
material can be demonstrated by comparing the ultimate capacity of the patched repair RC slab with the 
normal RC slab. The ultimate capacity of reinforced concrete slab can be determined from the loading test 
results and estimated through theoretical calculations. In the loading test, ultimate capacity refers to when the 
slab is no longer able to bear an increase in load before it finally collapses [17, 34–37]. When the slab reaches 
the collapse phase, the crack lines show a certain pattern that can explain the mechanism of slab collapse. 
Crack lines that describe the collapse mechanism are also known as yield lines. Yield line pattern is an 
important parameter that is interesting to study because it becomes the basis in estimating the ultimate load 
of reinforced concrete slabs according to Yield Line Theory or YLT [38–42] 
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In principle, YLT assumes that reinforced concrete slabs have a uniform cross section and has a flexural 
collapse mode. Other important variables that influence the analysis according to this theory include the type 
of boundary conditions and the pattern of loading. In the case of reinforced concrete slabs that have been 
patched with UPR-mortar, the existence of patching zones makes the uniformity assumption unfulfilled. In the 
case of patched repair one-way slabs that carry a concentrated load in the center of the slabs, it has been 
shown that patching zones cause changes in yield line patterns and consequently ultimate load values also 
change [34].  

Calculation of ultimate load according to YLT can be explained briefly as follows [43]. When the slab 
collapse mechanism occurs, the yield line is seen as the axis of rotation of the slab segments. The slab support 
line also acts as a rotation axis. The ultimate moment capacity (mu) of reinforced concrete slabs per 1 m wide 
for a given reinforcement ratio can be calculated by Equation (1) as follows: 

'
  0.59 ,y

u s y s
c

f
m A f d A

f

 
= − ⋅ ⋅


⋅ 


⋅ (1)  

where As is the area of tensile reinforcement per meter width of the slab, fy the yield stress of the steel 
reinforcement, f’

c concrete compressive strength, d the distance between the center of the tensile 
reinforcement and the outer concrete compressive fiber. In certain cases, it is often necessary to determine 
the ultimate bending moment capacity along the yield line that has a direction not the same as the main axis 
of reinforcement of the slab. If the ultimate bending moments per unit width in the x and y directions 
respectively are mux dan muy, then the ultimate bending moment in any yield line (mun) is obtained from 
Johansen's criteria (Figure 1), and is expressed in Equation (2) as follows: 

2 2cos sin ,un ux uym m mα α= +  (2)  

where the x and y axes are the reinforcement slabs, while α is the angle formed by the direction of the yield 
line with the y axis (see Figure 1). 

The yield line pattern obtained from experimental investigations was used as validity for the assumption 
of location and yield line orientation that occurred on reinforced concrete slabs. Ultimate load Pu calculation 
was derived by the virtual work method [41]. Internal work done by the bending moment that occurs on the 

slab is un n om Lθ ⋅∑ ⋅  where θn is the relative rotation angle of the two slab segments to a yield line (Figure 2)

and Lo is the length of the yield line. External work done by external forces in the form of concentrated load is 

,uP ∆∑ ⋅  where Pu is the ultimate load, and ∆ is slab deflection. The principle of virtual work states that external 

work is equal to internal work as expressed in Equation (3): 

  .un n o um l Pθ ∆∑ =∑⋅ ⋅ ⋅  (3)  

The value of θn is explained by Figure 2 which is / 2.1b b∆ ∆+ /   

Figure 1. Yield line at general angle 
to orthogonal slab reinforcement. 

Figure 2. Rotation of slab segments (θn) 
about each yield line. 

Previous study suggests that UPR-mortar could be used to repair a damage on one-way slabs under 
concentrated load applied at the center of the slabs. Both experimental results and theoretical calculation 
using simplified YLT confirm the capability of UPR-mortar to restore the strength of the damaged slabs [34]. 
The results of the previous study encourage researchers to further investigate the application of UPR-mortar 
to restore more general cases of spalled reinforced concrete slabs. This research aims to determine the 
influence of patching zone locations on their associated yield line patterns and ultimate loads for the two-way 

x α 

n 
α 

y 

muy

mux 

mun 

a 

b c 

α 

ab = unit length 

Moments acting on 
triangular element 

yield 
line 

b1 b2 

θn 
∆ 

segment 1 segment 2 

deformed  
shape 

yield line as rotation axis 

109



Magazine of Civil Engineering, 94(2), 2020

Kristiawan, S.A., Supriyadi, A. 

slab type. In addition to the patching zone variable, this research will also include an investigation on the effect 
of location/position of a concentrated load. Both experimental investigation and theoretical calculation of 
ultimate load using simplified YLT will be covered in this research.  

2. Methods
In this research, 8 (eight) reinforced concrete slab specimens have been made with size 

(length×width×thickness) each of which is 1350×950×80 mm. In the short direction, the steel reinforcements 
are 7D10mm, while in the long direction they are 5D10mm (Figure 3). The first slab represents normal 
reinforced concrete slab without damage. The second slab represents reinforced concrete slab with spalling 
dimensions 300×200×30 mm and no patching. The spalling is simulated by cut out. The other six slabs 
represent spalling of reinforced concrete slabs but they have been patched with UPR-mortar with variations in 
patching locations. The types of slab specimens, identity, and parameter variations are summarized in Table 
1 and 3. 

Table 1. Types of reinforced concrete slab specimens. 

Slab identity Slab type, patching position, and concentrated load (P) position 

N Normal slab, without spalling (cut out), centric load 

R0 Unrepaired slab, with spalling (cut out) but no patching, centric load 

R1 Repaired slab, centric patching, centric load 

R2 Repaired slab, eccentric patching, centric load 

R3 Repaired slab, eccentric patching, centric load 

R4 Repaired slab, eccentric patching, centric load 

R5 Repaired slab, eccentric patching, eccentric load 

R6 Repaired slab, eccentric patching, eccentric load 

Figure 3. Slab size, reinforcement, patching position and load on plate specimen R1. 

The slab size, reinforcement, patching position and load of one of specimen of reinforced concrete slabs 
(R1) are shown in Figure 3. The average compressive strength of concrete used to make reinforced concrete 
slabs was 29.47 MPa, while the tensile strength of reinforcing steel was 350.52 MPa. After the reinforced 
concrete slab has been casted, the curing process was done by wetting the specimen with water for 21 days 
and continued by storing the specimen in a laboratory environment for 3 months. After 3 months in a laboratory 
environment, reinforced concrete slabs were prepared for a load test. One day before the load test was carried 
out, the slabs (except slab N and R0) were patched first with a UPR mortar. UPR mortar was made with 
materials and composition: 950 kg of sand, 808 kg of cement, 143 kg of fly ash, 475 kg of UPR, and 14.25 kg 
of hardener per m3. This UPR mortar composition gave an average compressive strength of 75 MPa and a 
tensile strength (flexural) of 24.6 MPa when tested at 1 day of age. 

All specimens of reinforced concrete slabs were laid on four sides with a simple-support type. The 
distance between the supports in the short and long spans were 800 mm and 1200 mm, respectively 
(Figure 3). External force in the form of concentrated load were applied according to their variations (Table 3). 
The load was applied to the slab at an increment of 0.5 kN. The maximum deflection that occurred under load 
was measured by a dial gauge. Observation of the crack pattern that occurred at the bottom of the slab was 
done from the initial load until the slab collapses. Figure 4 illustrates an example of testing on one of the slabs. 
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(a) Load applied on slab via hydraulic jack (b) Measurement of deflection under the slab
using dial gauge 

Figure 4. Overview of loading and measurement of deflection on the slab. 

3. Results and Discussion
3.1. Effects of Patching on the Development of Crack Pattern 

Table 2 shows the development of crack patterns as load increases. At the initial phase before the first 
crack occurs, the distribution of the bending moment at the cross section of the slab follows the elastic theory. 
After a crack occurs, it causes a decrease in the stiffness of slab at the cracked section; consequently, it leads 
to a change in the moment distribution. At the tensile zone of the cracked section, a higher tensile stress is 
transferred to the steel reinforcements. Further increase of load causes the steel reinforcements at this 
cracked section reach their yielding stress. This crack forms the first yield line. Increasing load after the first 
yield line will produce more cracks to form a number of yield lines which divided the plane of the slab into 
several segments that incite the collapse mechanism. When the collapse mechanism has been formed, the 
slab reaches a phase of failure [38, 40]. 

Table 2 also illustrates the comparison of the development of crack patterns that occur on one of the 
slabs that have been repaired with UPR-mortar (slab R1) compared to normal slab (slab N), starting from the 
first crack, yield, ultimate and failure phases. In the first crack phase, it is shown that patching causes the 
crack to occur not starting in the middle of the slab, but outside the patched area. Meanwhile, for normal slab, 
cracks are initiated from the center of the slab where maximum moments occurred. In subsequent phases 
(yield, ultimate, and failure), it is also shown that the crack line never crossed the patched area. In terms of 
crack intensities that occurred in slab N and slab R1, they show similarities. This indicates that patching with 
UPR-mortar produces slab which have the ability to redistribute bending moments well before collapse, as in 
the case of normal slab [34]. 

3.2. Effect of Patching and Load Position on Final Crack Pattern 

The influence of patching area and concentrated load positions to the crack patterns are also examined 
in this research. Variations in the positions of the patching area include: centric position in the middle of the 
slab plane, eccentric on one axis, and eccentric on two axes. Variations of concentrated load positions are 
similar to patching area. The influence of patching area and load positions to the final crack patterns that 
describe the collapse mechanism of each slab and their corresponding ultimate load are presented in Table 3. 

Generally, due to concentrated load, crack patterns in the collapse phase tend to form curves with radial 
lines forming circular fan patterns [34, 35]. This is different from the crack pattern in the slab with evenly 
distributed loads, which form triangular patterned segments between the yield lines [43]. Concentrated load 
position has a significant effect on crack patterns. The area under the concentrated load is a potential position 
for the initial crack. The development and propagation of the crack lines in the radial direction is started from 
the point under this concentrated load. When the concentrated load is placed at the center of the slabs or 
centric to the slab axes (N, R0, R1, R2 and R3), the crack lines is started in this point as well with the exception 
of R1. The present of patching on the center of the slab causes the crack lines occur outside the patching 
area. This is because the patching material (UPR-mortar) possess a higher tensile stress (about 24.6 MPa) 
compared to substrate concrete (about 3-7 MPa). Hence, the maximum bending moment at the center of the 
R1 does not initiate crack in this area. Meanwhile, when the concentrated load is shifted to be an eccentric to 
the axes (R4, R5, R6), it is seen that the starting point of the crack lines is also shifted following the load 
position. In all cases, the crack lines never cross the patched zone. This finding confirms the previous 
results [34]. 
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Table 2. Development of crack patterns on normal slab and patched repair slab. 
Phase Normal slab (N) Patched repair slab (R1) 

First crack 

  

Yield 

  

Ultimate 

  

Failure 

  
 loading position  

Table 3 also indicates the failure mode observed on slabs during the experimental investigation. Not all 
slabs exhibit flexural mode failure, but some slabs specimens show punching shear mode failure (slabs R0, 
R1 and R5). This punching shear is marked by the sinking of the steel plate which is used to transfer the 
concentrated load to the slab (Figure 5. (b)). Additional failure mode in the form of delamination is also noticed 
in slab R1 (Figure 5 (a)). Since this delamination is only occur in R1, it is of interest to investigate more detail 
on the bond between patching material and concrete substrate in this slab. It was noticed that when the 
patching material was applied to fill the cut out of the slab R1, the patching material did not entirely seal the 
cut out. There was a gap between the interface of cut out and patching material at one of the perimeters. This 
gap eventually triggered a “push off” when concentrated load was applied.  

It is also interesting to note the effect of the supports. The slabs were laid on four supports without any 
restraints against upward displacement. Hence, when the concentrated load was imposed, it caused uplift at 
the corner of the supports. This uplift of the corner slab caused the yield lines direction to shift i.e. the yield 
lines did not form toward the corner point of the slabs as theoretically expected [38], instead they were diverted 
toward the side of the slabs. With this kind of yield line patterns, the slab's ultimate load will be lower than the 
pattern with yield lines toward the corner. 

3.3. Ultimate load 

The results of experimental investigations demonstrate how spalling on reinforced concrete slab 
(represented by cut out of slab R0) significantly causes a reduction in slab ultimate strength. From Table 3, it can 
be shown that the ultimate load (Pu) of R0 is 50.35 kN or 75.5 % to that of normal slab (N). The cut out reduces 
the thickness of the slab; consequently this thickness reduction leads to decrease in both the bending moment 
capacity [44] and punching shear capacity [45]. In the case of slab R0, reduction of punching shear capacity is 
more critical as shown by the emerged punching failure mode of this particular slab. Comparing the ultimate load 
of R0 and R1, R2, and R3, it is also confirmed that patching with UPR-mortar could restore the ultimate strength 
of the slabs to a level close to the original strength (N) with the exception of R1. The lower ultimate load of the 
R1 could be related to the failure mode of this slab as explained in the previous section. 
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Table 3. Final crack pattern of slabs and their ultimate load. 

Type of slab Sketch of final crack pattern Bottom surface of slab after failure Ultimate load and failure 
mode 

Slab N 

  

Pu,ex = 66.68 kN 
Flexural failure 

Slab R0 

  

Pu,ex = 50.35 kN 
Punching shear 

Slab R1 

  

Pu,ex = 53.07 kN 
Punching shear and 

delamination of patching 
material 

Slab R2 

  

Pu,ex = 69.40 kN 
Flexural failure 

Slab R3 

  

Pu,ex = 63.05 kN 
Flexural failure 

Slab R4 

  

Pu,ex = 50.80 kN 
Flexural failure 

Slab R5 

  

Pu,ex = 57.61 kN 
Punching shear 

Slab R6 

  

Pu,ex = 60.78 kN 
Flexural failure 
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 loading position   

(a)  (b)  

Figure 5. (a) Delamination of patching material UPR-mortar; (b) Punching shear in slabs. 

The ultimate load of R4, R5, R6 represent the ultimate load of slab where the concentrated load is 
applied eccentric. It is unfortunate that we did not test a normal slab with an eccentric applied load to confirm 
the capability of the UPR-mortar in restoring the strength of the damaged slab. However, comparison of 
theoretical and experimental ultimate load can be used to indicate the strength recovery after patching with 
UPR-mortar as discussed in the following paragraphs.  

Ultimate load of the slabs has been obtained from experimental investigations (Pu, ex). In this section, the 
value of Pu, ex will be compared with a theoretical approach based on yield line theory (YLT). In using this theory, 
it is assumed that the cross section of the slab per unit width is the same. It is supposed that the presence of UPR-
mortar will cause this assumption to be incorrect. However, in the context of simplification of ultimate load 
calculation, the assumption of uniformity is maintained. The influence of the patching is only taken into account in 
relation to the changes in the yield line patterns that occur between normal and patched slab. The yield line pattern 
will affect the estimated ultimate load as described in the next section. Thus, simplification in this theoretical 
approach was merely derived from the pattern of yield lines. Meanwhile, the various types of collapse (flexure, 
punching, delamination) and the phenomenon of corner levers are also ignored. 

  
Notation: 
YL-1, YL-2, YL-3, YL-4 = yield lines 
a1, a2, a3, a4 = yield line slope direction (YL-1, YL-2, YL-3, YL-4) 
b13 = length component to calculate the rotation angle θn on YL-1 and YL-3 
b24 = length component to calculate the rotation angle θn on YL-2 and YL-4 

Figure 6. Calculation of Pu on a normal plate with the virtual work method. 

Figure 6 shows the yield line pattern on the normal slab (N) used to calculate Pu by the virtual work 
method. The calculated data used are as follows. Slab span in the long and short direction respectively are 1200 
mm and 800 mm. The tensile strength of steel reinforcement is 350.5 MPa and the compressive strength of 
concrete is 29.47 MPa. Flexural reinforcements in the long direction are 5D10 mm (As = 392.7 mm2), while in 
the short direction are 7D10 mm (As = 549.78 mm2). With a slab thickness of 80 mm, the effective heights (d) 
in the long and short direction are 45 mm and 55 mm, respectively. By using Equation (1), the ultimate bending 
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moment capacity per 1 m width of the slab in the long direction (mux) and in the short direction (muy) are 
respectively 6,535,305 N.mm and 7,705,521 N.mm. The yield line of YL-1, YL-2, YL-3 and YL-4 are formed at 
an angle α to the y-axis successively at 80°, 42°, 80°, and 42°. By using Equation (2), an ultimate bending 
moment is obtained for each yield line (mun) respectively of 7,670,235 N.mm, 7,059,252 N.mm, 7,670,235 N.mm 
and 7,059,252 N⋅mm. The length of each yield line (Lo) is respectively 0.609 m, 0.538 m, 0.609 m, and 0.538 m. 

With the length components of b1 and b2 for YL-1 (see Fig. 1), each is 406.2 mm and ∆ (deflection of slab under 

loading) measured from experiments of 30.89 mm, a rotation angle (θn) is obtained for 0.1521 radians. In the 

same way, values (θn) for YL-2, YL-3 and YL-4 are respectively 0.1033 radians, 0.1521 radians and 0.1033 
radians. Internal work (Wi) is calculated from the left-hand section of Equation (3) of 2,206,971 N.mm. Finally, 
with Equation (3), the ultimate load value (Pu) for normal slab is 71,446 N or 71,446 kN. The ratio of theoretical 
Pu values to experimental Pu (R = Pu/Pu, ex) is 1.07. 

In the same way, the Pu is calculated for each slab according to its corresponding crack pattern and the 
results are presented in Table 4. The results of calculation by simplified YLT theory show that the ultimate 
strength is at least 90 % compared to the experimental result, except for slab R2. The possible reason of lower 
value of theoretical ultimate load of R2 compared to that of the experimental value could be traced from the 
crack’s intensity. As shown in Table 3, the slab shows a greater intensity of cracks before failure. This intensity 
of cracks indicates that the R2 slab capable to redistribute the bending moment at high load level. Hence, the 
obtained experimental ultimate load is appreciately high (69.4 kN). Meanwhile, the simplified YLT does not 
consider the intensity of cracks for estimating the ultimate load. 

Table 4. The estimated results of the ultimate load value (Pu) based on YLT. 

Slab YL α 
(°) 

mun 

(N.mm) 
Lo (m) ∆ (mm) b1 (mm) b2 (mm) θn (rad) Wi (N.mm) 𝑃𝑃𝑢𝑢 (kN) Pu,ex (kN) R 

N YL-1 80 7,670,235 0.609 30.89 406.2 406.2 0.1521 2,206,971 71.446 66.68 1.07 

 YL-2 42 7,059,252 0.538  597.8 597.8 0.1033     

 YL-3 80 7,670,235 0.609  406.2 406.2 0.1521     

 YL-4 42 7.059.252 0.538  597.8 597.8 0.1033     

R1 YL-1 80 7,670,235 0.457 9.15 507.7 304.6 0.0481 522,181 57.069 53.07 1.08 

 YL-2 70 7,568,632 0.479  532.1 319.3 0.0459     

 YL-3 40 7,018,810 0.392  466.7 777.9 0.0314     

 YL-4 35 6,920,294 0.523  523.0 871.7 0.0280     

R2 YL-1 43 7,079,598 0.547 18.12 546.9 586.5 0.0640 982,937 54.246 69.4 0.78 

 YL-2 45 7,120,413 0.566  565.7 565.7 0.0641     

 YL-3 42 7,059,252 0.538  538.3 597.8 0.0640     

 YL-4 40 7,018,810 0.522  522.2 522.3 0.0638     

R3 YL-1 45 7,120,413 0.566 18.06 565.7 565.7 0.0639 1,028,757 56.963 63.05 0.90 

 YL-2 45 7,120,413 0.566  565.7 565.7 0.0639     

 YL-3 45 7,120,413 0.566  565.7 565.7 0.0639     

 YL-4 45 7,120,413 0.566  565.7 565.7 0.0639     

R4 YL-1 40 7,018,810 0.522 14.27 622.3 622.3 0.0459 707,474 49.578 50.80 0.98 

 YL-2 40 7.018.810 0.522  622.3 622.3 0.0459     

 YL-3 45 7,120,413 0.566  565.7 565.7 0.0505     

 YL-4 40 7,018,810 0.522  622.3 622.3 0.0459     

R5 YL-1 25 6,744,312 0.386 10.69 331.0 828.2 0.0452 566,929 53.034 57.61 0.92 

 YL-2 25 6,744,312 0.497  331.0 1064.8 0.0423     

 YL-3 40 7,018,810 0.587  700.1 456.9 0.0387     

 YL-4 45 7,120,413 0.495  424.3 636.4 0.0420     

R6 YL-1 40 7,018,810 0.392 6.53 587.4 466.7 0.0251 383,376 58.710 60.78 0.97 

 YL-2 70 7,568,632 0.585  212.8 638.5 0.0409     

 YL-3 30 6,827,859 0.346  600.0 1,000.0 0.0174     

 YL-4 70 7,568,632 0.319  212.8 877.1 0.0381     
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3.4. Load-Deflection Behavior 

Global response of slabs under concentrated load could be characterised by the load-deflection 
behaviour. Figure 7 shows the load-deflection behaviours of the investigated slabs, which are presented into 
three groups. The first group (Figure 7 (a)) are slabs with centric imposed of concentrated load (N, R0, R1) 
but each slab represents respectively normal, cut out without being repaired, and patch repaired slab. This 
group (Figure 7 (b)) is intended to show the influence of spalling (cut out) and repair by UPR-mortar on the 
behaviour of slabs. The second group consists of R1, R2, R3 to identify the influence of patched area location 
on the global response of the slabs. Similar to the first group, the centric concentrated load is also applied. 
The last group (Figure 7 (c)) are slabs (R1, R4, R5, R6) having similar patched area and location, but the 
concentrated load is imposed at varying positions. Different to those of the first and second group where the 
maximum deflections are observed at the centre of the slabs, the maximum deflections of slabs in the third 
group occur eccentrically following the position of the imposed loads. 

 
(a) Influence spalling (cut out) and patching 

 
(b) Influence of patched area location 

 
(c) Influence of concentrated load position 

Figure 7. The load-deflection behaviour of the investigated slabs. 

Generally, four phases of response can be identified: the first phase is a linear response with a high 
stiffness up to the initiation of cracks. The load causing the first crack (Pc) and its corresponding deflection 
(∆c) for each slab has been summarised in Table 5. The second phase indicates that the linear behaviour is 
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maintained but the stiffness of the slab is lower than that of the first phase. The lower stiffness is attributed to 
the propagation of cracks intensity as the imposed load increases. This phase is end when the reinforcement 
starts to yield. Table 5 shows the load (Py) and its corresponding deflection (∆y) at the first yield of the 
reinforcement for each slab. After the first yield, the slab still capable to receive a higher load but a plastic 
response can be observed as indicated by large deformation. The peak load (Pu) marks the end of this phase. 
The value of peak load (Pu) and its corresponding deflection (∆u) for each slab can be seen in Table 5. After 
peak load, the slab still capable to show ductile behaviour before rupture, in which the slab deforms even 
though the imposed load is decreased. The maximum deformation (∆max) when the slab rupture is shown in 
Table 5. 

Table 5. Load-deformation parameters of the slabs. 

Slab ID Pc (kN) ∆c (mm) Py (kN) ∆y (mm) Pu (kN) ∆u (mm) ∆max (mm) 

N 33.57 2.68 47.35 4.47 66.68 19.80 30.89 

R0 9.98 0.71 21.21 3.86 50.35 15.70 17.88 

R1 32.66 0.98 36.11 1.16 53.07 7.09 9.15 

R2 13.61 0.60 36.29 3.58 69.40 17.20 18.12 

R3 21.77 0.93 42.18 2.97 63.05 14.20 17.14 

R4 23.59 2.47 35.87 3.64 50.80 14.27 15.55 

R5 26.31 2.01 46.97 3.80 57.61 7.32 11.71 

R6 17.24 0.61 43.72 2.49 60.78 8.38 10.14 

There are other important parameters which can be deduced from the load-deflection behaviour i.e. 
stiffness, toughness, etc  [15, 45, 46]. Stiffness indicates the deformation (deflection) resistance of the slab 
against the imposed load. The value may be determined by the slope of the load-deflection curve from the first 
initiation of cracks to the deflection equal to 3 mm. However, some of the investigated slabs show the 
reinforcement is already yielded at a deflection below 3 mm. Hence, for the current research the deflection at 
the first yield is used instead of the 3 mmm limit to determine the stiffness. The characteristic of slab to absorb 
energy (toughness) can be recognised from the area under load-deflection curve. The value of stiffness and 
toughness are presented in Table 6.  

   Table 6. Stiffness and toughness of the slab, 

Slab ID Stiffness (kN/mm) Toughness (kN.mm) 

N 7.70 1774.19 

R0 3.57 659.88 

R1 19.17 403.59 

R2 7.61 897.95 

R3 10.00 887.10 

R4 10.48 532.90 

R5 11.55 607.48 

R6 14.09 515.58 

The influence of cut out and patching can be observed from Figure 7(a). It is obvious from the figure 
that spalling of slab (as simulated by cut out) causes reductions of the slab capacity, stiffness and toughness. 
Application of UPR-mortar to patch the cut out (R1) can be expected to recover the capacity, stiffness and 
toughness of the slab. However, the increase can only be observed at early phase up to a load of about 50 kN. 
After this load level, the repaired slab does not show large deformation due to the punching shear and 
delamination failure mode. It seems that delamination that occur in this slab (see Figure 5 (a)) terminates the 
response of the slab to receive higher load level. If there is no delamination, UPR-mortar could be effective to 
restore the deficient capacity and stiffness of spalling slab. This is confirmed by the higher capacity and 
stiffness of all other repaired slabs compared to those of the slab with cut out (R0). In term of toughness, it 
seems that UPR-mortar could not restore the toughness to the original toughness of normal slab (N). 

The influence of patched area location can be observed from Figure 7 (b). The general trends of the 
load-deflection curves show similarity. However, there is evident that patched area location affects the 
characteristic values of strength, stiffness, and toughness of the slab (Table 6). Meanwhile, the influence of 
concentrated load position can be observed from Figure 7 (c). Except for R4, all other slabs show similar trend 
of the load-deflection curve. The different in the load-deflection curve of R4 from the other slabs could be 
associated with the fact that the concentrated load are applied right above the interface between the repair 
material and substrate concrete (Table 3). This load position will induce stress concentration at the interface 
leading to high deformation at this location. Hence, the stiffness, toughness and capacity of R4 are lower than 
others. 
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4. Conclusions 
In this research, experimental investigations have been carried out to determine the cracks pattern and 

ultimate load of two-way reinforced concrete slabs patched with UPR-mortar under concentrated load, with 
variations of patching area and load positions. The main conclusions can be stated as follows: 

• The development of cracks patterns in both normal slab and patched repair slabs show similarity 
where the crack is initiated at the tensile side of the slabs at a point under load position. It is interesting to note 
that the crack lines do not cross the patched area as a result of high flexural strength of the UPR-mortar (24.6 
MPa). 

• Final crack patterns (failure phase) in normal slab or patched repair slabs tend to form circular-fan 
pattern. The intensity of the crack lines in the two types of slabs show similarity. This indicates that the use of 
UPR-mortar as a patch repair material could redistribute the bending moment in similar way to that of normal 
slab. 

• Not all slab specimens have a flexural failure mode, but some specimens show a punching shear 
mode (R0, R1, R5). Additional delamination of the repair material could occur if the patching process was not 
done properly (R1). 

• The corner levers phenomenon (uplift in the slab corner region) due to the absence of restraint against 
upward displacement in the slab support affects the yield line patterns in which the yield lines tend to divert 
toward the side of the slab. 

• The simplified YLT has been applied with the principle of virtual work to estimate the ultimate load of 
the slabs. The results of calculation by simplified YLT theory show that the ultimate strength is at least 90 % 
compared to the experimental result, except for slab R2. 

• The load-deflection behavior of the slabs (either normal or repair) can be identified into four phases: 
linear response with high stiffness up to first cracks, linear response from the first cracks up to the first yield 
of reinforcement, plastic response from the first yield to the peak load, and further ductile response from the 
peak load to the rupture. 

• UPR-mortar can recover the capacity and stiffness of the damage (cut out) slab but it cannot restore 
the toughness to the original value (normal slab). 
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Abstract. Decentralized, room-based ventilation systems have become increasingly popular in the Baltic 
countries. Such systems are easy to install and, according to technical information, ensure high heat energy 
recovery potential for new and renovated buildings. The specified heat recovery efficiency is used for building 
energy simulations and to calculate the necessary heating energy that is needed to warm up the supply air. 
However, this value is stated at non-existent pressure difference between indoor of the building and the 
outside. In real-case situations, there is always some pressure difference due to wind and stack effect. In this 
study, a ventilation device is tested in a laboratory environment at different simulated outside air temperatures 
and pressure differences. The simulations are conducted in a climatic chamber where the air temperature and 
pressure differences can be set. The temperature is adjusted using a cooling device but the pressure 
difference with an exterior fan device. Different combinations of simulated outside air temperatures and 
pressure differences were tested. The results suggest that the heat recovery efficiency is highly dependent on 
the pressure difference and it rapidly decreases with the rise in pressure difference. If the pressure difference 
is in the range of 10–20 Pa, the heat recovery efficiency will be only between 20 and 50 %, while the stated 
value in the technical data sheet is 85 %. Even at a pressure difference of 0 Pa, the average heat recovery 
efficiency is 73 %, and only for the first few seconds of the supply cycle, the efficiency reaches 85 %. This can 
influence the calculated building energy efficiency class, as well as lead to undersized heating system 
elements. 

1. Introduction
Nowadays almost all newly built buildings are equipped with some sort of mechanical ventilation system, 

whether it would be hybrid type, full supply/exhaust system or local, personalized ventilation system [1–3]. 
Such systems can also be applied to historical buildings [4]. This is done to increase indoor air quality (IAQ) 
and, at the same time, to maximally reduce the heat losses that occur through the natural ventilation system. 
For a moderate climate, as in Europe, combined infiltration and ventilation is responsible for approximately 
50 % of the total heat losses in well-insulated buildings [5]. Similar results are presented for buildings located 
in Russia, stating that for multi-apartment buildings, heat losses due to ventilation, including infiltration, exceed 
transmission losses and account for about 60 % of total heat losses [6]. To reduce this, mechanical ventilation 
with heat recovery is used. Such systems can also help to significantly save primary energy, at the same time 
ensuring good indoor air quality while the airtightness of new and renovated buildings is increasing [7–9]. Several 
different heat recovery types can be applied to ventilation systems [10], but especially in cases of nearly zero-
energy buildings (nZEB), it is vitally important to take into consideration that the exhaust temperature after heat 
exchanger for fully mechanical supply/exhaust ventilation systems must be limited to 0° to +5 °C, depending on 
the heat recovery type, as for such buildings more often the aim is to have as high heat recovery efficiency as 
possible [9]. A study analysing indoor relative humidity in apartments with a room-based ventilation system with 
a rotary heat exchanger indicated that it is suitable for single-room ventilation of dry rooms, such as living rooms 
and bedrooms, while excessive moisture from kitchens and bathrooms provided a mould risk [11]. Other 
publications indicate that a specific type of decentralized ventilation system with two heat exchangers, which are 
hydronically connected in parallel, is an appropriate solution for use in hot and humid climates because more 
cooling and dehumidification capacity is available [12]. Other studies have focused on developing modern 
ventilation solutions that are integrated into the façade and work on convective heat flow without the use of a 
mechanical ventilator [13]. 
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The IAQ and adequate ventilation are linked to human wellbeing, health and even performance [14]. 
Studies on how to evaluate the performance and effectiveness of different ventilation system types have been 
performed for more than 20 years [15]. In some cases local recirculation diffusers, which in comparison to 
central recirculation ventilation systems eliminate such disadvantages as – increased power consumption for 
moving the ventilation air; increased size of the air ducts; recirculation of hazardous substances to the supply 
air with air transfer, can be applied to reduce the consumed heating energy [16]. These savings can be 
simulated and various scenarios analysed to find the best solution [17, 18]. However, it can often be hard to 
find the necessary funding and space to install full-size centralized ventilation systems with large ducts and 
AHU. Therefore, to save space and to reduce the amount of ductwork in buildings, quite often a room-based 
decentralized ventilation system is installed. It is especially desirable in case of renovations, as they require 
almost no indoor works and, according to existing studies, can provide good IAQ and thermal comfort [19]. 
There are various designs and types of such systems. These can be either as a small AHU with a rotary heat 
exchanger, which, according to studies, can have thermal recovery efficiency up to 85 % [20] or like a single 
fan that changes directions and leads air through the regenerative heat exchanger. At the same time, some 
research has indicated that the actual performance of ventilation systems on-site is often lower than expected 
[21]. Also, noise can be a negative factor, when operating room-based ventilation devices, as the ventilator 
and the user are in the same room. Additionally, in most cases, there are no sound dampening devices 
installed. Although, according to the manufacturer data, the sound pressure level of such devices is relatively 
low – from around 30 dB to 43 dB at 1m distance, in real case scenarios this can cause a nuisance. This can 
be linked by changes in the sound profile when the ventilator stops after each cycle and starts again in a 
reversed direction. 

Although decentralized room-based ventilation systems with alternating airflow and storage type heat 
exchanger can provide good opportunities for heat energy savings and low energy consumption, their actual 
performance can be strongly influenced by external parameters like wind and stack effect, therefore noticeably 
lowering the actual heat recovery efficiency and overall building energy class [22]. The rated heat recovery 
energy efficiency is the only value stated in the datasheets of such units, but it is measured under specific 
conditions according to the standard EN 13141–8:2014 [23], which describes the measuring procedure for the 
alternating units. The standard does not require to perform measurements at various pressure differences 
between indoors and outside but only states that indoor temperature must be +20 °C and outside temp. +7 °C. 
This rated heat recovery energy efficiency is often the only information available for the individuals or software 
performing energy calculations it can be misleading as usually it is taken as a constant value. Therefore it can 
influence the heat loss calculation results that take into consideration the infiltration rate and supply air 
temperature [24]. 

In some cases, the negative or positive pressure is required by the local regulations to prevent pollution 
coming from the outside or to prevent exfiltration of moist indoor air into the structures [25]. Even if it is not 
designed specifically, the pressure difference between indoors and outdoors on average is approximately 7 Pa 
for naturally ventilated buildings, but this can vary widely, depending on the specific building form, location, 
orientation of openings and temperature difference [26]. Existing measurements in apartments with room-
based air handling units with regenerative ceramic heat exchangers have shown insufficient results because 
they fail to guarantee a continuous air change in apartments and do not comply with energy efficiency 
requirements [25]. Such shortcomings are noticed also for heat recovery ventilators, as the measurements 
indicate that the heat exchange efficiency is not constant and changes depending on the actual operating 
conditions [27]. Another study suggests that external short circuits, internal air leakages, and heat flows 
through the casing can also reduce the performance of single-room ventilation units [28]. 

In previous studies, the changes in ventilation air volume that gets supplied/exhaust from building 
through decentralized ventilation devices at various pressure differences have been analysed. The results 
suggest that at a differential pressure of 10 Pa, the deviations in fresh air amount can vary between 30 to 
100 % from the nominal flow of 30 m3/h flow. This means that the supply rates were higher and the extract 
rates were lower than the nominal flow rates, and on cold winter days, this could lead to drought and also to 
decreased heat recovery efficiency [29]. In the same study, it was mentioned that the specific heat recovery 
efficiency is lower than stated in the datasheets, but as the measurements were field-based, the exact values 
may be inaccurate and case dependent. Therefore, in this study, a specific ventilation device is tested in a 
laboratory environment at different simulated outside air temperatures and pressure differences to find out how 
heat recovery efficiency changes. 

2. Methods 
The study was conducted in a closed and controlled environment of a climatic chamber, simulating the 

variable outside air conditions. The climatic chamber has dimensions of 3 by 4 meters and a ceiling height of 
2.3 m, thus the total volume of the chamber is 27.6 m3. The climatic chamber was tightly sealed, therefore 
making it almost perfectly airtight. In one of the chamber walls, the local decentralized ventilation system 
device was installed (see Figure 1 and 2). It supplied air to an open room, in such a way simulating indoor 
conditions. The conditions in this room were not specifically maintained but were stable by themselves as the 

121



Magazine of Civil Engineering, 94(2), 2020 

Zemitis, J., Bogdanovics, R. 

air, supplied from the climatic chamber, did not have an influence on the average temperature, according to 
the measurements. The technical parameters of the test ventilation device were as follows: max airflow 
25 m3/h, electrical power consumption 13 W, specified heat recovery efficiency up to 85 %. The device 
operated in two 70 seconds long, variating cycles, switching between supply and exhaust. 

 

Figure 1. The experimental setup – air intake from the simulated cold outside conditions through 
integrated wind protection frame (on the left); air supply side in the warm room (in the middle); 
ventilator, which generates the simulated overpressure in the climatic chamber (on the right). 

 

Figure 2. The cooling device, which ensured simulated outdoor air temperature  
in the climatic chamber. 

 

Figure 3. The ventilation device used in experiments – the construction  
of the device (on the left) and the section of equipment (on the right). 

The inside of the chamber represents outside air conditions, as during the experiment the temperature 
of the chamber was controlled, and measurements were performed at a temperature range from +7 °C down 
to –5 °C. The relative humidity during the experiment in the climatic chamber varied between 30 to 60 %, while 
in the external premise it was constantly around 40 %. However, this should not affect the energy efficiency 
of the heat recovery unit as it is not an enthalpy type heat recovery unit and it only recovers sensible heat from 
exhaust air. Additionally, the inside air pressure of the chamber was controlled through the help of a Retrotech 
ventilator, which constantly adjusts the rotation speed to keep the specified pressure difference between the 
inside of the chamber and external premise. The ambient and climatic chamber temperatures were logged 
through the Extech SD800 logger with an accuracy of 0.8 °C. The temperature just in the front and back of the 
ventilation device was measured and logged with 1 second interval with Testo 435 device equipped with 
thermal velocity probe with temperature measuring range –20 to +70 °C ±0.3 °C and velocity measuring range 
of 0 to 20 m/s ±(0.03 m/s + 4 % of mv) and waterproof immersion probe, which has temperature measuring 
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range –60 °C to +400 °C and accuracy class 2. The measurements of temperature were performed in front of 
the ventilation device, located in the climatic chamber, herewith regarded as inlet temperature (ϴ12), after the 
device as supply temperature (ϴ22), the temperature in the climatic chamber is regarded as outside 
temperature (ϴ21) and temperature in the open room as indoor temperature (ϴ11). See the full experimental 
setup in Figure 4. 

 

Figure 4. The plan of the experimental setup (on the left) and the section view A-A (on the right). 

During the experiment, several sets of measurements were performed. For each set the temperature in 
the climatic chamber was regulated to be at +5, 0 or –5 °C while the air pressure difference between climatic 
chamber and external premise was changed to be 0, 5, 10, 15, 20, 30, 40 or 50 Pa, respectively, therefore 
representing a wide range of external simulated air velocities. Each of the measurements was run for at least 
7 min, thus ensuring 3 full cycles of supply/exhaust. For a single measurement with set parameters of +2 °C 
in the climatic chamber and 0 Pa pressure difference, the experiment was run for 2 hours. 

The heat recovery efficiency was calculated in accordance with the equation presented in the standard 
EN 13141-8:2014 [23]. It was calculated for each measuring time point (every second) and afterward, the 
average value for the supply working regime time (around 70 seconds) was determined according to the 
following equation: 

[ ]22 21

11 21
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100  % ,
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dt
t
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 (1)  

where tcycle is time of an operating cycle (s);  

ϴ22 is supply temperature (°C);  

ϴ21 is outside temperature (°C);  

ϴ11 is indoor temperature (°C). 

In addition, the electric running power of specific ventilation device at various pressure differences 
ranging from 0 Pa to 113 Pa was measured with Energy Check 3000, which has a measuring range from 0 to 
3000 W and accuracy of ±1 %. 

3. Results and Discussions 
In Figure 5, the results of the middle part of a long-term experiment are presented. The graph represents 

the data obtained from the 33rd minute to 42nd minute, as during this period it can be considered that the 
system is stabilized, and the results represent the actual system working regime. The outside and inside 
temperatures were stable, around +2 °C and +19.4 °C, respectively. At the same time, the supply temperature 
decreased from max 16.6 °C to 11.7 °C in each supply cycle. This represents the stage when the ventilation 
device is working in the supply regime, after which the ventilator changes the spinning direction and exhaust 
stage starts. In this stage, the temperature on the room side of the device increases and the heat recovery 
unit regenerates, as the warm room air gets sucked out. The graph also shows that the supply temperature 
during the supply working regime decreased linearly, at the same time the temperature on the cool side of the 
ventilation device decreased rapidly and almost instantly reached the simulated outside air temperature. On 
the other hand, during the exhaust phase, the temperature on the room side of the ventilation device increased 
logarithmically while the temperature after the device raised linearly. 

During the experiment, it was found out that the actual length of the cycle was not exactly 70 seconds 
but a little bit shorter, around 68.5 seconds. Although this is not of high importance for end-users, it must be 
considered when calculating heat recovery energy efficiency, as for each second it is necessary to manually 
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state if the device is in supply or exhaust operating mode, or the results would be compromised. The calculated 
average temperature efficiency for supply was 72 %, which is lower than the one stated in the technical 
datasheet. On the other hand, approximately for the first 6 seconds of each supply cycle, the efficiency actually 
reached exactly 85 %, which is the value mentioned in the technical datasheet. Therefore, it can be concluded 
that, although it is technically correct to state such value, it does not represent the actual situation and can 
cause under-sizing of heating systems and inaccuracy in calculated building energy efficiency certificate. 

 

Figure 5. Variations in supply/exhaust temp. at +2 °C and ∆0 Pa. 

Figure 6 to Figure 8 shows the results of short-term measurements at simulated outside air temperature 
of +0 °C and various pressure differences. As can be seen from the results, the pressure difference has a high 
impact on the supply temperature after the ventilation device. By increasing the pressure in the climatic 
chamber, which simulates the variable wind conditions of real case scenarios, the supply air temperature and, 
in retrospect, the heat recovery efficiency rapidly decreases. The graphs show that the maximal supply 
temperature after the ventilation device falls from +16 °C to +3 °C, depending on the air pressure difference, 
if the room temperature is +17.6 °C and outside air temp. +0 °C. 

 

Figure 6. Short term measurements of supply/exhaust temp. variations at +0 °C outside air temp.  
and ∆0 Pa (left side) or ∆5 Pa (right side). 

 

Figure 7. Short term measurements of supply/exhaust temp. variations at +0 °C outside air temp.  
and ∆10 Pa (left side) or ∆20 Pa (right side). 

124



Magazine of Civil Engineering, 94(2), 2020 

Zemitis, J., Bogdanovics, R. 

 

Figure 8. Short term measurements of supply/exhaust temp. variations at +0 °C outside air temp.  
and ∆30 Pa (left side) or ∆50 Pa (right side). 

To obtain a more general overview of the results on how the pressure difference influences the heat 
recovery efficiency, they are combined in a single table/figure (see Table 1). As it shows, the average heat 
recovery efficiency decreases with the increase of pressure difference, independently of outside air 
temperature. The decrease follows an exponential trendline with high precision (R2 = 0.98). At ∆50 Pa the 
heat recovery efficiency is only 10 %. Although this is according to the Russian building code 
SP 50.13330.2012, which states that the minimum efficiency of recuperator should be at least 10 %, this is a 
very low value and causes high energy consumption for air heating. 

Table 1. Average heat recovery efficiency at various outside air temperatures and pressure difference combinations 

Pressure 
difference; 

∆Pa 

Outside 
temperature; °C 

Average heat 
recovery eff.; 

% 

 

+7 +2 –2 

0 86 % 78 % 81% 82 % 

5 63 % 66 % 61% 63 % 

10 45 % 50 % 51% 49 % 

15 23 % 30 % 33% 29 % 

20 26 % 16 % 17% 20 % 

30 7 % 20 % 13% 13 % 

40 14 % 9 % N/A 12 % 

50 12 % 8 % N/A 10 % 

The results on how the pressure difference influences the air velocity on the supply side of the ventilation 
device are shown in Figure 9. The results show that with increased pressure difference the air velocity after 
ventilation device exponentially increases. This means that an increased amount of air is passing through the 
ventilation device as the size of the device does not change. This corresponds to the data representing the 
fall of heat energy recovery efficiency as the device is not capable to heat up all the air passing through. The 
results show that for the specific ventilation device, an average air velocity almost doubles if the pressure 
difference rises from 0 to 10 Pa. However, this does not necessarily mean that the double amount of air volume 
is passing through. To make such a conclusion, more specific measurements should be performed, but it can 
still serve as a general indicator of change in magnitude. 

 
Figure 9. Velocity profiles (left side) and an average velocity depending  

on the pressure difference (right side). 
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The obtained results back up data from studies carried out previously from different studies. For 
example, the study [29] stated that at 10 Pa pressure difference the air volumes can vary from 50 % up to 
100 % in comparison to no pressure difference. Similar data were obtained in our study, as can be seen from 
Figure 9, the average velocity at ∆10 Pa was 0.76 m/s compared to 0.41 m/s at ∆0 Pa. This would correspond 
to an increase in the volume flow of 85 %. Also, the obtained data are very similar to recent research [30]. The 
research shows that the heat recovery efficiency noticeably decreases with the rise of pressure difference and 
is only 25 % at ∆20 Pa, while at ∆5 Pa it can reach 70 %. These data are in close correspondence to the ones 
obtained in our study, see (see Table 1). Also, according to existing studies [31] such devices produce high 
noise levels and therefore are often operated at lower speed levels or switched off by occupants. This causes 
an increase in the difference between supply and exhaust airflow volumes and to the point that at ∆8 Pa the 
supply airflow is 2 times higher than the exhaust airflow. Therefore, the heat recovery efficiency is reduced. 

Table 2 shows how the electric power of a specific ventilation device changed depending on the 
pressure difference. As the results show, the initial power is lower than specified by the manufacturer – 3.9 W 
compared to 6 W. As it was expected, the electric power increased when additional pressure was introduced, 
but it reached only 5.1 W even at 113 Pa pressure difference between the climatic chamber and the open 
room. This means that the actual electric consumption for running such a device will be lower if calculated 
theoretically according to the technical datasheet. 

Table 2. Electric power of specific ventilation device at various pressure differences. 

Pressure difference; 

∆Pa 
0 30 50 70 90 113 

 

Electric power; W 3.9 4.1 4.3 4.5 4.7 5.1 

4. Conclusions 
In this study, the heat recovery efficiency of a decentralized ventilation device was measured and analysed 

for various pressure differences between the inlet and supply-side at a controlled environment of the climatic 
chamber. The results suggest that for a specific decentralized supply/exhaust ventilation device with an 
integrated heat recovery unit the average heat recovery efficiency for the supply cycle at 0 Pa pressure difference 
was 73 %. For the first few seconds of the supply cycle, the efficiency reached 85 %, which was the number 
specified in the datasheet, but afterward, it decreased and at the end of the cycle was only 57 %. 

Data analysis suggests that the heat recovery efficiency was strictly related to the air pressure difference 
between the inlet and supply side of the ventilation device. The average temperature efficiency at ∆5 Pa was 

63 % while at ∆10 Pa it fell to 49 % and at ∆15 Pa was only 29 %. The efficiency kept falling with a further 
increase in pressure and followed the equation of y = 1.1415e – 0.328x. This means that for actual buildings 
in real case scenarios, where the pressure difference is constantly higher than 0 Pa, the energy consumption 
for building heating will be higher than calculated if the specified heat recovery efficiency will be taken into 
account. The actual pressure difference will vary depending on specific building size, shape and location but, 
according to other studies, for the most part of the year is in the range of 10–20 Pa, thus meaning that the 
heat recovery efficiency will be between 20 and 50 %. This can influence the calculated building energy 
efficiency class, as well as lead to undersized heating system elements and, if the room temperature will drop 
due to the above, the occupants will try to seal off the ventilation devices, therefore, compromising the indoor 
air quality. 

The measurements suggest that the air velocity also was affected by the increased pressure difference 
although the device was equipped with a special protection plate. The results suggest that the supply air 
velocity on the inside of the device increased more than two times (from 0.41 to 1.06 m/s) if the pressure 
difference increased from 0 Pa to 20 Pa. This can also lead to a decrease in thermal comfort for occupants if 
the supply air is too cold, causing a sensation of draught and therefore leading to blocking or shutting off the 
ventilation devices. 

The study suggests that the electrical power of the device was very low (3.9 to 5.1 W) even if the 
pressure difference raised from 0 to 113 Pa. This was lower than specified in the technical datasheet. 

For future experiments, it would be necessary to study the heat recovery efficiency for similar types of 
devices but from different manufacturers and with various sizes. It could be expected that larger size units 
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could have better results at higher pressure differences, as they have a larger heat recovery unit. Also, 
ventilation devices with an enthalpy type heat recovery unit should be tested to see if they can achieve higher 
efficiency and how they would perform in real case scenarios. Additionally, the thermal comfort rating ensured 
by such ventilation types should be tested to see how the relatively cold air during the windy outside conditions 
relates to it. Another thing to test could be how the changes in cycle working lengths would affect both the 
heat recovery efficiency as well as IAQ. At the moment most of the manufacturers have chosen 70 seconds 
to be the length of each cycle but maybe by making it a bit longer, the efficiency could be increased as the 
results showed that the temperature on the outside of the device did not reach room temperature during the 
exhaust phase. This could indicate that the heat recovery unit has still not been fully regenerated. 
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Abstract. Finite element simulations of structural members are a good alternative to physical testing for 
studying strength and structural response of the members when finite element models have been properly 
calibrated and validated. Published information on finite element modeling of cold-formed steel deck in bending 
is scarce. This paper presents the development of finite element models of corrugated steel deck in bending 
using a general-purpose software, ANSYS. Effects of the following parameters on elastic buckling and ultimate 
moments of models, as well as on their load-deflection curves, were studied: shell element types, mesh 
density, corner radius, number of deck corrugations, presence of transverse ties, initial geometric imperfection 
distribution and magnitude, deck boundary conditions, loading type, and stress-strain diagrams. Optimal 
parameters of the models were determined. Moment capacities, flexural stiffness, and load-deflection curves 
predicted by the models with the optimal parameters correlated well with test results available in literature, 
especially when the deck material behavior was described by nonlinear stress-strain diagrams. The developed 
FE models can be used for studying flexural strength and behavior of solid steel deck with various geometry 
under various loading types, which can be useful in development of new efficient profiles and in improving the 
current deck design methods. The models can also be used as a basis for the development of FE models of 
steel deck with openings and acoustical perforations, as well as built-up deck profiles, design methods for 
which are currently underdeveloped. 

1. Introduction
Corrugated cold-formed steel (CFS) deck, which is available in many different shapes and depths, has 

been widely used in construction throughout the world. Figure 1 shows two representatives of the deck 
manufactured and used in Europe. Structural design of corrugated steel deck in different countries is governed 
by national standards [1–4]. Some countries also have manuals [5, 6], which offer additional guidance on the 
design and construction with steel decks. Despite the wide use of corrugated steel decks, some items, such 
as design of perforated steel deck [7, 8], deck with openings [5, 9], deck under concentrated loads [1, 6, 10, 
11], and built-up deck sections, are not covered at all or covered with significant limitations in the design 
standards and manuals. Questions about the accuracy of flexural strength prediction of some deck profiles by 
the direct strength method adopted in [1] have been recently raised [12, 13]. There is an obvious need for 
additional research of strength and structural behavior of certain types of corrugated steel deck and steel deck 
under certain types of loads.  

Physical testing has been traditionally considered as the most reliable way of obtaining information 
about the performance of structural members and systems. Physical testing, however, requires significant 
resources, which makes its use problematic for extensive studies, which involve wide ranges of design 
parameters. Finite element (FE) method, on the other hand, is an efficient alternative to physical testing when 
FE models have been properly validated and calibrated against available test data [14]. It allows for performing 
extensive parametric studies using limited resources. FE simulations can also give detailed information about 
elastic buckling loads of the deck and stress/strain distributions in deck profiles, obtaining of which from 
physical testing can be difficult.  

Many researchers have successfully used FE method for simulations of CFS structural members under 
various loading types resulting in different failure modes [15–29]. FE models of CFS structural members were 
created using shell elements in different commercially available FE programs. It has been shown that the FE 
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method can capture specifics of structural behavior of CFS structural members. It should be noted, however, 
that the majority of FE models of CFS structural members have been developed for C- and Z-shaped sections. 
There is a limited number of published papers on FE modeling of CFS deck in bending [10, 11, 30]. The 
available papers dealt with some specific applications, such as steel deck under concentrated loads and 
perforated deck, and do not discuss general FE modeling of CFS steel deck in bending. 

The objectives of this paper are to develop FE models of corrugated CFS deck in bending, validate 
them using available test data, and study the effects of different parameters of the models on their elastic 
buckling moments, moment capacity, and structural response. The FE models were developed in a 
commercial general-purpose software, ANSYS [31] and validated against physical test data published in [32]. 
Effects of the following FE model parameters on their elastic buckling, ultimate strength, and structural 
response were studied: shell element type, mesh density, corner radius, number of deck corrugations, 
presence of transverse ties, initial geometric imperfection (IGI) distribution and magnitude, deck boundary 
conditions, loading type, and the material model of steel. Optimal parameters of the FE models for simulating 
steel deck strength and behavior in bending were determined from the study. The developed FE models can 
be used for studying flexural strength and behavior of solid steel deck with various geometry and loading types. 
The models can also be used as a basis for development of FE models of steel deck with acoustical 
perforations and openings, as well as built-up deck profiles.  

2. Methods 
FE models of CFS deck profiles shown in Figure 1 were developed in a commercial general-purpose 

software, ANSYS [31], using structural shell elements. The profiles were physically tested at the Karlsruhe 
Institute of Technology (KIT) for the research project titled “Guidelines and Recommendations for Integrating 
Specific Profiled Steel Sheets in the Eurocodes (GRISPE)” [32]. In the project, deck types JI_73-195-780 and 
JI_56-225-900 shown in Figure 1 with the nominal steel thickness of 0.75 and 1.00 mm were tested in bending 
in accordance with EN 1993-1-3:2006 [4]. The deck was produced by Joris Ide from galvanized steel grade 
S320GD according to EN 10346:2009 [33] with the nominal yield strength of 320 MPa. Results of 14 physical 
tests of solid deck in bending published in [32] were used for development and validation of FE deck models 
described in this paper.  

Single deck sheets shown in Figure 1 installed in single 3300-mm long spans were tested in six-point 
bending simulating a uniformly distributed load. The deck was supported at top flanges with timber blocks to 
prevent web crippling. Timber blocks were also used to transfer loads to the deck bottom flanges. Transverse 
ties were provided at the load locations and near supports to prevent deck sheets from spreading. The failure 
loads and load-deflection curves were obtained from the tests for every tested specimen and presented in 
[32]. The mechanical properties of the steel used for fabrication of the tested deck specimens were determined 
from tensile tests of steel coupons. The base steel thickness, excluding zinc coating, was also determined.  

In the FE models, the actual base steel thickness and mechanical properties of the deck reported in [32] 
were used. The study consisted of seven stages. In each stage, effects of one or several of the following 
parameters on the elastic buckling moments, moment capacity, and structural response of steel deck models 
were evaluated: shell element type, mesh density, corner radius, number of deck corrugations, presence of 
transverse ties, IGI distribution and magnitude, deck boundary conditions, loading type and stress-strain 
diagrams of steel. The following sections describe FE models used in each stage and discuss obtained results. 

 

Figure 1. Dimensions [mm] of the deck profiles used for the development of FE models. 
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3. Results and Discussion 
3.1. Effects of element type, mesh density,  
and initial geometric imperfection magnitude 

In this stage, the effects of mesh density and element type on elastic buckling and ultimate moments 
were studied on the 73-mm deep deck with the nominal steel thickness of 0.75 mm and on the 56-mm deep 
deck with the nominal steel thickness of 1.00 mm. The selected deck profiles represented the lower and upper 
bounds of the deck heights and thicknesses considered in the study. Effects of IGI magnitude on the deck 
moment capacity were also evaluated.  

Four-node and eight-node structural shell elements, SHELL181 and SHELL281, respectively, with five 
integration points were used for modeling the deck. Both element types have six degrees of freedom at each 
node. They are well suited for large-strain nonlinear applications and are capable of accounting for shell 
thickness change in nonlinear analyses. SHELL181 is a linear shell element. SHELL281 is a quadratic shell 
element. Quadratic shell elements generally allow for the use of coarser meshes, give greater flexibility in FE 
model meshing, and result in improved convergence of the solution when compared with linear shell elements 
[14]. The use of quadratic elements, however, results in considerably longer computation times.  

Multilinear isotropic hardening models (MISO) with von Mises plasticity were used to define the material 
behavior of steel deck. The deck stress-strain curves were described by the nonlinear models proposed in [34] 
(Figure 2). The key input parameters of the models were determined using the yield stress and tensile strength 
of the steel obtained from coupon tests in [32]. An elastic modulus of 2.03×105 MPa and a Poisson’s ratio of 
0.3 were used. The engineering stresses and strains were converted into the true stresses and strains using 
the following well-known relationships from Appendix C.6 of EN 1993-1-5:2006 [35]: ftrue=feng(1+εeng), where 

ftrue and feng are true and engineering stresses, respectively, and εtrue=ln(εeng+1), where εtrue and εeng are 
true and engineering strains, respectively.  

 

Figure 2. Steel stress-strain diagrams. 

The deck models were meshed with quadrilateral elements. To determine an optimal mesh density, 
eight different mesh sizes shown in Table 1 and Figure 3 were considered. Corner radii of 6+t/2 and 5+t/2 mm 
(where t is the measured base steel thickness) were included for the models of the 73- and  
56-mm deep decks, respectively, at the intersections of the deck top and bottom flanges with the deck webs. 
The web and top flange longitudinal stiffeners were modeled with sharp corners due to the small actual inside 
corner radii and large angles between the elements. 

Table 1. Parameters of FE meshes considered in convergence study. 

Mesh density 
designation 

Maximum element size (mm) in the direction Total number of elements 

Perpendicular to deck length Parallel to deck length 73-mm deck 56-mm deck 

D1 15 40 6992 6624 

D2 15 20 13528 14240 

D3 10 40 9200 8096 

D4 10 20 17800 17088 

D5 10 10 35400 33984 

D6 5 20 27056 27056 

D7 5 10 53808 53808 

D8 5 5 106704 106704 
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Figure 4 shows boundary conditions of deck models supported at top flanges and loaded through bottom 
flanges, which are referred to as TFS-BFL (top-flange-supported-bottom-flange-loaded) models hereafter. The 
symmetry in boundary and loading conditions allowed to model one-half of the deck span with the ANSYS 
symmetry degree-of-freedom constraints applied to the FE model nodes at the deck mid-span. At the deck 
support, vertical translations of nodes at the deck top flanges were restrained. To prevent rigid body motion, 
lateral displacement of one node at the edge of the deck bottom flange was restrained. The loads were 
modeled by forces applied to the deck bottom flanges. The forces applied at the deck longitudinal edges were 
two times smaller than the forces applied to the internal bottom flanges due to the smaller tributary widths of 
the edge bottom flanges. The nodes of each bottom flange at the load locations were coupled independently 
from the adjacent bottom flanges. The transverse ties used in the tests were modeled by coupling lateral 
displacements of the nodes at the deck panel edges at the load locations and near the deck supports. 

Each model was analyzed in two steps: 1) elastic buckling analysis was performed to obtain elastic 
buckling modes and moments; 2) non-linear static analysis was performed with the IGI distribution based on 
the first elastic buckling mode obtained from the elastic buckling analysis. The first elastic buckling mode of 
both studied deck profiles was distortional buckling of the deck top flange characterized by vertical 
deformations of the top flange longitudinal stiffener (Figure 5a). The deck models also demonstrated local 
buckling of the top flange between the web and the longitudinal stiffener as one of the higher buckling modes 
(Figure 5b). Three different IGI magnitudes of 0.15t, 0.64t, and btf/150, where btf is the deck top flange width, 
recommended in [36, 37, 23] were used in the models to study the effect of the IGI magnitude on the moment 
capacity. The absolute IGI magnitude values based on the measured deck dimensions were 0.10, 0.45, and 
0.83 mm for the 73-mm deep deck with the nominal thickness of 0.75 mm and 0.14, 0.59, and 1.03 mm for 
the 56-mm deep deck with the nominal thickness of 1.00 mm. Large-deflection effects were included into the 
FE models to account for the geometric nonlinearity.  

 

Figure 3. Mesh densities used in convergence study (one 160 mm long deck flute  
is shown for clarity): a) to h) 73-mm deep deck with mesh densities D1 to D8, respectively;  

i) to p) 56-mm deep deck with mesh densities D1 to D8, respectively. 

Figure 6 shows the effects of the mesh density on the elastic buckling moments of the studied profiles. 
The distortional elastic buckling moments, Mcrd, were practically independent of the mesh density for all 
studied models. On the other hand, the local elastic buckling moments, Mcrl, were sensitive to the element 
sizes for the coarser meshes. For the coarser meshes, the numbers of top flange elements between the deck 
web and the stiffener were 3 and 4 for the 73- and 56-mm deep profiles, respectively (see Figure 3). These 
limited numbers of elements were insufficient for an accurate capturing of the local elastic buckling moments, 
especially for the linear 4-node elements. The local elastic buckling moments of the 73-mm deck models with 
the 4- and 8-node elements converged for the mesh densities D7 and D5, respectively. The local elastic 
buckling moments of the 56-mm deck models with the 4- and 8-node elements converged for the mesh 
densities D5 and D4, respectively. For these meshes, the number of top flange elements between the deck 
web and the stiffener were 9 and 5 for the 73-mm deck models with the 4- and 8-node elements, respectively, 
and 6 for the 56-mm deck models with both element types. 
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Figure 4. Boundary conditions of deck models supported at top flanges  
and loaded through bottom flanges (TFS-BFL models). 

 

Figure 5. Buckling modes of studied deck profiles: distortional elastic buckling  
of deck top flange; b) local elastic buckling of deck top flange. 

 

Figure 6. Effects of FE discretization on elastic buckling moments of a) 73- and b) 56-mm deep deck. 

Figure 7 shows effects of the mesh density and the IGI magnitudes on the moment capacities of the 
studied profiles and average CPU time per iteration for models with different mesh densities and shell element 
types. The moment capacities of the 73- and 56-mm deep decks with both element types converged for the 
mesh densities D6 and D2, respectively. The considered IGI magnitudes had very small effects on the moment 
capacities. CPU time per iteration increased nearly linearly with an increase in the number of elements. The 
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computation time was 2–4 times (3 times on average) longer for the 8-node elements when compared with 
the 4-node elements. 

Based on the convergence study presented herein, mesh densities D7 and D5 were selected for further 
studies for the deck models with the 4- and 8-node elements, respectively. The IGI magnitude of btf/150 was 
selected for the further studies.  

 

Figure 7. Effects of FE discretization on moment capacity and computation time  
of a) and b) 73-mm deep deck models with 4- and 8-node elements, respectively;  

c) and d) 56-mm deep deck models with 4- and 8-node elements, respectively. 

3.2. Effects of corner radius 

The effects of corner radius on the elastic buckling and ultimate moments of steel deck were studied on 
the profiles with the same geometry as those described in Section 3.1. Deck models with sharp corners, as 
well as models with the corner radii of 6+t/2 and 12+t/2 mm for the 73-mm deep deck and 5+t/2 and 10+t/2 
mm for the 56-mm deep deck, were considered.  

The deck was modeled with the same shell element types and material properties as those described 
in Section 3.1. The mesh densities D7 and D5 were used for the 4- and 8-node elements, respectively, based 
on the convergence study results. Boundary conditions and the analysis methods were as previously 
described. The IGI distributions were based on the distortional elastic buckling of the deck top flange and the 
IGI magnitude of btf/150.  

Figure 8 shows effects of the corner radius on the elastic buckling and ultimate moments of the studied 
models. The corner radius in the considered ranges practically did not affect the distortional elastic buckling 
moment, Mcrd, for all studied models. The local elastic buckling moments, Mcrl, increased when the corner 
radius increased, which can be explained by the reduction in the flat width of the deck top flanges with the 
increase of the corner radius. Moment capacity, Mu, of the models reduced by 5 and 7 % for the 73- and 56-
mm deck, respectively, when the corner radii increased from zero to the maximum studied values. These 
results show that the deck corner radius has relatively small effects on the moment capacity and the distortional 
elastic buckling moment. Therefore, FE deck models with sharp corners and actual corner radii can be used 
for studying deck strength and distortional elastic buckling moment. Deck models with sharp corners can also 
be used for studying the local elastic buckling moments, because they result in conservative estimates. The 
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corner radius should be included in FE models, however, if more accurate and realistic predictions of local 
elastic buckling moments are desired. 

 

Figure 8. Effects of corner radius on elastic buckling and ultimate moments  
of a) 73-mm deep deck and b) 56-mm deep deck. 

3.3. Effects of number of deck corrugations (hats) 

A corrugated steel deck panel has a repetitive shape of the cross-section, which raises a question if 
modelling of only one corrugation (hat) or one-half corrugation, instead of the entire panel width, would give 
accurate results. To answer this question, the deck profiles analyzed in the previous stages were modeled 
with one-half corrugation and one corrugation. Figure 9 shows boundary conditions of the reduced-size 
models. To account for the panel continuity in the transverse direction, the symmetry boundary conditions 
were applied along the longitudinal edges of the one-half-hat and one-hat deck models. The corner radii of the 
models were 6+t/2 mm for the 73-mm deep deck and 5+t/2 mm for the 56-mm deep deck. All other parameters 
of the models were as those described in Section 3.2. 

 

Figure 9. Boundary conditions of reduced-size deck models:  
a) one-half-hat model; b) one-hat model. 
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Figure 10 shows ratios of the elastic buckling and ultimate moments per unit width obtained for the one-
half-hat and one-hat deck models to the moments obtained for the full-width, four-hat, models. Based on the 
presented results, it can be concluded that the reduced-size models provide elastic buckling moments and 
moment capacities identical to those predicted by the full-width models. The one-hat models were slightly 
more accurate than the one-half-hat models, especially in predicting the local elastic buckling load of the profile 
with more slender top flanges. The analyses were 6–8 times faster for the one-half-hat models and 3–5 times 
faster for the one-hat models when compared with the full-width models. 

 

Figure 10. Ratios of elastic buckling and ultimate moments for one-half-hat models  
and b) one-hat models to moments for four-hat models. 

3.4. Effects of initial geometric imperfection distribution 

The first elastic buckling mode of cold-formed steel members is commonly used to model distribution of 
IGIs [14]. As was mentioned previously, the first elastic buckling mode of the studied profiles was distortional 
buckling of the deck top flanges shown in Figure 5a. The IGI distribution can also be modeled based on the 
local elastic buckling mode, which was one of the higher elastic buckling modes, shown in Figure 5b. To see 
if modeling of the IGI distribution based on the distortional and local buckling modes makes any differences in 
the predicted moment capacities, the full-width, four-hat, deck panels were modeled with the imperfection 
distributions based on the both buckling modes. The 0.15t, 0.64t, and btf/150 IGI magnitudes were used for 
both IGI distributions. All other parameters of the models were as those described in Section 3.3. 

Figure 11 shows the ratios of ultimate moments for the models with the IGI distributions based on the 
local elastic buckling modes (LBM) to ultimate moments for the models with the IGI distributions based on the 
distortional elastic buckling modes (DBM). The ratios were in the ranges between 0.99 and 1.03, 0.96 and 
0.99, and 0.98 and 1.00 for the IGI magnitudes of 0.15t, 0.64t, and btf/150, respectively. These results show 
that either local or distortional elastic buckling modes can be used for modeling the IGI distributions in steel 
deck profiles. 

 

Figure 11. Ratios of ultimate moments for models with initial geometric imperfection distribution 
based on local elastic buckling mode to ultimate moments for models with initial geometric 

imperfection distribution based on distortional elastic buckling mode.  

136



Magazine of Civil Engineering, 94(2), 2020 

Degtyarev, V.V. 

3.5. Effects of deck support conditions, loading application, and transverse ties 

In the physical testing described in [32], the steel deck was supported at top flanges and loaded through 
bottom flanges to avoid the influence of local web deformations (web crippling) on the behavior and strength 
of the deck in bending. Transverse ties were used in the testing to prevent deck panel spreading. Steel deck 
can also be tested with support reactions transferred through deck bottom flanges and loads applied to deck 
top flanges [13]. The transverse ties may not be used in the testing.  

To evaluate the effects of the boundary conditions and the transverse ties, the deck tested in [32] was 
modeled with the support conditions and loading application as in the tests (top-flange-supported-bottom-
flange-loaded (TFS-BFL)) with and without ties, as well as with the support reactions transferred through the 
deck bottom flanges and loads applied to the deck top flanges (bottom-flange-supported-top-flange-loaded 
(BFS-TFL)) with and without ties. Figures 4 and 12 show boundary conditions for the TFS-BFL and BFS-TFL 
models, respectively. The IGI distributions were based on the distortional elastic buckling mode. The IGI 
magnitude was taken as btf/150. All other model parameters were as those described in Section 3.4. 

 

Figure 12. Boundary conditions of deck models supported at bottom flanges  
and loaded through top flanges (BFS-TFL models). 

Figure 13 shows the effects of the studied boundary conditions on the elastic buckling and ultimate 
moments. Figures 13a and 13b show the ratios of moments for the BFS-TFL models to the moments for the 
TFS-BFL models without and with ties, respectively. When no transverse ties were provided, the distortional 
elastic buckling moments, Mcrd, for the BFS-TFL models were 2–6 % greater than those for the TFS-BFL 
models. The local elastic buckling moments, Mcrl, and ultimate moments, Mu, for the BFS-TFL models were 
0–10 % and 3–7 %, respectively, smaller than those for the TFS-BFL models. When transverse ties were 
provided, the Mcrd, Mcrl, and Mu values for the BFS-TFL models were 1 % smaller or 1–5 % greater, 1–6 % 
smaller or 1–4 % greater, and 1 % smaller or 0–1 % greater, respectively, than those for the TFS-BFL models. 
These results show that the moment capacity of steel deck models without transverse ties is more sensitive 
to the change in the boundary conditions than the moment capacity of steel deck models with transverse ties. 
In the presence of the transverse ties, the differences in the moment capacities of the deck with the different 
boundary conditions considered in this study were very small. The elastic buckling moments of deck models 
with ties were also less sensitive to the change in the boundary conditions when compared with the models 
without ties. 

Figure 13c shows the ratios of moments for the TFS-BFL models without ties to moments for  
the TFS-BFL models with ties. The Mcrd values reduced by 3–4 %, while the Mcrl values either reduced by 2–
4 % or increased by 3 %, when the transverse ties were removed from the TFS-BFL models. The transverse 
ties removal resulted in an increase of the Mu values by 1 % for the 73-mm deep by 0.75-mm thick profile, 
whereas the 56-mm deep by 1.00-mm thick profile demonstrated a 7 % reduction in the moment capacities.  
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Figure 13d shows ratios of moments for the BFS-TFL models without ties to moments for the BFS-TFL 
models with ties. For the BFS-TFL models, the Mcrd, Mcrl, and Mu values reduced by 2, 0–6, and 5–10 %, 
respectively, when the transverse ties were eliminated. 

 

Figure 13. Ratios of elastic buckling and ultimate moments for a) and b) BFS-TFL models 
to moments for TFS-BFL models without ties and with ties, respectively; c) TFS-BFL models 

without ties to moments for TFS-BFL models with ties; d) BFS-TFL models without ties  
to moments for BFS-TFL models with ties. 

These results show that addition of the transverse ties generally increases the elastic buckling and ultimate 
moments of steel deck profiles. The BFS-TFL models are more sensitive to the transverse ties than the TFS-BFL 
models. The beneficial effects of transverse ties were more pronounced for the thicker deck profiles. 

3.6. Effects of loading type 

In the physical testing [32], four concentrated loads evenly spaced along the span were applied to the deck. 
Structural members are also often tested in four-point bending. This loading diagram may be more convenient for 
FE modeling, because it allows to load the member by imposed displacements, which makes possible obtaining 
full load-displacement curves with descending branches. In the real life, steel deck is designed for uniformly 
distributed loads. To study the effects of the different loading types on the elastic buckling and ultimate moments, 
FE models of the deck with the following additional loading types were analyzed:  

1) two equal line loads applied as forces along lines parallel to deck supports and located at the distance 
of L/3 (where L is deck span length) from each deck support,  

2) two equal displacements applied along lines parallel to deck supports and located at the distance of 
L/3 from each deck support, and  

3) a uniformly distributed load.  

Boundary conditions of the models with the different loading types were similar to those shown in Figure 
4, except the loads were applied as forces or displacements at the third points or as a uniformly distributed 
load. The material properties of the deck and corner radii were as those described in Section 3.1. The IGI 
distribution was based on the distortional elastic buckling of the deck top flanges with the IGI magnitude of 
btf/150. 

Figures 14a, 14b, and 14c show ratios of the elastic buckling and ultimate moments obtained for the 
models loaded by two line forces, two displacements, and a uniform load, respectively, to those obtained for 
the models loaded by four line forces. The presented comparisons indicate that all studied loading types 
resulted in comparable predictions of the elastic buckling and ultimate moments. The differences in the 
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predictions of the Mcrd, Mcrl, and Mu values were within 1, 5, and 5 %, respectively. These results demonstrate 
that any of the studied loading types can be used for numerical studies of elastic buckling and ultimate 
moments of corrugated steel deck profiles. 

 

Figure 14. Ratios of elastic buckling and ultimate moments for a) models loaded  
by two forces, b) models loaded by two displacements, and c) models loaded  

by uniform load to moments for models loaded by four forces. 

3.7. Effects of steel stress-strain diagrams and model validation 

All deck models described previously were based on the nonlinear stress-strain curves proposed in [34]. 
Simplified models, such as elastic-perfectly plastic and bilinear, are also commonly used for modeling the 
behavior and strength of steel members. To study the effects of different stress-strain diagrams on the 
structural response, flexural stiffness, and moment capacity of the deck, all solid deck profiles tested in [32] 
were modeled with the elastic-perfectly plastic, bilinear, and nonlinear stress-strain diagrams shown in 
Figure 2. The key parameters of the diagrams, such as steel yield stress, fy, and tensile strength, fu, were as 
those reported in [32].  

The FE simulation results obtained in this stage were also compared with the experimental data to 
validate the developed FE models. Overall, 14 physical test results described in [32] were used for the model 
validation. In addition to the 73-mm deep by 0.75-mm thick and 56-mm deep by 1.00-mm thick profiles 
described previously, 73-mm deep by 1.00-mm thick and 56-mm deep by 0.75-mm thick profiles were modeled 
and analyzed. Mesh densities D7 and D5 (see Table 1) were used for deck models with the 4- and 8-node 
elements, respectively. Corner radii and boundary conditions were as those described in Section 3.1. The IGI 
distribution was based on the distortional elastic buckling of the deck top flange with the IGI magnitude of 
btf/150. 

Figure 15 shows load-deflection diagrams obtained from the tests [32] and the FE simulations of deck 
models with different steel stress-strain diagrams and element types. The EPP, BL, and NL abbreviations in 
Figure 15 stand for elastic-perfectly plastic, bilinear, and nonlinear stress-strain diagrams of steel. Deliveries 
1 and 3 shown in Figure 15 refer to deck made from different coils of steel and delivered to the testing lab at 
different times [32]. The structural response of the 4-node element models with mesh density D7 and the 8-
node element models with mesh density D5 were nearly identical. The models based on the elastic-perfectly 
plastic and bilinear constitutive models did not show noticeably differences in the structural response either. 
The nonlinear stress-strain diagram resulted in considerably different structural response of the models when 
compared with the elastic-perfectly plastic and bilinear diagrams due to the plastic deformation of steel at 
stresses below the yield stress accounted for by the nonlinear model. Figure 15 shows that the nonlinear 
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stress-strain diagram generally resulted in a better agreement of flexural stiffness of the deck models with the 
test results for the full range of loading. 

Figure 16 compares the ultimate moments of deck models with different constitutive models and 
element types obtained from the FE simulations with the test results [32]. It can be concluded that the 
developed FE models with all studied stress-strain diagrams and element types showed good agreements 
with the experimental data. The nonlinear stress-strain diagrams, however, resulted in slightly better 
predictions of the ultimate moments when compared with the elastic-perfectly plastic and bilinear diagrams for 
both the 4- and 8-node shell elements. 

 

Figure 15. Load-deflection diagrams from tests and FE simulations: a) and c) 73-mm  
by 0.75-mm deck from delivery 3 and 1, respectively; b) and d) 75-mm by 1.00-mm deck  

from delivery 3 and 1, respectively; e) and f) 56-mm by 0.75-mm and 1.00-mm, respectively. 

Figure 17 compares deck deflections at the maximum moments from the FE simulations and the tests 
[32]. The FE models with the elastic-perfectly plastic and bilinear stress-strain diagrams slightly 
underestimated the deck deflections at the maximum moments, whereas the FE models with the nonlinear 
stress-strain diagram overestimated the maximum deck deflections. The nonlinear diagrams resulted in a 
smaller scatter of the FEA/Test ratios when compared with the elastic-perfectly plastic and bilinear stress-
strain diagrams. The nonlinear stress-strain diagrams of the steel might be adjusted if needed, by reducing 
the εu value, to improve predictions of the deck deflection at the maximum moment. This characteristic, 
however, is not very important for the practical design of steel decks.  

A more important characteristic of the deck flexural stiffness is the deck deflection at the service level 
load, which is compared with the acceptable deck deflection in the structural deck design. The service level 
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load is commonly assumed to be at 60 % of the ultimate moment. Figure 18 shows comparisons of deck 
deflections at 0.6Mu obtained from the FE simulations with the test results. The FE models with the material 
behavior of steel described by the nonlinear stress-strain diagram show a better agreement of deflections at 
the service level loads with the test results when compared with the models based on the simplified stress-
strain diagrams. The latter, however, also show reasonably good agreements with the test results. 

 
Figure 16. Comparisons of ultimate moments for deck models with different constitutive models 

and element types from FE simulations with test results: a), b), and c) 4-node FE models  
with elastic-perfectly plastic, bilinear, and nonlinear stress-strain diagrams, respectively;  

d), e), and f) 8-node FE models with elastic-perfectly plastic, bilinear, and nonlinear stress-strain 
diagrams, respectively. 

 
Figure 17. Comparisons of deck deflections at ultimate moments for models with different 

constitutive models and element types obtained from FE simulations with test results:  
a), b), and c) 4-node FE models with elastic-perfectly plastic, bilinear, and nonlinear stress-strain 

diagrams, respectively; d), e), and f) 8-node FE models with elastic-perfectly plastic, bilinear,  
and nonlinear stress-strain diagrams, respectively. 
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It can be concluded that the nonlinear stress-strain diagrams used in the FE simulations result in better 
agreements of strength and flexural stiffness of steel deck with the experimental data than the simplified 
elastic-perfectly plastic and bilinear models. The developed models can be employed for numerical studies of 
solid deck profiles and can be used as a basis for the development of FE models of steel deck with openings 
and acoustical perforations, as well as built-up deck profiles. 

 
Figure 18. Comparisons of deck deflections at service level moments for models with different 

constitutive models and element types obtained from FE simulations with test results:  
a), b), and c) 4-node FE models with elastic-perfectly plastic, bilinear, and nonlinear stress-strain 

diagrams, respectively; d), e), and f) 8-node FE models with elastic-perfectly plastic, bilinear,  
and nonlinear stress-strain diagrams, respectively. 

 
Figure 19. von Mises stresses [MPa] in FE deck models at ultimate moments: a) and b) 73-mm 

by 0.75- and 1.00-mm deck, respectively; c) and d) 56-mm by 0.75- and 1.00-mm deck, respectively. 

Figure 19 shows von Mises stresses in the FE deck models at the ultimate moments. Nonlinear distortional 
buckling of the deck top flanges can be clearly seen for all studied deck heights and steel thicknesses. This type 
of buckling was observed in the tests [32] as well. Highly non-uniform von Mises stress distributions along and 
across the deck top flanges due to the flange nonlinear buckling can be seen in Figure 19. Higher von Mises 
stresses were observed near the corners and within unbuckled portions of the flanges. 
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4. Conclusions 
1. FE models of corrugated cold-formed steel deck were developed in a commercially available FE 

simulation software, ANSYS. Steel deck was modeled with linear 4-node and quadratic 8-node structural shell 
elements. Optimal mesh densities were determined for the deck models with both element types based on a 
convergence study. The effects of different constitutive steel models on the moment capacity, flexural stiffness, 
and load-deflection diagrams were considered.  

2. The study showed that the deck corner radius had relatively small effects on the moment capacity 
and the distortional elastic buckling moment, but had a greater effect on the local elastic buckling moment.  

3. Reduced-size FE deck models, with only one hat or one-half hat instead of the full-width deck panel 
with multiple hats, were studied. The reduced-size FE models provided elastic buckling and ultimate moments 
identical to those predicted by the full-size models. 

4. IGI distributions based on the distortional and local elastic buckling modes of the deck top flange with 
three different IGI magnitudes were studied. The studied IGI distributions and magnitudes had relatively small 
effects on moment capacities of the FE deck models. 

5. Effects of different boundary conditions (with the deck supported at top flanges and loaded through 
bottom flanges; and with the deck supported at bottom flanges and loaded through top flanges) and transverse 
ties were studied. The elastic buckling and ultimate moments of the models without transverse ties were more 
sensitive to the change in the boundary conditions when compared with the models with transverse ties. 
Addition of the transverse ties resulted in increases in the elastic buckling and ultimate moments, especially 
for thicker profiles. Deck models supported at bottom flanges and loaded through top flanges were more 
sensitive to the presence of the transverse ties than the models supported at top flanges and loaded through 
bottom flanges. 

6. Effects of different loading types along the deck span, such as four loads modeled as forces, two 
loads modeled as forces and imposed displacements, and a uniform load, were considered. The elastic 
buckling and ultimate moments obtained for the studied loading types showed very small differences. 

7. The developed models were validated against available test results. Moment capacities, flexural 
stiffness values, and load-deflection curves predicted by the models compared well with those obtained from 
physical testing, especially when nonlinear stress-strain diagrams of steel were used.  

8. The developed FE models can be an efficient tool for numerical studies of flexural strength and 
stiffness of non-perforated steel deck with various geometry under various loading types, which can be useful 
in development of new efficient profiles and in improving current deck design methods. They may also form a 
basis for development of FE models of deck with openings and perforations, as well as built-up deck profiles, 
design methods for which are currently underdeveloped. 
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Abstract. The paper deals with the effect of various modifications of composition and homogenization 
procedure on micromechanical characteristics of high-performance concrete (HPC) containing supplementary 
cementitious materials (SCMs), namely silica fume, fly ash and metakaolin. The main motivation was to 
characterize the changes of microstructure induced by the type and amount of SCMs, by the time and order 
of mixing of components and by coarse aggregate washing. The effects of the changes of microstructure on 
macroscopic mechanical features of the material were also studied. Indentation moduli of particular phases of 
the material were measured by nanoindentation. Interfacial transition zone (ITZ) thickness was primarily 
measured by nanoindentation. An alternative method of ITZ thickness determination based on variations in 
chemical composition was tested for a selected sample with encouraging result. Compressive strength and 
bulk elastic modulus of concrete were determined by standard loading tests. The results showed that SCMs 
generally decrease the thickness of ITZ, but no direct relation to compressive strength of concrete was found 
for mixtures with variable SCMs content. In case of mixtures with optimized SCMs content prepared by 
different homogenization procedures or with the use of aggregate washing, qualitative dependence between 
ITZ thickness and compressive strength was found. Aggregate washing proved to be useful for improving both 
microscopic and macroscopic properties, having positive effect on ITZ thickness, compressive strength, bulk 
elastic modulus and indentation moduli of particular phases. 

1. Introduction
Interfacial transition zone (ITZ) and its properties are one of the most important, but at the same time 

the least understood phenomena influencing mechanical properties of concrete. ITZ is a thin transitional layer 
between aggregate grains and cement paste. It is a weak link in the structure of a cementitious composite, 
where the first microcracks originate and begin to develop into macrocracks. A typical thickness of ITZ in 
normal strength concrete reaches 30 – 100 µm [1–3], while in high-performance composites, lower values 
ranging between 10–30 µm are reported [4–7]. Some research works point out a strong relationship between 
the characteristics of ITZ (mainly its thickness and mechanical properties) and macroscopic properties of 
concrete, such as compressive and tensile strength, elastic modulus or resistance to deicing chemicals [8–
10]. 

The origin and creation of ITZ is attributed mainly to the wall effect. The phenomenon leading to 
accumulation of batch water on the surface of aggregate grains and local increase of water-to-binder ratio 
(w/b) was described by Escadeillas and Maso [11]. The local increase of w/b leads to increased porosity and 
decreased strength of ITZ. Another important factor is the filtration effect described by Lagerblad and Kjellsen 
[12]. When more aggregate grains are located close to each other, cement particles get filtrated as fresh 
cement paste passes through the narrow gap between the grains during concreting. As a result, an area of 
cement matrix with lower density and higher porosity is created. Microbleeding and syneresis also contribute 
to ITZ formation. Microbleeding is defined as flocking of microscopic droplets of bleeding water around larger 
aggregate grains in the course of concrete mixing [13]. During syneresis, cement matrix shrinks and the water 
is released from the structure of cement gel, leading to the separation of the water rich in cement particles 
from the solid components of the matrix [14]. 
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The works cited above identified several ways of efficient reduction of ITZ thickness. The main ones are 
minimization of w/b, use of superplasticizers and the use of supplementary cementitious materials (SCMs). 
Other influencing factors are humidity, porosity, absorbability and granulometry of aggregate, cement type, 
time of homogenization and compaction of the mixture and cleanness of aggregate surface. In case of high-
performance concrete (HPC), Portland cement is used, w/b is already minimized to maximum possible extent, 
superplasticizers are used in high dosages, the aggregates with the best available properties are exploited. 
Therefore, it makes sense to study the remaining factors – the use of SCMs, technological process of concrete 
production and cleanness of aggregate surface. 

SCMs are nowadays often used to improve various properties of concrete – physical and mechanical 
characteristics [15–18] or consistence [19]. Fediuk et al. proved that they can also increase the efficiency of 
grinding of cement [20] or shock resistance of concrete [21]. 

The positive influence of SCMs on ITZ thickness was observed by Rossignolo [22] who reported that 
replacing 10 % cement weight by silica fume led to the reduction of ITZ thickness by 36 % compared to 
reference concrete. When he modified concrete by SBR latex admixture in the dosage of 5 % and 10 % of 
cement weight, ITZ thickness was reduced by 27 % and 36 % respectively. The best results were obtained by 
combined use of silica fume (10 % cem. wt.) and SBR latex (10 % cem. wt.) when ITZ thickness was reduced 
by 64 %. 

Duan et al. [23] investigated the effect of slag, metakaolin and silica fume on thickness and 
microhardness of ITZ and macroscopic compressive strength of concrete. The measurements were performed 
at the ages of 3, 7, 28 and 180 days for mixtures with 10 % cement weight replacement. The tendency to 
decrease ITZ thickness in time was evident for all the mixtures including the reference one, but it was more 
pronounced in the mixtures containing SCMs. In case of reference concrete, ITZ thickness was reduced from 
80 µm at 3 days to 60 µm at 180 days. ITZ in concrete containing slag was reduced from 60 µm to 50 µm and 
in concrete containing silica fume or metakaolin the reduction from 50 µm to 40 µm was observed during the 
same period. The SCMs also positively influenced the microhardness of ITZ. Microhardness of ITZ constituted 
79 % of microhardness of bulk cement paste in case of reference concrete, 83 % in case of concrete containing 
metakaolin or slag and 86 % in case of concrete containing silica fume. It was also proved that there is a direct 
linear dependence between microhardness of cement paste and macroscopic compressive strength of 
concrete. 

Nilli and Ehsani [24] focused on the effect of nanosilica and silica fume on ITZ and strength 
development. Among other results, it was shown that replacing 5 % or 7.5 % cement weight by silica fume 
increased concrete compressive strength by approximately 10 %.  

When studying self-compacting concretes, several researchers [25-27] confirmed that missing 
vibrations during concrete placement lead to elimination of vibration-induced segregation and microbleeding. 
The amount of water accumulated on the surface of aggregate grains was also reduced, leading to mitigation 
of wall effect, reducing porosity of ITZ and permeability of concrete. Yoo et al. [28] proved that the concrete 
placement method influences the first cracking strength and corresponding toughness of HPC. 

Hiremath and Yaragal [29] experimented with the sequence of addition of compounds (microsilica 
before/after water, aggregate before/after water, water added in two or three steps) into HPC mixture 
containing 20 % silica fume (20 % cem. wt.). The highest compressive strength of 128 MPa was reached when 
aggregate was added to wet mortar; the standard mixing procedure (adding water to dry mix of all constituents) 
led to 105 MPa, i.e. 20 % less. 

While some fine fillers are used to optimize the grading curve of aggregate, increase packing density of 
concrete and increase its compressive strength, the presence of another types of fine particles in concrete is 
undesirable. These include clay and other fine components (smaller than 0.125 mm) that are formed during 
the extraction of basalt aggregates and that are trapped on the surface of coarse aggregate grains. These 
particles can weaken the link between the aggregate and cement matrix and deteriorate mechanical properties 
of concrete [30, 31]. By increasing the amount of water bonded on the surface of aggregate grains, they locally 
increase the w/b in the vicinity of these grains. Cepuritis and Mørtsell [32] experimentally verified that the use 
of washed aggregate improves workability of concrete. However, no studies dealing with the effect of 
cleanness of aggregate surface (aggregate washing) on mechanical properties of concrete were found.  

The paper deals with the effect of various modifications of composition and homogenization procedure 
on micromechanical characteristics of high-performance concrete (HPC) containing supplementary 
cementitious materials (SCMs). Silica fume, fly ash and metakaolin were used as partial replacement of 
cement. The studied modifications consisted in the type and amount of SCMs, the time and order of mixing of 
components and in coarse aggregate washing. The measured micromechanical characteristics were 
indentation moduli of individual phases of the material and thickness of interfacial transition zone (ITZ) 
determined by nanoindentation. Relations between the changes on the microscale and main macroscopic 
mechanical properties (compressive strength and bulk elastic modulus) were studied. 
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In their previous study [33], the authors of this paper dealt with the effect of SCMs and homogenization 
procedure on macroscopic mechanical properties of HPC. A large database of results was obtained, showing 
the relations between the modifications in composition and homogenization of HPC and a variety of 
macroscopic mechanical properties of the material. The main motivation of the experimental program 
presented in this paper was to characterize the changes of properties of the same materials on microscopic 
level and to study the relations between the microscopic and macroscopic mechanical features of the material. 
In addition to that, the effect of cleanness of aggregate surface (aggregate washing) was observed in order to 
evaluate the hypothesis that with cleaner coarse aggregate grains, both microscopic and macroscopic 
mechanical properties will be improved. As the literature review has shown, there is a very limited number of 
studies dealing with these topics. The authors of this paper have previously published small sets of data in 
two preliminary reports [34–35]. This paper provides a systematic and comprehensive study of a wide set of 
materials and their properties. 

In accordance with the previous research study of the authors of this paper [33] and pursuing the studies 
of other authors cited above, the aims and tasks of the presented experimental program were: 

• To determine the effect of the type and amount of SCMs on micromechanical properties of HPC. 

• To determine the effect of changes in homogenization procedure, namely various mixing times and 
sequence of addition of components, on micromechanical properties of HPC. 

• To determine the effect of aggregate washing on micromechanical properties of HPC. 

• To compare the changes of micromechanical characteristics with the changes of the main 
macromechanical properties – compressive strength and bulk elastic modulus. 

2. Methods 
2.1. Investigated materials 

In agreement with the preceding study of macroscopic properties [33], ten mixtures described in Table 1 
were tested. REF is the reference mixture with no SCMs; MIC are the mixtures containing microsilica; POP 
are mixtures containing fly ash; and MET are mixtures containing metakaolin. The number 10, 20 or 
30 designates the percentage of cement weight replaced by SCMs. The details regarding mixture design, 
chemical composition and particle size distribution of cementitious materials can be found in [33] and [36].  

Table 1. Composition of the mixtures (values in [kg/m3]; water-to binder ratio w/b is 
dimensionless). 

Compound Specification R
E

F
 

M
IC

10
 

M
IC

20
 

M
IC

30
 

P
O

P
10

 

P
O

P
20

 

P
O

P
30

 

M
E

T
10

 

M
E

T
20

 

M
E

T
30

 

cement CEM I 42,5 R  800 720 640 560 720 640 560 720 640 560 

admixture 

microsilica 0 80 160 240 0 0 0 0 0 0 

fly ash 0 0 0 0 80 160 240 0 0 0 

metakaolin 0 0 0 0 0 0 0 80 160 240 

water - 210 231 252 273 197 185 172 210 210 210 

w/b - 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 

aggregate 

(basalt) 

8-16 mm 320 320 320 320 320 320 320 320 320 320 

4-8 mm 390 390 390 390 390 390 390 390 390 390 

0-4 mm 730 730 730 730 730 730 730 730 730 730 

Superplasticizer Polycarboxylate 25.0 33.0 33.0 33.0 34.0 32.0 30.0 30.0 30.0 30.0 
 

For the remaining part of the experimental program, just the mixtures with optimal content of SCM from 
the point of view of macroscopic mechanical properties [33] were selected. Therefore, the effect of 
homogenization procedure and aggregate washing was measured only for REF, MIC20, POP30 and MET20.  

To study the effect of homogenization procedure, four variants of the mixtures were prepared using a 
pan laboratory mixer with centre shaft (pan fixed, scraper moving) and nominal volume of 80 litres at the speed 
of 30 rpm. Details are given in Table 2. 

 P1: Standard procedure used in the rest of the experimental program 
 P2: SCM was added before cement.  
 P3: SCM was added as the last component. 
 P4: Mixing time of SCM was increased from 180 s to 300 s. 
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Table 2. Plans of mixing procedures P1 – P4 (the lengths of the steps are given in seconds). 

Step no. P1 P2 P3 P4 

1 Aggregate 8/16+4/8 (20) 

2 Aggregate 0/4 (20) 

2 Cement (20) SCM (180) Cement (20) Cement (20) 

3 SCM (180) Cement (20) Water+SPF (60) SCM (300) 

4 Water+SPF (60) Water+SPF (60) SCM (180) Water+SPF (60) 

The effect of aggregate washing was studied by comparing the properties of two types of mixtures. In 
case of “U” type (unwashed) mixtures, the aggregate was used as received from the quarry; no special 
processing was carried out. In case of “W” type (washed) mixtures, the coarse fractions of the aggregate  
(4–8 mm and 8–16 mm) were washed and dried before mixing. To wash the aggregate, it was immersed for 
30 seconds into water in running laboratory mixer, then filtered, dried in laboratory dryer and kept in laboratory 
conditions for 7 days to reach the same natural humidity as the unprocessed aggregate. The efficiency of the 
applied method of aggregate washing was confirmed by grading test that showed that the content of fine 
particles smaller than 0.125 mm was lowered by 94 % in 8–16 mm fraction and by 96 % in 4–8 mm fraction.  

2.2. Nanoindentation 
Micromechanical characteristics of individual phases of the material were obtained by displacement 

driven grid indentation using Ti 700 series nanoindentor (Hysitron Inc.). The method is based on injection of 
the tip of the probe into the material. The dependency of the applied force on the depth of penetration is 
measured. The mechanical properties are then computed using Oliver-Pharr theory [37] from the unloading 
part of the loading curve. The results of the measurements are microhardness (H) and effective elastic 
indentation modulus (Er). 

The samples for nanoindentation and microscopic analysis were extracted from macroscopic samples 
(100 mm cubes) stored in water in laboratory conditions (20–22 °C) for 28 days (identical to samples for 
macroscopic tests). The extracted samples were treated using grinding and polishing media. Due to 
mechanical heterogeneity of the material, a method reducing selective abrasivity was applied. This allowed to 
obtain specimens having both adequate surface roughness and compact ITZ between aggregate and matrix. 

Particular indents were driven by loading function with prescribed maximum penetration depth of 
150 nm. The loading took 5 seconds. The maximum force was held for 60 seconds which allowed to 
significantly reduce the effect of creep and viscoelasticity of the material [37]. To obtain statistically relevant 
set of data regarding indentation moduli of particular material phases and to locate the position of interfacial 
transition zone (ITZ), a grid of 21×21 indents with spacing of 10 µm was applied on all the samples. Six rows 
of 100 indents (spacing of 1 µm) were then performed on each ITZ location to determine the thickness of ITZ 
based on the measured distribution of indentation modulus along the row of indents. 

Indentation modulus was derived from spectral deconvolution of measured data (normalized histograms 
of indentation results). The application of this method is limited by two conditions – identical area of each 
indent and significantly different mechanical properties of particular phases [38]. The first condition is fulfilled 
by applying the displacement driven loading function. The second condition is generally not fulfilled considering 
very similar micromechanical properties of clinker and basalt aggregate (Er > 100 GPa). This problem was 
solved by dividing the measurements in two levels: the matrix without the aggregate and ITZ between the 
matrix and the aggregate. The deconvolution procedure was then applied independently on both levels and 
the final results were obtained by their synthesis. 

Contrary to static deconvolution, spectral deconvolution takes into account mutual interactions of 
phases such as the interaction between matrix and clinker (soft and hard phase). The effective indentation 
modulus (Er) was determined with maximum allowed deviation of 2.5 % from experimental measurements 
considering Gaussian distribution of probability of results. 

2.3. Scanning electron microscopy and image analysis 
To investigate the phase composition of selected samples, scanning electron microscopy (SEM) in 

backscattered electron mode (BSE) was performed using microscope Mira II LMU equipped with electron 
probe microanalyzer (EPMA) from Tescan corp. (Czech Republic). After polishing, 20 nm thick layer of carbon 
was deposited on the surface of samples to increase electric conductivity. Since grayscale intensity in obtained 
BSE image depends on atomic mass [39], individual phases could be identified by image analysis using an 
in-house software PyPAIS [40] based on intensity and entropy thresholding.  

An alternative method of assigning ITZ thickness with the use of SEM and energy-dispersive X-ray 
detector (EDX) based on the work of Kjellsen et al. [41] was examined for one selected sample. EDX probe 
from Bruker corp. (Germany) was used. In the points along a line, identification of elements and quantification 
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of each element’s concentration was carried out. According to [41], ITZ can be identified based on the ratio of 
Ca/Si content in hydrated material. Lower values of Ca/Si ratio indicate the presence of ITZ. The motivation 
for this experiment was the fact that nanoindentation measurements of ITZ thickness are very time consuming 
in terms of both operator time and computer time required for data processing. The alternative method 
provides the results relatively quickly. 

2.4. Macromechanical characteristics 
Macromechanical characteristics were tested according to valid European standards [42–44]. More 

details regarding the methods as well as complete results and their discussion can be found in [33]. 

3. Results and Discussion 
3.1. The effect of SCM type and amount 

Microstructure of the studied HPC samples was influenced by the type and amount of SCMs in many 
aspects. 

The indentation modulus of ITZ (Table 3) was decreased by the addition of metakaolin by approximately 
10 %, while the effect of fly ash and silica fume was ambiguous. Relatively strong correlation (correlation 
coefficient R = 0.7) between the change of bulk elastic modulus (Ec) and indentation modulus of ITZ induced 
by the addition of SCMs was found, see figure 1.  

The indentation modulus of LD CSH (low-density calcium-silicate-hydrates) and HD CSH (high-density 
calcium-silicate-hydrates) was increased by SCMs in all instances and the increase was directly dependent 
on cement replacement level (Table 3). Fly ash and metakaolin increased the modulus of HD CSH by 
approximately 20 %; the other changes were less significant. The increase can be explained by the fact that 
the pozzolanic materials contain large amount of reactive silicon dioxide (SiO2) that reacts with portlandite 
(Ca(OH)2) to form the calcium-silicate-hydrates (CSH) [45]. However, the bulk elastic modulus of all the 
mixtures was lower than the one of the reference mixture, the reduction reaching up to 20 % for silica fume 
and metakaolin mixtures and 5–10 % for fly ash containing mixtures.  

Volumetric fractions of particular phases were determined for this set of samples (Table 4). In most 
cases, the amount of HD CSH was lower and the amount of LD CSH was higher in mixtures containing SCMs 
than in the reference mixture. This partially explains the reduction of bulk elastic modulus.  

The indentation modulus of Portlandite (Table 3) was significantly decreased by the addition of silica 
fume. Fly ash and metakaolin had slightly increasing effect with no clear dependence on the replacement 
level. No clear relation between SCMs and indentation modulus of clinker was observed. There was no 
correlation between the bulk elastic modulus and indentation moduli of phases other than ITZ, see Figure 1. 

The measured ITZ thickness of all the samples (Table 2) was between 8–23 µm, which coincides with 
the results obtained by other authors studying high-performance concrete; thickness between 10 and 30 µm 
was reported [4–7]. Figure 2 shows that SCMs reduced the thickness of ITZ in almost all instances (except 
MET30), sometimes more than twofold. This is in accordance with results of Rossignolo [22] cited in 
section 1.2. However, contrary to [24], no clear dependence between ITZ thickness and macroscopic 
compressive strength of mixtures with varying SCM content was found. In some cases (MIC20, MIC30, 
MET10), ITZ thickness was significantly reduced, but the compressive strength was decreased at the same 
time; in another cases, even a small reduction of ITZ thickness lead to noticeable increase of compressive 
strength (POP20, POP30). 

Table 3. Mean values and standard deviations of the indentation moduli Er [GPa] of individual 
phases and mean thickness of ITZ [µm] – mixtures with different content of SCMs. 

Mixture ITZ LD CSH HD CSH Portlandite Clinker ITZ thickness  

REF 17.34±2.38 31.08±4.65 45.07±2.47 81.60±10.36 128.36±14.99 21.3 

MIC10 16.82±2.18 32.91±4.16 48.43±5.78 66.55±8.50 122.28±8.50 16.1 

MIC20 18.47±2.41 33.37±2.92 48.94±4.24 66.12±11.74 135.49±11.74 10.2 

MIC30 18.87±3.91 34.70±3.17 49.98±3.48 65.82±6.51 132.65±6.51 8.2 

POP10 16.74±2.42 33.45±5.89 54.54±7.63 84.92±14.07 142.13±13.34 16.9 

POP20 16.48±2.12 34.95±5.36 54.99±6.38 88.63±13.16 140.22±12.42 13.8 

POP30 18.80±4.40 35.62±5.87 57.72±6.40 86.17±7.59 127.57±16.85 14.9 

MET10 15.38±1.98 34.73±4.82 52.32±8.56 85.36±12.06 135.12±18.01 12.1 

MET20 15.54±3.24 35.15±6.28 53.27±8.71 87.88±14.55 141.20±18.85 15.9 

MET30 16.01±2.25 35.27±5.69 55.40±6.32 84.79±10.26 138.62±14.42 23.0 
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Table 4. Mean values and standard deviations of volumetric fractions for individual phases – 
mixtures with different content of SCMs. 

Mixture LD CSH HD CSH Portlandite Clinker Aggregate 

REF 15.82±0.25 15.43±0.35 6.55±0.15 4.18±0.02 56.52±1.39 

MIC10 16.09±0.42 16.61±0.44 4.07±0.06 5.43±0.16 57.45±2.44 

MIC20 18.30±0.98 14.57±0.17 4.49±0.13 6.48±0.22 55.56±3.31 

MIC30 19.33±0.01 13.74±0.38 5.75±0.20 6.76±0.25 56.33±2.79 

POP10 19.61±0.31 15.34±0.15 5.77±0.11 6.20±0.18 57.89±2.44 

POP20 12.25±0.40 13.96±0.71 8.50±0.03 2.93±0.23 60.78±1.88 

POP30 13.48±0.70 13.79±0.50 8.40±0.05 2.81±0.12 59.18±1.93 

MET10 18.00±0.21 12.59±0.05 4.65±0.02 6.08±0.18 59.38±1.41 

MET20 18.94±0.33 12.90±0.62 3.82±0.21 5.50±0.23 61.26±0.98 

MET30 18.78±0.54 12.93±0.53 3.23±0.16 4.81±0.12 60.78±1.03 
 

Table 5. Mean values of macroscopic compressive strength and bulk elastic modulus – mixtures 
with different content of SCMs. 

Mixture Compressive strength [MPa] Elastic modulus [GPa] 

REF 105.9 51.3 

MIC10 109.3 42.2 

MIC20 101.3 46.8 

MIC30 97.7 48.1 

POP10 106.6 46.2 

POP20 120.8 49.5 

POP30 125.3 49.8 

MET10 108.9 39.0 

MET20 110.3 41.9 

MET30 96.7 39.7 

 

Figure 1. Bulk elastic modulus (Ec) and indentation moduli of particular phases relative to reference 
mixture (REF) – mixtures with different content of SCMs. 
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Figure 2. Compressive strength and reduction of ITZ thickness relative to reference mixture (REF) – 
mixtures with different content of SCMs. 

For one selected sample of reference concrete (REF), an alternative method of determination of ITZ 
thickness was tested. The method is based on the ratio of Ca/Si content in selected points along a line. 
Figure 3 shows the development of Ca/Si ratio in the analysed area. When we compare the plot with the SEM 
photograph in figure 4, it can be concluded that points 3–7 are located inside ITZ. This indicates that the ITZ 
thickness is approximately 23 µm, which is in good agreement with 21.3 µm measured by nanoindentation of 
REF samples. Finer grid of measuring points would be required to obtain more accurate value, but the method 
provides very good results in relatively short time. 

 

Figure 3. Ca/Si ratio along a line in a sample of reference concrete (REF). 

 

Figure 4. SEM image of the analysed area, showing the transition between an aggregate grain  
(points 1 and 2), ITZ and cement matrix (200x magnification). 
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3.2. The effect of homogenization procedure 

As Tables 6 and 7 and Figure 5 demonstrate, there was no clear relation between the homogenization 
procedure applied and indentation moduli of particular phases or bulk elastic modulus of concrete. There was 
also no correlation between bulk elastic modulus and indentation moduli of any of the phases, but the common 
feature of mixtures with higher bulk elastic modulus (POP mixtures, MET20-2 and MET20-3) was that they 
had increased indentation modulus of HD CSH when compared to the reference mixture. 

Relatively strong correlation (R = 0.75) was found between ITZ thickness and compressive strength of 
the material. It can be clearly seen in figure 6 that while procedure P2 always increased the ITZ thickness and 
mostly decreased compressive strength compared to basic procedure P1, procedure P3 lead to the reduction 
of ITZ thickness and increase of compressive strength. The effect of procedure P4 was ambiguous. 

The fact that the homogenization procedure P3, in which the SCM was added as the last component to 
the wet mix, lead to improvement of the compressive strength, is in agreement with the results of Hiremath 
and Yaragal [29] cited in section 1.2. No other research works dealing with the effect of homogenization 
procedure of HPC containing SCMs that could be used for comparison of results were found. 

Table 6. Mean values and standard deviations of the indentation moduli Er [GPa] of individual 
phases and mean thickness of ITZ [µm] – mixtures prepared by different homogenization procedures 
(P1 – P4). 

Mixture ITZ LD CSH HD CSH Portlandite Clinker ITZ thickness  

REF-1 17.19±2.59 32.87±4.39 45.22±4.50 80.08±9.78 127.64±13.82 18.5 

MIC20-1 18.26±2.68 33.92±4.34 48.80±4.45 69.02±9.45 134.37±10.67 18.3 

MIC20-2 17.43±2.74 32.67±4.39 46.38±4.46 70.29±8.63 132.56±11.74 18.8 

MIC20-3 19.81±2.82 35.2±4.42 49.28±4.45 69.57±6.08 133.62±9.56 17.3 

MIC20-4 18.91±2.69 34.12±4.43 48.95±4.54 69.25±7.19 134.92±12.27 17.9 

POP30-1 15.99±2.74 34.82±4.38 55.85±4.50 79.89±10.14 138.37±12.03 16.1 

POP30-2 14.53±2.77 34.00±4.39 53.06±4.53 72.48±8.25 136.36±10.74 19.4 

POP30-3 15.18±2.89 34.15±4.38 54.34±4.55 76.53±7.38 137.84±9.98 15.2 

POP30-4 15.04±2.77 34.29±4.38 54.46±4.40 77.61±8.80 137.05±10.55 16.1 

MET20-1 15.30±2.78 35.31±4.27 53.65±4.44 86.14±12.45 139.71±15.55 14.9 

MET20-2 15.82±2.76 35.88±4.27 54.42±4.49 87.26±9.83 136.74±12.38 15.6 

MET20-3 16.37±2.70 36.45±4.37 54.91±4.40 87.85±7.36 139.68±9.55 13.7 

MET20-4 15.48±2.68 35.56±4.28 54.17±4.48 85.27±8.69 138.12±10.33 18.8 
 

Table 7. Mean values of macroscopic compressive strength and bulk elastic modulus – mixtures 
prepared by different homogenization procedures (P1 – P4). 

Mixture Compressive strength [MPa] Elastic modulus [GPa] 

REF-1 105.9 51.3 

MIC20-1 101.3 46.8 

MIC20-2 99.0 39.8 

MIC20-3 113.8 41.6 

MIC20-4 103.8 40.7 

POP30-1 125.3 49.8 

POP30-2 95.5 49.5 

POP30-3 115.8 51.0 

POP30-4 109.0 50.4 

MET20-1 110.3 41.9 

MET20-2 118.0 52.9 

MET20-3 127.7 52.5 

MET20-4 115.4 45.5 

152



Magazine of Civil Engineering, 94(2), 2020 

Bily, P., Fladr, J., Chylik, R., Hrbek, V., Vrablik, L. 

 

Figure 5. Bulk elastic modulus (Ec) and indentation moduli of particular phases relative to reference 
mixture (REF-1) – mixtures prepared by different homogenization procedures (P1 – P4). 

 

Figure 6. Compressive strength and reduction of ITZ thickness relative to reference mixture (REF-1) 
– mixtures prepared by different homogenization procedures (P1 – P4). 

3.3. The effect of aggregate washing 

The results of this part of the experimental program, which studied the effect of washing of coarse 
fractions of the aggregate (4–8 mm and 8–16 mm), were the clearest ones. When comparing respective 
mixtures with unwashed (U) and washed (W) aggregate in tables 8 and 9, it is obvious that aggregate washing 
always had positive effect on ITZ thickness, compressive strength and bulk elastic modulus, even though a 
mild one (up to 10 % in most cases). The same thing can be said about the effect on indentation moduli of 
particular phases (Table 8, Figure 7), but the differences are even smaller in this case (smaller than the 
standard deviation of the results). The positive effect of washing can be related to the fact that due to the 
removal of detrimental fine particles, the processed coarse aggregate had smaller relative surface area, 
leading to the elimination of the wall effect described in chapter 1.2. 

Figure 8 depicts the relation between compressive strength and the reduction of ITZ thickness of 
particular mixtures. The trend was clear, when the ITZ thickness was reduced, the compressive strength was 
increased. However, the changes were not proportional. 

As stated in section 1.2, no studies dealing with the effect of aggregate washing on neither microscopic 
nor macroscopic properties of concrete were found. Therefore, the comparison of results with other authors is 
not possible. 
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Table 8. Mean values and standard deviations of the indentation moduli Er [GPa] of individual 
phases and mean thickness of ITZ [µm] – mixtures with unwashed (U) and washed (W) aggregate. 

Mixture ITZ LD CSH HD CSH Portlandite Clinker ITZ thickness  

REF-U 13.55±3.59 30.96±3.63 41.03±4.04 69.77±6.91 130.55±14.71 21.7 

REF-W 13.67±3.55 30.92±4.76 40.93±5.08 70.56±8.32 129.46±15.05 20.4 

MIC20-U 17.69±2.46 33.54±2.68 47.73±4.14 67.87±8.58 131.35±12.46 14.1 

MIC20-W 18.75±3.53 38.48±4.67 48.77±4.52 68.23±9.00 133.69±14.87 10.5 

POP30-U 14.42±3.03 33.37±4.43 50.48±5.02 80.61±7.01 133.97±15.45 15.8 

POP30-W 15.40±3.43 33.22±4.43 51.52±4.71 83.72±6.88 130.65±12.13 14.2 

MET20-U 15.13±3.86 34.11±3.64 52.59±3.29 83.21±8.99 132.92±11.58 19.3 

MET20-W 15.96±2.87 35.00±4.71 54.61±5.41 86.01±10.42 137.03±16.98 15.6 
 

Table 9. Mean values of macroscopic compressive strength and bulk elastic modulus –– 
mixtures with unwashed (U) and washed (W) aggregate. 

Mixture 
Compressive 

strength [MPa] 
Elastic modulus 

[GPa] 

REF-U 113.7 39.4 

REF-W 118.4 40.9 

MIC20-U 113.9 34.7 

MIC20-W 129.1 37.7 

POP30-U 125.8 46.2 

POP30-W 131.0 49.3 

MET20-U 114.1 40.3 

MET20-W 127.3 44.0 
 

 

Figure 7. Bulk elastic modulus (Ec) and indentation moduli of particular phases relative to reference 
mixture (REF-U) – mixtures with unwashed (U) and washed (W) aggregate. 
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Figure 8. Compressive strength and reduction of ITZ thickness relative to  
reference mixture (REF-U) – mixtures with unwashed (U) and washed (W) aggregate. 

4. Conclusions
The experimental program provided a comprehensive database characterizing the effects of SCM type 

and content, homogenization procedure and aggregate washing on micromechanical properties of HPC 
containing SCMs. Several qualitative trends between micromechanical and macromechanical properties of 
studied concrete were identified. The main conclusions are: 

• SCMs increased the indentation modulus of HD CSH. There was a direct dependence on SCM
content.

• When varying the SCM content, there was a direct dependence between the change of indentation
modulus of ITZ and bulk elastic modulus of concrete.

• The use of SCMs generally had negative effect on bulk elastic modulus of the material. This might
be related to the changes of volumetric fractions of LD CSH and HD CSH. The addition of SCMs
lead to decrease of HD CSH content and increase of LD CSH content, thus increasing the share of
lower-density compounds at the expense of high-density compounds.

• The previous effect was the lowest (only up to 10 %) when fly ash was used. This fact was probably
connected with the increase of indentation modulus of HD CSH, which was the highest (up to 20 %)
in case of fly ash containing mixtures.

• SCMs generally decreased the thickness of ITZ, in some cases more than twofold. However, there
was no clear proportional dependence between ITZ thickness and compressive strength.

• The homogenization procedure of mixtures with optimized SCM content influenced the thickness of
ITZ and compressive strength. Adding SCMs to the mixer before cement (P2) had generally negative
effect on both, while adding SCM to wet mix (P3) proved to have positive influence. Increased mixing
time (P4) had no distinctive effect.

• Aggregate washing was useful for improving both microscopic and macroscopic properties, having
positive effect on ITZ thickness, compressive strength, bulk elastic modulus and indentation moduli
of particular phases, even though a mild one (up to 10 % in most cases).

• The method of measuring ITZ thickness through variations of Ca/Si ratio was tested with promising
results. This method will be further verified on a larger set of specimens. In case of good agreement,
it could be used as a faster alternative to nanoindentation method for determination of ITZ thickness.
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