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Abstract. The article deals with the development of the theory of limit states of structures. There are 
various approaches to the formulation of limiting states of structures. They are related to issues of 
strength, structural stability (ULS) or safe operational requirements (SLS). All known theories are oriented 
to a certain hypothesis of the limiting state and exist separately from each other. Therefore, there is an 
opinion that there is no systematic view of the limit state theory. The article suggests a general approach 
to creating the theory of limit states based on the criterion of critical levels of internal energy proposed by 
one of the authors. The problem of determination of the structure limit state is formulated as finding 
critical energy levels by varying system stresses. The change of energy level is accompanied by removal 
of linkages in the structure. Self-stressing states of the system make it possible to find out the most 
loaded elements. Mathematical model of general approach is the eigenvalue problem. It is formulated in 
the force method form and the resolving equations are derived. The physical meaning of the obtained 
relations and the links between the variables are explained. The proposed technique allows making a 
forecast that shows the element and the load from which destruction of the system will begin and trace 
the progressive failure of structural elements. Depending on the hypothesis of the ultimate limit state of 
the structure or serviceability limit state, we can analyze the behavior of the structure under load and 
predict violation of the conditions LSD. The problem solving method of finding the limit states is shown in 
the example of the pin-jointed structure. 

1. Introduction 
Issues that related to the structures bearing capacity loss are still relevant from the moment the 

doctrine of the strength deformable systems arose. The conceptual framework of the limit state design 
(LSD) of the structure is the main in the construction field. 

The limit state method came into designers practice of building codes in the Soviet Union in 1955 
(N.S. Streletsky and others) and became the main throughout the world [1, 2]. 

In the regulatory documents two main groups are identified: ultimate limit state (ULS) that 
associated with the appearance of the greatest stresses or critical forces in the structure, and 
serviceability limit state (SLS) associated with safe operational requirements. The first includes 
hypotheses of design criteria: strength, stability, etc., related to the behavior of materials and structures, 
based on the continuum models of the deformable body [3–11].  

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-1794-867X
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The hypotheses of the second group do not take into account the causes of structural failure 
associated with the defects of the material of construction and the structure listed above. The SLS in the 
practice of designing building structures means a state that does not meet the operational requirements 
for building structures. Therefore, the designer takes into account the requirements of safe operation, that 
do not directly lead to bearing capacity loss, but make the operation processes dangerous or complicate 
normal operation [12–14]. 

There are researches connecting the physicochemical processes occurring in the material with its 
strength characteristics [15]. Particularly intensive studies of bearing capacity loss occasion are 
conducted for materials at the nano-scale [16–18] that allow a deeper understanding of the processes 
occurring in deformable bodies.  

For combining existing theories of limit states into one it seemed the most productive to use 
probabilistic approaches. Research in this direction is ongoing, but work is not quite finished [19–21]. 

The optimal design of structures is another way to combine criteria of different nature into one 
statement of the problem [22–25]. However, too many hypotheses of the limiting state make it difficult to 
formulate the objective function, and its large number does not allow obtaining a solution to the 
optimization problem. 

The above approaches try to combine many hypotheses that cannot be limited. The attempt to 
combine existing LSD theories in a single mathematical model causes great difficulties. Therefore, there 
is an opinion that “there is still no theory of LSD as an exposition of a certain systematic view of the 
subject” [26]. 

This paper is devoted to the formulation of a general theory and criterion of the LSD for the 
deformable structures. The created methodology for structural analysis of deformable systems is 
illustrated with a simple example. 

2. Methods 
2.1. Backgrounds of the method 

One of the goals of structural mechanics is to determine the maximum displacements and stresses 
of structure element. For this structure element must be written down the corresponding condition of LSD. 
At the same time, the formulation of LSD criteria for the structure elements remains outside the structural 
mechanics boundaries. In this regard, the question about the ultimate goal of structural mechanics as a 
scientific discipline, which, obviously, consists in determining the parameters of LSD for structure, 
remains open. Accordingly, there must be a phenomenological criterion that allows, from a single point of 
view, to find a structural element in LSD, or to determine the LSD criterion of a complex physical model of 
a building (structure). In turn, indication of the parameters of the LSD of the structure will provide the 
basis for the further application of hypotheses about the causes of destruction or the appearance of 
defects in the material of the structure. 

In structural mechanics, there are criteria for the LSD based on the phenomenological approach of 
structural loss of stability, or the occurrence of resonance, which can be figuratively formulated as "at 
some point, everything went not as it used to be". Such a general approach it can be possible to construct 
a mathematical model of physical phenomena related to the concept of LSD on the basis of eigenvalue 
problem.  

LSD hypothesis can be formulated as a statement that the structure response different than before 
the moment of the limiting state. The next fact is that in formulating limit state of structures, as a rule, it is 
not the deformation process is the main, but the structure parameters at the time of a critical condition. 
Finally, it should be recognized that the design takes only such deformed forms that depend on the 
conditions of support, mechanical and geometric characteristics and the physical law of deformation. The 
type of load and the law of its distribution over the structure have little effect on its shape in the ultimate 
state.  

It is possible to determine the limiting states of the structure in the sequence:  

1. determination of the element with the highest stresses and strains based on the criterion of 
critical levels of the internal potential energy of the system [25];  

2. to compare this state of possible types of loading and the corresponding level.  

That is, to make a map of the external loads for the system under LSD condition. Then you can 
select the hypothesis for the possible types of loss of structural bearing capacity. 

https://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9/the+objective+function
https://www.multitran.com/m.exe?s=great+difficulties&l1=1&l2=2
https://www.multitran.com/m.exe?s=great+difficulties&l1=1&l2=2
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2.2. The loss of the bearing capacity as the removal of linkages 
The fact that the failure of the system to bear the load is associated with the loss of geometric 

stability, forces us to turn to the structure instability analysis (kinematic analysis of structures). There are 
only three objects of kinematic analysis: a rigid body, constraints (linkages, in rare cases, deformable), 
and a hinge, which allows us to conclude that the appearance of geometric instability depends on the 
removal of linkages. 

In this case, the removal of linkages leads to a decrease of the degree of static indeterminability 
and, ultimately, to a geometrically instable system. That is means the loss of bearing capacity by the 
entire structure. The Fig. 1 shows a rod with a remote longitudinal linkage, illustrating the developed 
theory using the example of a system of pin trusses. 

 (a) (b) 

 
Figure 1. (a) Bar element, (b) element with longitudinal bond removed. 

Thus, in order to formalize the concept of structural failure to satisfy operational requirements from 
the point of view of structural mechanics, we can accept it as equivalent to removing the system 
connection [27].  

The reason for removing the connection is determined by the requirements for structural elements. 
This may be a loss of bearing capacity during tension (or compression) of the bar due to the appearance 
of yield strains. This can be loss of stability or brittle fracture due to the appearance and development of 
cracks, etc. Theoretically, any criterion corresponding to the concept of LSD can be used. 

2.3. Self-stressing state of the structure 
The concept of the self-stressed structure was introduced almost a century ago, but is used by 

various authors to explain the physical phenomena that occur in a solid deformable body, depending on 
the problem being solved. So A.R. Rzhanicyn [28] stated that the state of self-stress can occur only in 
statically indeterminate systems at zero loads. In this case, the cause of such stresses is the discontinuity 
of elements or the effect of temperature, i.e. external influences. A.V. Perel'muter and V.I. Slivker [29] talk 
about the state of self-stress in the main system of the force method, which is also a statically 
determinate system. Dzh. Robinson, G.V. Haggenmajer, R. Kontini [30] said about the equivalent concept 
of a self-balanced system is introduced and the concept of amplitudes of self-balanced forces is used. 

The criterion of critical energy levels requires an understanding of the state of self-stress as an 
objectively existing state of the entire deformable structure as a whole at any stage of its loading. This 
state is determined by the geometry of the structure, the geometric and mechanical characteristics of its 
elements and the conditions of support. The distribution of forces in the static indeterminable system is 
determined by the system of equations written in the form of the force method, displacement method, etc. 
The solution of the problem will be the principal values of the deflections of the entire system and 
eigenvectors present internal forces distributions in the system. The principal stiffness values and the 
corresponding displacement distributions are determined similarly. 

A state of self-stress without a load on the system is detected by varying displacements or forces in 
the bars, while the magnitude of the variations is not specified, since the energy levels are a discrete set 
of critical values. The state of self-stress, in the sense of the distribution of internal forces in the bars or 
their deformations, exists both in the absence of loading and at any non-destructive level of loading. It can 
be argued that the state of self-stress in the system does not change during loading process until any 
linkage will remove. Failure will occur in the most rigid (flexible member) element of the system, that is, 
the element with the maximum (minimum, depending on the statement of the problem) eigenvalue. 

We obtain a new design scheme without one connection, to which the above reasoning applies. 
The new system has a different level of internal potential energy of deformation, as well as a system of 
self-balanced internal forces (stresses), which may differ from the previous one. 

The most important property of self-balanced efforts or movements is that they are described by an 
orthonormal system of functions. 
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2.4. Critical strain levels in form the force method 
The criterion of critical energy levels can be used as the basis for formulating the limiting state, 

which allows one to describe the limiting states of the system.  

Generalized internal effort in
iΦ  in i-th displacement connection m  times of a statically 

indeterminable system arising from a generalized external force ex ,Φ  can be represented as the sum of 
internal efforts 

ex
inin in

i kiki

m

k 1
.

Φ
=

Φ = Φ + Φ Φ∑                                                        (1) 

Here is exiΦ
Φ  the effort in the i-th element of the main system, devoid of all unknown redundant 

constraints arising from the applied external load ex ,Φ   

in
kΦ  is the internal efforts in the redundant structure links ( )k 1,2,...,m ;=   

in
kiΦ  is the unit efforts in i-th element of the simple system from the effort in

k 1,Φ =  exerted on k-th 
element. 

Note that the presented expression for efforts does not depend on the choice of the method for 
static indeterminacy solving. Moreover, the initial statically indeterminate structure can be taken as the 
primary system. The principle of deriving equations in the form of the force method and the displacement 
method, as you know, is the same. 

We will apply the methodology of the force method in the following considerations, which will not 
change the results for the case of using other methods for revealing static indeterminacy. 

Define generalized deflections kδ  in the direction redundant unknowns. We write down the 

possible work of the redundant unknowns in
kkΦ  and the internal efforts caused by them in

ikΦ  in the n  

elements of the simple system at the corresponding generalized displacements iξ  

inin
kk k ik i

n

i 1
0, k 1,2,..., n.

=
Φ δ − Φ ξ = =∑                                                    (2) 

Here, the summation is carried out over all elements of the system n . 

Putting force in k-th element equal to one, i.e. in
kk 1,Φ =  getting for k-th state equation of 

displacements in this rod  

in
k ik i

n

i 1
k 1,2,..., n.,

=
δ = Φ ξ =∑                                                            (3) 

Considering that the variation of the self-stress system will always occur near the equilibrium state, 
we introduce the stiffness coefficient of the system element iК .  In our case denoted i i iК E A ,=  where 

elastic module of rods is iE ,  area of its cross section is iA .  Then we can determine the generalized 
displacements through the generalized efforts in the form: 

ex
ex

in
ik i

k
i

n

i 1
;

К
Φ

Φ
=

Φ Φ
δ = ∑                                                              (4) 

for deflections dependent on external load, and 

in in
ik il

kl
i

n

i 1
,

К=

Φ Φ
δ = ∑                                                                 (5) 
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for deflections dependent on unit internal forces. 

The total deflection in the direction k-th unknowns will be equal to 

ex
in in in

k 1 k1 2 k2 n knk
... .

Φ
ξ = δ +Φ δ +Φ δ + +Φ δ                                      (6) 

Equating the full displacements in the direction of the redundant unknowns to zero, we obtain the 
system of canonical equations of the force method 

ex
in
i ki k

n

i 1
0, k 1,2,..., n.

Φ=
Φ δ + δ = =∑                                                 (7) 

If the external loads are temperature, deflections of supports, etc., we obtain additional terms in the 
previous formula 

ex ex
t

in
i ki k k k

n
ex

i 1
0, k 1,2,..., n.

Φ Φ Φ= ∆
Φ δ + δ + δ + δ = =∑                            (8) 

At critical energy levels [31], we have a homogeneous system of equations where the internal 

forces ex ex ex
t, , ∆Φ Φ Φ  fixed and balanced by internal forces. Then, when varying any k-th deflection of 

system of equations (2) it is possible to obtain the work of variation of the internal forces of the system at 
unit displacements of the system in the form:  

in
k i ki

n

i 1
, k 1,2,..., n.0

=
δξ = δΦ δ ==∑                                               (9) 

On the other hand, a small elongation of k-th bar defined through small internal efforts as a 
generalized unit displacement in the direction k-th force the whole system, multiplied by the coefficient 
unknown so far kλ  

in
k k k kk , k 1,2,..., n.δξ = δΦ λ δ =                                                  (10) 

Where we get the eigenvalue problem for variations of efforts at the critical energy level of the pin-
jointed truss system in the form 

( )in
ki ki

n

i 1
1 0, k 1,2,..., n.

=
δΦ δ −λ = =∑                                                 (11) 

The last expression describes the possible states of self-stress of a statically indeterminable 
system. Note that the magnitude of the variation here is not specified in advance, which will be used later. 

Otherwise, system (11) can be written as 

( )
( )

( )

in in in
1 11 1 12 2 1n n

in in in
21 1 2 22 2 1n n

in in in
n1 1 n2 2 n nn n

1 ... 0,

1 ... 0,
..............................................................

... 1 0.

 −λ δ δΦ + δ δΦ + + δ δΦ =

δ δΦ + −λ δ δΦ + + δ δΦ =



δ δΦ + δ δΦ + + −λ δ δΦ =

                                     (12) 

Or in matrix form 

[ ]{ } { }in L in
k 0 kL . δΦ = λ δΦ                                                          (13) 

Here we introduce the notation for structure flexibility matrix [ ]L  and the matrix of eigenvalues 

[ ]0λ  of the force variation  
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[ ] [ ]

G
0111 12 1n

G
21 22 2n 02

0

Gn1 n2 nn 0n

0 ... 0...
... 0 ... 0L , .

... ... ... ... ... ... ... ...
... 0 0 ...

 λδ δ δ    δ δ δ  λ = λ =        δ δ δ  λ 

 

Eigenvalues G
0iλ  is the main values of deflections in the structure bars, and the eigenvectors 

{ }in
kδΦ  is amplitude values of the distribution of self-stress. For small variations, the relation for the 

eigenvalues of the flexibility and stiffness matrices is valid 

( ) 1K L
0i 0i .

−
  λ = λ   

 

Here are K
0iλ  is the eigenvalues of the system stiffness matrix. 

The physical meaning of the derived equations (12), (13) is the state of self-stress in a multiply 
connected system at critical energy levels. Solving the eigenvalue problem gives the main node 
displacements of the core system and the corresponding vectors of the amplitude values of the structure 
nodal reactions. 

3. Results and Discussion 
3.1. Example of calculating a redundant construction 

Let us take as an example the three-bar pin – jointed system shown in Fig. 2. The cross-sectional 
areas of the structural members iA , i 1, 2,3=  and the elastic modulus iE , i 1, 2,3=  are designated for 
members 0-1, 1-2, and 1-3, respectively. It is required to indicate the possible limiting states of the 
structure, as well as the values of ultimate loads. 

 

 

 

 

  

 

   

0 

1 

2

 

3 

δP1 

δP2 

α β l 
(a) 

(b) 

S1-0 

S1-2 

S1-3 

β α 

δP2 
δP1 

 
Figure 2. Three-bar system: (a) design scheme, (b) node 1. 

To simplify the calculations, we will carry out the calculation in the matrix form of the force method 
in accordance with (13). Equilibrium equations in Node 1 

0 1 1 3 1

0 1 1 2 1 3 2

S sin S sin P 0,
S cos S S cos P 0,

− −

− − −

− β+ α + δ =

− β− − α + δ =
                                           (14) 

allow you to compose a static matrix of the three-rod system 

[ ] sin 0 sin
A .

cos 1 cos
− β α

=
− β − − α

                                                      (15) 
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The matrix of internal deflections of the three-bar system, taking into account the notation

1 1 1EA E A ,η =  2 2 2EA E A ,η =  3 1 1EA E A ,η =  has the form 

[ ]
1

2

3

cos 0 0
B l EA 0 0 .

0 0 cos

η β
= η

η α
                                                     (16) 

Expressions for calculating next matrixes, the eigenvalues and eigenvectors will not be written out 
due to the large volume. 

The flexibility matrix of the three-rod system is written as 

[ ] [ ] [ ] [ ]( ) 1T 1L A B A .
−−=                                                         (17) 

The internal forces in the structure rods are defined as 

[ ] [ ] [ ] [ ]{ }1 TN B A L P .−=                                                         (18) 

The strain caused by internal forces is 

[ ] [ ][ ][ ] { }TA L A N .ε =                                                              (19) 

The deflections of node 1 in the direction of the initial degrees of freedom 

[ ] [ ]{ }u L P .=                                                                      (20) 

Example 1. Let the stiffness values of the rods be the same ( )1 2 3 1 ,η = η = η =  and the rods are 

tilted at the same angles ( )4 .α = β = π  

Stage 1.  

The system is considered at the first critical level (when all connections are in place). Due to the 
complete symmetry of the system, the flexibility matrix is diagonal.  

[ ] 1.4143 0lL .
0 0.5858EA

=                                                              (21) 

We consider the unit impacts in the node directed along the degrees of freedom of node 1 shown in 
Figure 1.  

[ ] 1 0
.

0 1
Ψ =                                                                           (22) 

We consider the load to be unit and directed along the degrees of freedom of node 1 shown in 
Fig. 1.  

If we take only 2Pδ  force to load the system, will have the same internal forces, which A.R. 
Rzhanicyn yield in “Theory of plasticity” 

1 2 1 0 1 3S 0.5858, S S 0.2929.− − −= = =                                            (23) 

Internal forces from two directed unit external forces are 

1 0 1 2 1 3S 1, S 0.5858, S 0.2929.− − −= = − =                                      (24) 

At the first stage, the ultimit limit state occurs in the extended rod 0-1. 

Stage 2 
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Further investigation is conducted for the three- bar system without linkage 0-1. Fig. 3 shows a new 
design scheme of the system, which continues to be loaded in the directions of the degrees of freedom 

1 2P , P .δ δ  Loads continue to increase. 
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Figure 3. (a) Three-bar system without one bar, (b) node 1 (a). 

Equilibrium equations in Node 1 

1 3 1

1 2 1 3 2

S sin P 0,
S S cos P 0.

−

− −

α + δ =

− − α + δ =
                                                  (24) 

allow you to compose a static matrix of the two-rod system  

[ ] 0 sin
A .

1 cos
α

=
− − α

                                                            (25) 

Easy to see that [ ]Det A 0,≠  and therefore, the system is stable. 

The matrix of the external deflections of the two-rod system is written as 

[ ] 3.829 1
L .

1 1
=                                                                 (26) 

Eigenvalues of the flexibility matrix is 1 24.146, 0.682.λ = λ =  

The eigenvectors of the external deflection matrix 

[ ] 0.9530 0.3029
.

0.3029 0.9530
−

Φ =                                                        (27) 

Longitudinal forces in the system  

cr cr
1 2 1 3S 5.207, S 5.588.− −= = −                                                    (28) 

The ultimate state from compressive strength will occur in inclined rod, the inclined one should be 
checked for stability. 

The full ultimate load taking into account the both stage of deformation will be 

cr cr
totalP 6.588P .=                                                               (29) 

The critical force acting on the structure is taken in accordance with the concept of the type of loss 
of bearing capacity by the rod. 
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If we assume that the bars lose strength in the plastic stage of deformation max t ,σ = σ  and the 

load acting in the direction of degrees of freedom 2 1P 1, P 0,= =  we get a complete match with the result 
given A.R. Rzhanicyn. 

cr cr
totalP 2.414P .=                                                             (30) 

where cr
tP A .= σ  

Example 2. Let the stiffness values of the rods be the same ( )1 2 3 1 ,η = η = η =  and the rods are 

tilted at the same angles ( )4, 3 .α = π β = π  

Stage 1.  

The system is considered at the first critical level (when all connections are in place).  

Due to the system nonsymmetrical, the flexibility matrix is 

[ ] 1.397 0.1295lL .
0.1295 0.6883EA

=                                                       (31) 

Eigenvalues of the flexibility matrix is 

[ ] 1.4199 0l .
0 0.6654EA

λ =                                                       (32) 

Vector-matrix of the eigenvectors is 

[ ] 0.9847 0.1743
.

0.1743 0.9847
−

Φ =                                                       (33) 

For the main vector with the maximum eigenvalue, we obtain the longitudinal self-stress forces 

1 0 1 2 1 3S 0.9475, S 0.3514, S 0.8169.− − −= = = −  

The greatest tensile force arises in the left bond, inclined at an angle of 60 degrees to the vertical. 

The full maximum load at the first stage for removing one connection will be 

cr cr
1P 0.9475P .=                                                               (34) 

Stage 2.  

Further investigation is conducted for the three bar system without linkage 0-1. Fig. 3 shows a new 
design scheme of the system, which continues to be loaded in the directions of the degrees of freedom 

1 2P , P .δ δ  Loads continue to increase. 

Since the solution for such a scheme was already carried out in the previous problem, we write out 
the value of the critical force that turns the system into an unstable one 

cr cr
1 3S 5.5882P .− = −                                                          (35) 

The total limit load in two stages will be 

cr cr
totalP 6.5357P .=                                                         (36) 

4. Conclusion 
1. The limiting states of the structure correspond to the extreme values of stresses arising in the 

deformable body or the corresponding deformations. 
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2. Critical strain energy levels of a deformable body are detected by changing self-stress state. Due 
to this fact, it is possible to identify for the designed structure under what conditions the ultimate state and 
values of ultimate loads come. 

3. It is possible to predict from which element and at what load the destruction of the building will 
begin and trace the sequence of exclusion of structural elements from work on the load. 

4. Depending on the hypothesis of the ultimate limit state of the structure or serviceability limit 
state, one can analyze the behavior of the structure under load and predict violation of the conditions of 
the LSD at the one mathematical model. 

5. The proposed technique opens up new possibilities for the analysis and synthesis of structures:  

1) analysis of the sequence of rods output from work on the load; 

2) selection of the structural element from which its progressive destruction will begin; 

3) reinforcement of structural elements in order to regulate the forces in the structure; 

4) design of smart structures. 
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Abstract. In this research, the effects of applying high-strength steel (HSS) bars as horizontal and vertical 
bars of the web, and as the flexural and shear bars of the boundary elements on the behavior (load-
displacement and maximum moment) of shear walls, were analytically investigated in 45 specimens by 
finite element analysis (FEA). In addition, the influence of concrete strength along with using HSS bars in 
the shear walls was studied. The results showed that HSS application as flexural bars of boundary elements 
improved the performance of shear walls more than other cases of bar locations. However, their shear 
reinforcement application did not affect their performance significantly. Moreover, HSS usage as the 
horizontal and vertical bars of the web of the shear walls improved the performance of the specimens. 
Finally, using higher-strength steel was more effective on the shear performance of shear walls than their 
moment performance. 

1. Introduction 
Reinforced-concrete (RC) material is the most popular construction material, because of its financial 

benefits. The failure mode of RC members is complex with respect to the brittle failure mode of concrete 
and the ductile failure mode of steel. One of the important issues related to the RC structures is the lateral-
resisting systems to endure lateral loads such as wind and earthquake loads. The lateral-resisting systems 
are generally classified into three categories: shear walls, moment frames, and dual systems [1]. Shear 
walls are rather the most efficient systems in earthquake-resistant structures. They have several benefits 
in comparison to the moment frames. They are used either with or without boundary elements. They provide 
high strength and stiffness, which leads to a decrease in the lateral displacements of the RC structures. 
Thus, they also limit the P-∆ effects which can be a significant benefit in the tall buildings. However, shear 
walls can cause uplift forces in the bottom of structures which is a disadvantage. They can be used along 
with steel or RC moment frames. In this case, they have an interaction with the moment frames and cause 
negative shear forces at the top of the structures. For this reason, the thickness of the shear walls should 
gradually be decreased in the higher stories of the structures. Dual systems have two defensive fronts, 
unlike only the moment frames or shear walls. This issue is a great advantage.  

These days, steel bars with an yf  of greater than 500 MPa are considered as HSS bars. The 

motivation of using HSS bars is their various economic and executive benefits such as decreasing steel 
consumption, expenses related to their shipment and placement, improving the concrete quality by 
decreasing the setback of steel congestion in the RC members, and reducing construction time [2]. 

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-3305-1782
https://orcid.org/0000-0001-7802-2013
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However, there are serious obstacles against using HSS bars, such as crack widening under service loads 
due to increasing stress level of steel bars, brittle failure (where concrete crushing happens before steel 
yielding), decreasing the stiffness of RC members, and decreasing ductility of RC structures [3]. Thus, HSS 
use is limited in the seismic areas by building codes, especially in the structural RC members such as shear 
walls. Some of these limitations are due to a lack of sufficient information and analytical data about HSS 
influences on the behavior of shear walls. In the 1971 edition of ACI 318, the yield strength of HSS bars 
was limited to 560 MPa [4]. Also, ACI 318-08 allowed steel bars with a yield strength not exceeding 
560 MPa [5]. In Japan, bars with an yf  of 700 MPa are permitted to be applied in the structural elements 

[6]. 

The seismic performance of RC structures with HSS bars has been investigated by researchers, 
lately. Zhou et al. (2013) tested a series of RC beams with HSS to investigate the crack widths and 
displacement of them [7]. The most important technical source about HSS application in structures is a 
report collected by the NEHRP consultant joint venture [5]. This report reviewed all the published 
researches about HSS bars all over the world until the time of its production. Kolozvary and Wallace (2016) 
analytically studied nonlinear modeling of RC shear walls [8]. They utilized numerical models that combined 
coupled P-M-V behavior in a five-story RC wall-frame building. Kolozvari et al. (2018) researched new 
modeling approaches for simulating nonlinear flexural and coupled shear-flexural behavior of shear walls 
[9]. Arshadi et al. (2019) performed a series of experiments on the special moment frames and beam-
column connections (BCCs) subjected to seismic loading [3, 10]. They studied several criteria such as 
energy absorption, ductility, cracking, etc. They demonstrated that applying HSS bars led to decreases in 
energy dissipation and ductility of these specimens. Arshadi et al. (2020) also experimentally studied 
several damage indices of RC frames and BCCs with HSS bars [11]. They reported that using HSS bars 
generally expedited the damage distribution and failure of the specimens.  

As discussed in the paragraphs above, despite the various benefits of HSS bars, their application is 
restricted due to the mentioned challenges, especially in the special shear walls and moment frames [12]. 
This phenomenon can be due to a lack of experimental and analytical data about the seismic behavior of 
shear walls with HSS bars. Unfortunately, most of the studies have been focused on using HSS bars in 
beams or columns and not in the shear walls. Then, the NEHRP report strongly advised studying the HSS 
effects on the behavior of shear walls [5]. Thus, the effects of HSS bars with the yield strengths of 560 and 
700 MPa as horizontal and vertical bars of the web, and also as the flexural and shear bars of the boundary 
elements on the behavior of shear walls were analytically investigated by finite element analysis (FEA) in 
this research. The effects of compressive strength of concrete (with the compressive strengths of 30, 45, 
and 60 MPa) along with the application of HSS bars were studied in the shear walls, too. The results 
showed that HSS application as flexural bars of boundary elements improved the performance of shear 
walls. However, their application as the shear bars of them did not affect their performance, conspicuously. 
Moreover, HSS application as the horizontal and vertical bars of the web of the specimens improved their 
performance. Also, using higher-strength concrete was less effective than using higher-strength steel on 
the maximum base shear and the ultimate moment of the specimens. The results showed that applying 
higher-strength steel was more effective on the shear performance of shear walls than their moment 
performance. 

2. Methods 
2.1. Concrete Damage Plasticity (CDP) 

There are three different models to simulate the concrete behavior in the FEA software such as 
smeared crack concrete (SCC) model, brittle cracking (BC) model, and concrete damage plasticity (CDP) 
model [13]. Every model is suitable for special types of structures and loading situations. However, the 
most comprehensive model is the CDP model which is a continuous one with damage based on plasticity 
for concrete. According to the basic presumption of CDP, the major failure mechanisms of RC structures 
are described by tensile cracking in tension and compressive crushing [14]. In this section, the basic 
presumptions of CDP modeling are asserted. Equation 1 is used to reach strain decomposition rate, which 
is assumed for the rate-independent model [14]: 

. . .el plε = ε + ε ,                                                              (1) 

.ε  is the total strain rate, .elε  is the elastic portion of strain, and .plε  is the plastic portion of it. With respect 
to scalar damaged elasticity, the stress-strain relationship is defined as Equation 2: 

( ) ( )0(1 ) : : ,el pl el pld D Dσ = − ε − ε = ε − ε                                      (2) 
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0
elD  is undamaged elastic stiffness of material; ( ) 01el elD d D= −  is degraded elastic stiffness, and d is 

scalar stiffness depreciation variable (regarded as zero for undamaged material and as one for the 
completely damaged one). With regard to the scalar-damage notion, the stiffness depreciation is regarded 
as isotropic and characterized by d  (a single depreciation parameter). Succedent the continuum-damage 
mechanics, the effective stress is calculated by Equation 3. Moreover, Equation 4 is utilized to compute the 
Cauchy stress (related to the effective stress by the scalar depreciation formulation): 

( )0 :def l plDθσ = ε − ε ,                                                        (3) 

( )1 dσ = − σ ,                                                                (4) 
pl

tε and pl
cε  are hardening variables and assigned to regard damage situations in tension and 

compression. pl
tε  is equivalent plastic tensile strain and pl

tε  is the equivalent plastic compressive strain. 
Cracking distribution initiates by an increase in the values of hardening parameters. Lubliner et al. 
suggested a model to define the yield surface function which was revised by Lee and Fenves (Fig. 1)[15]. 
The yield surface function can be computed by Equation 5: 

( ) ( )( )( ) ( )max max
1 3 0,

1
pl pl

c cF q p= − α +β ε σ − γ σ −σ ε ≤
−α

                     (5) 

q  is the equivalent Von-Mises stress, p  is effective hydrostatic pressure, < ( )1
2≥ +x x x  is the 

Macauley bracket function; maxσ  is the algebraically maximum eigenvalue of tensor сσ ; α , β  and γ are 
dimensionless constants of materials, calculated by Equations 6, 7, and 8:  

0
0

0
0

1
; 0 0.5,

2 1

b
c

b
c

σ  − σ α = ≤ α ≤
σ  − σ 

                                                  (6) 

0
0

b
c

σ  σ 
 is the ratio of biaxial compressive stress to uniaxial compressive yield one which influences 

the yield surface in a plane-stress situation. 0
0

b
c

σ  σ 
 values for concrete are in the range from 1.10 to 

1.16. Then, the α  values will be between 0.08 and 0.12. 

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

pl
c cpl

pl
t t

σ ε
β ε = −α − +α

σ ε







                                          (7) 

( )pl
c cσ ε  and ( )pl

t tσ ε  are the effective cohesion stress in compression and tension, respectively. 

( )3 1
,

2 1
c

c

k
k
−

γ =
−

                                                                     (8) 

The γ coefficient is used only for the triaxial compressive stress state. ck  is the ratio of the 
hydrostatic effective stress in tensile meridian to that of the compressive meridian when the maximum 
principal stress is negative. As shown in Fig. 1, this parameter is the coefficient that ascertains the shape 
of the deviatoric cross-section. According to experimental results, the CDP damage proposes to regard the 

default value 2 .3ck =  
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Figure 1. Concrete damage plasticity (CDP) model:  

a) yield surface in plane stress, and b) yield surface in the deviatoric plane [15]. 
The flow rule is utilized to make a relation between the yield surface stress and the stress-strain 

relationship. The CDP model utilizes Drucker-Prager hyperbolic function as a non-associated flow potential 
function using Equation 9 [15]: 

( )2 2
0 tan tan ,tG q p= ζσ ψ + − ψ                                                   (9) 

ζ  is the potential flow eccentricity that sets the hyperbola shape in plastic potential flow function. ζ  is a 

low positive value that is described as the ratio of concrete tensile strength to its compressive strength, 0tσ  
is uniaxial tensile stress, ψ  is dilatation angle. This parameter characterizes concrete performance when 
it is subjected to a triaxial compound stress state.  

2.2. Finite Element Analysis 
In this research, a 2-noded truss element (T3D2) with three freedom degrees in each node was used 

to model bars. 8-noded brick element (C3D8R) with reduced integration and three freedom degrees in each 
node was used to model concrete. The embedded method with a perfect bond between concrete and steel 
was assigned to simulate the concrete-reinforcement reaction.  

2.2.1 Concrete 
As shown in Fig. 2, the stress-strain behavior of concrete was simulated by the Equations 10.a, 10.b, 

and 10.c:  

,1
0.4, ;c

c c c c
c

fE
E

′
σ = ε ε ≤                                                       (10a) 

( )

2

0 0
,2

0

0.4, 0.0035;
1 2

c c
c

c
c c c

c cc

ff
E

 ε ε
η −  ε ε ′  ′σ = ≤ ε ≤

ε
+ η −

ε

                           (10b) 

 

1' 2
0

,3 0'
0

2 ,0.0035 0.03.
22

c c c c
c c c

c

f
f

−
 + λ ε λ ε

σ = −λ ε + ≤ ε ≤  ε 
                  (10c) 
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Figure 2. Uniaxial compressive stress-strain diagram for concrete [16]. 

Equation 10a demonstrates the linear-elastic branch, where cε  is a variable changes from zero to 

0.4 ,c
c

f
E
′

 and cE  is the initial modulus of elasticity. The linear branch ends at the stress level 0.4 .cf ′  

Equation 9b defines the second branch up to the strain level of 0.0035 in the descending branch. The 

corresponding strain level at the peak stress is defined as 0
2 ;c

c

f
E
′ε =  cη  is material constant. The 

stress and strain compatibility at the strain level of 0.4 ,c
c

c

f
E
′ε =  Equations (10a) and (10b) gives the 

value of .cη  Equation 10c indicates the third and descending branch; cλ  is crushing energy constant as a 

material property. Utilizing the stress and strain compatibility at the strain level of 0.0035,ε =c  for Equation 

10b and 10c enables the value of ck  to be determined. The ultimate strain ( )uε  of concrete was set to a 
large value of 0.035 to avoid any numerical setbacks. Table 1 indicates CDP parameters, used in the FEA 
software. 

Table 1. CDP parameters [17]. 

Parameter 0
0

b
c

σ  σ 
 ck  ψ  ζ  ( )sµ  

Value 1.16 0.667 40° 0.1 0.00001 
 

In this research, the linear uniaxial stress-strain behavior was used for concrete material. Concrete 
has a linear elastic behavior before reaching the peak tensile strength (in the first branch of modeling). 
Cracking and its propagation in concrete under tension happen in the second branch. The linear, bilinear, 
or nonlinear model used to model the softening procedure of concrete, is illustrated in Fig. 3. As regards to 
the computer configuration used to analyze the specimens, a computer system with a Core i7 CPU (central 
processing unit) with a capacity of 2.81 GHz (Gigahertz), an installed memory (RAM) 12 GB (Gigabyte), a 
hard disk drive with a capacity of 1000 GB, and a solid-state drive with a capacity of 128 GB was used. 



Magazine of Civil Engineering, 111(3), 2022 

Arshadi, H., Kheyroddin, A., Asadollahi Nezhad, A. 

 

Figure 3. Uniaxial tensile stress-strain behavior of concrete with softening branch [18]. 
Equation 11 is used to evaluate the tensile strength of concrete: 

0.33 .t cf f′ ′=                                                                 (11) 

2.2.2 Steel Reinforcement Modelling 
The uniaxial tensile stress-strain behavior of bars was considered to be elastic with regard to 

conventional Young’s modulus and Poisson’s ratio. Also, the plastic behavior of steel was modeled. Bilinear 
behavior was used to define the properties of the plastic phase. Fig. 4 illustrates the typical stress-strain 
behavior of steel. 

 

Figure 4. Uniaxial stress-strain behavior of steel [15]. 

2.2.3. Model Verification 

The reliability of the analytical modeling to perform non-linear analysis on the numerical shear walls 
was investigated by verification of one shear wall based on the experimental studies of Oesterle et al. in 
1979 [19]. The specifications of this specimen are shown in Tables 1 and 2. Fig. 5 and 6 also show the 
geometry of this specimen and the experimental setup. The geometry and steel bar layout of its boundary 
elements are demonstrated in Fig. 7. This specimen was analyzed under a unidirectional incremental lateral 
force. Applying the lateral load continued until failure of vertical moment bars of the boundary elements was 
observed. Moreover, this is the reference specimen and other specimens were designed based on it. In 
order to model a shear wall in the FEA software (ABAQUS), it had to be divided into seven different parts 
such as the shear wall, foundation, slab, longitudinal bar of the boundary elements, transverse bars of the 
boundary elements, vertical and the horizontal bars of the web. These parts were modeled separately and 
then assembled. The freedom degrees of both the top and bottom ends of the wall were fixed as shown in 
Fig. 8.  
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Table 2. Specifications of the material used in the reference specimen [19]. 

Axial 
load 
(kN) 

'
cf (MPa) yf (MPa) 

% (Reinforcement) 
Shape Model name 

fρ  hρ  nρ  sρ  

0 45 450 1.11 0.31 0.29 1.28 
With 

boundary 
elements 

Reference specimen 

 

Table 3. Steel bars layout in the reference specimen [19]. 
Considerations Bar layout Bar location 

--- 8 #13 Flexural bars of the boundary elements 

In two meshes #8 @330 mm Horizontal bars of the web  
In two meshes #8 @350 mm Vertical bars of the web  

--- 3#13 @60 mm Confinement bars 
 

 
Figure 5. The geometry of the shear wall [19]. 

 
Figure 6. Experimental setup [19]. 

 
Figure 7. Specifications of the boundary elements. 
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Figure 8. Modeling of steel bars and boundary condition. 

Table 4 indicates the mechanical and analytical parameters used in the FEA software to model the 
reference specimen. The compressive strength of concrete in the reference specimen was 45 MPa, which 
its stress-strain diagram in tension and compression is shown in Fig. 9. In some of the specimens, concrete 
with compressive strengths of 30 or 60 MPa was used, which Fig. 10 and 11 show their stress-strain 
behavior.  

Table 4. Mechanical and analytical parameters to model the 45 MPa concrete. 

crε  
'

tf  

(MPa) 

K for 

0
>1c

c

ε
ε  cuε  0ε  cE  

(MPa) 
n 

'
cf  

(MPa) 
Name 

1.28E-4 3.7 1.396 0.008 0.0022 29,040 3.45 45 Reference 
specimen 

 

 
Figure 9. Stress-strain diagram of 45 MPa concrete: a) tension and b) compression. 

 
Figure 10. Stress-strain diagram of 30 MPa concrete: a) tension and b) compression. 
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Figure 11. Stress-strain diagram of 60 MPa concrete: a) tension and b) compression. 

2.3. Mesh Configuration 
Shear walls have plain stress behavior because of their small thickness in comparison to the other 

dimensions. There are three types of meshes such as fine, intermediate, and coarse ones. The more 
sensitive the structural parts, the finer the meshes. However, the results of the FEA software usually depend 
on the mesh sizes. This issue is a serious setback and its reason is modeling the cracks especially in the 
(SCC) modeling where the cracks propagate in the elements. There is effective mesh size in the non-linear 
FEA. This means that by using finer meshes, the more accurate results necessarily are not reached. This 
phenomenon is known as “mesh dependency”. Kheyroddin and Shayanfar (1997) proposed the below 
formulation for the effective mesh size in concrete (Equation 12) [20]: 

0.0080.004 ,h
tu e−ε =                                                          (12) 

=h A and A  is the area of the meshes, then h  is their dimension. Then, with regard to the fact that 
0.002,tuε =  the size of meshes in this study got 87 mm. Fig. 12 indicates the mesh configuration of 

specimens. 

 
Figure 12. The meshing of the specimens. 

2.4. Detail of Specimens 
In this study, 45 shear walls were analyzed. With regard to the reference specimen, the first series 

of specimens were modeled by using concrete with the compressive strength of 45 MPa and steel bars 
with the yield strengths of 560 and 700 MPa as the vertical and horizontal bars of the web of specimens, 
and also as the flexural and shear bars of the boundary elements. Then, the other series of specimens 
were modeled by using concrete with the compressive strengths of 30 and 60 MPa along with the HSS 
bars.  

The tantamount amounts of steel bars in the specimens were calculated by Equations 13 and 14 
(based on the specifications of the bars in the reference specimen): 
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For the longitudinal bars: 

1 1 1 2 2 2.s y s yN A f N A f=                                                           (13) 

For the stirrups: 

( ) ( )1 1 1 1 1 2 2 2 2 2 ,sv y sv yN A f d S N A f d S=                                       (14) 

N is the number of bars, yf  is the yield strength of bars, sA  and syA  are areas of longitudinal and 

transverse bars, d is effective depth of sections and S is the distance of stirrups. It must be noted that it is 
sufficient to put the number, yield strength, areas of bars of the base specimen in one side of the above 
equations, and the yield strength and areas of bars on the other side of the equation to find the equivalent 
number of the bars in the case of using the other types of bars. Indices 1 and 2 refer to the basic specimen 
and the specimen that was intended to find its equivalent number of the bars.  

Table 6 shows the characteristics of the specimens. The specimens are named with respect to a 
rule, where the letter (C) stands for the concrete and the following number for its compressive strength 
in MPa. The letter (R) stands for reinforcement and the following number for one-tenth of yield strength of 
it in MPa. The final words stand for the location of HSS bars, for example, the word (all) stands for the case 
that HSS bars are used in all the bars, the word (bel) for the case of HSS bars as the flexural bars of the 
boundary elements, the word (s) for the case of using HSS bars as stirrups, the word (bels) for the flexural 
and shear bars of the boundary elements, the word (hw) for the case of using HSS bars as the horizontal 
bars of the web of the specimens, the word (vw) for the case of using HSS bars as the vertical bars of the 
web, and the word (hvw) for both the vertical and horizontal bars of the web. 

Table 5. Specifications of the specimens. 

′cf  (MPa) yf  (MPa) Specimen  

45 560 C45R56all 
45 560 C45R56bel 
45 560 C45R56bels 
45 560 C45R56s 
45 560 C45R56hw 
45 560 C45R56vw 
45 560 C45R56hvw 
45  700  C45R70all 
45 700 C45R70bel 
45 700 C45R70bels 
45 700 C45R70s 
45 700 C45R70hw 
45 700 C45R70vw 
45 700 C45R70hvw 
30 560 C30R56all 
30 560 C30R56bel 
30 560 C30R56bels 
30 560 C30R56s 
30 560 C30R56hw 
30 560 C30R56vw 
30 560 C30R56hvw 
30 700 C30R70all 
30 700 C30R70bel 
30 700 C30R70bels 
30 700 C30R70s 
30 700 C30R70hw 
30 700 C30R70vw 
30 700 C30R70hvw 
60 560 C60R56all 
60 560 C60R56bel 
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′cf  (MPa) yf  (MPa) Specimen  

60 560 C60R56bels 
60 560 C60R56s 
60 560 C60R56hw 
60 560 C60R56vw 
60 560 C60R56hvw 
60 700 C60R70all 
60 700 C60R70bel 
60 700 C60R70bels 
60 700 C60R70s 
60 700 C60R70hw 
60 700 C60R70vw 
60 700 C60R70hvw 
45 420 C45R42 
60 420 C60R42 
30 420 C30R42 

3. Results and Discussion 
3.1. Load-Displacement Diagrams 

One of the important results of the FEA is the diagram of load (shear force) – displacement. There 
are paramount parameters that can be deducted from this diagram such as the loading capacity, ductility, 
and energy absorption. Fig. 13 indicates the comparison of the load-displacement diagram of the 
specimens which have the concrete with compressive strength of 45 MPa and HSS bars with a yield 
strength of 700 MPa. The results showed that using 700 MPa bars as the different bar types of specimens 
led to an increase in their loading capacity. The WC45R70all specimen which had 700 MPa steel as all of 
its bars, had the greatest loading capacity in comparison to the other specimens. This loading-capacity 
increase was nearly 57 % in comparison to the reference specimen.  

 
Figure 13. Load-displacement diagram of the specimens with 700 MPa HSS bars. 

Fig. 14 demonstrates the effect of using different types of concrete along with HSS bars on the load-
displacement diagram. The results showed that using different types of concrete did not have a 
considerable effect on the behavior of specimens. These results were in accordance with the experimental 
observations of Arshadi et al. in their experiments on the HSS effects on the load-displacement diagrams 
of RC members [2, 11]. 
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Figure. 14. Load-displacement diagram of the specimens with different concrete types. 

3.2. Base Shear 
Fig. 15 indicates the effect of using HSS bars and different types of concrete along with each other. 

Generally, it was observed that using higher-strength concrete along with HSS bars led to increasing the 
maximum base shear of the specimens. However, the differences between the maximum base shear of 
specimens with different concrete types were not considerable. These differences were rather negligible in 
the cases of using HSS bars as the flexural and shear bars of the boundary elements (bels) and as the 
flexural bars of the boundary elements (bel). On the other hand, the effects of applying HSS bars in different 
cases were considerable. It was also observed that the higher the steel strength, the greater the maximum 
base shear. It must be mentioned that in the cases of using HSS bars as the horizontal bars of the web of 
the specimens (hw) and as the stirrups, the diagrams approximately became horizontal. This means that 
the effects of using higher-strength bars in these cases were not considerable. These results and patterns 
were similar to those of Kolozvary and Wallace (2016) and Arshadi et al. (2019) [8, 10]. 
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Figure 15. Effects of HSS bars and different concrete types on the maximum  
base shear in different cases of: a) bel, b) bels, c) lw, d) hw, e) hvw, and f) s. 

Fig. 16 and 17 indicate the comparison of maximum base shears in different cases of using HSS 
bars in the specimens. In order to prevent more complications and make the figures simpler, numbers from 
1 to 6 are assigned to the different cases of using HSS bars, as shown in Table 6. The results showed that 
the C60R70all and C45R70all had the greatest maximum base shears among the specimens. Moreover, 
the C30R56s, C30R56hw, C30R56s, and C30R56hw had the least maximum base shears among the 
specimens. The results also showed that using lower-strength bars (such as bars with the yf  of 300 and 

560 MPa) had fewer effects on the maximum base shear than using 700 MPa steel.  

Table 6. Numbering different cases of the reinforcement layout. 

 Numberشماره Notationواژه

s 1 
hw 2 
vw 3 
hvw 4 
bel 5 
bels 6 
all 7 

 

 
Figure. 16. Comparison of the maximum base shears. 
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Figure 17. Comparative diagrams of the maximum base shears. 

The results generally demonstrated that HSS usage as flexural bars of boundary elements improved 
the performance of specimens in terms of the maximum base shear more than the other cases of the bar 
locations. However, their application as shear reinforcement of the boundary elements did not affect their 
performance, significantly. Besides, HSS application as the horizontal and vertical bars improved the 
performance of specimens. It must be mentioned that using HSC and HSS bars also improved the behavior 
of specimens and C60R70 had the best behavior among the specimens. 

3.3. Ultimate Moment 
Fig. 18 indicates the effect of using HSS bars and different types of concrete along with each other 

in different locations of HSS bars on the ultimate moment of the specimens. The results demonstrated that 
applying higher-strength concrete along with HSS bars ended up increasing the ultimate moment of the 
specimens. Unlike the maximum base shear force, the differences between the ultimate moments of the 
specimens with different concrete types were not negligible. Besides, the influences of using HSS bars in 
discrepant cases were conspicuous. Like the maximum base shear, the higher the strength of the steel, 
the greater the ultimate moment. The diagrams got approximately horizontal by applying HSS bars as the 
horizontal and vertical bars of the web of the specimens (hvw), as the horizontal bars of the web of the 
specimens (hw), as the vertical bars of the web of the specimens, and as the stirrups. This means that the 
effects of using higher-steel bars in these cases were not considerable. 
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Figure 18. Effects of HSS bars and concrete types on the ultimate moments  

in different cases of: a) all, b) bel, c) bels, d) s, e) vw, f) hvw, and g) hw. 
Fig. 19 and 20 demonstrate the analogy between the ultimate moment values in different cases of 

applying HSS bars in the specimens. As for the ultimate moment a rather similar process was observed, 
too. The results indicated that the C60R70all and C45R70all specimens had the greatest ultimate moment 
among the specimens. The C30R56s, C30R56hw, C30R56s, and C30R56hw specimens had the least 
ultimate moment among the specimens. Besides, using lower-grade steel bars (such as steel bars with the 

yf  of 300 and 560 MPa) had fewer influences on the ultimate moment than using 700 MPa steel. At last, 

the results demonstrated that using higher-strength steel was more effective on the shear base values of 
the specimens than their ultimate moment values. These results were in accordance with those of previous 
studies such as the studies of Kolozvary et al. (2018) and Tanyeri et al. (2014) [9, 19]. 

 
Figure 19. Comparison of the ultimate moments of the specimens. 
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Figure 20. Comparative diagrams of the ultimate moments of the specimens. 

As for the ultimate moment, a similar method to the maximum base shear is observed, too. The 
results generally indicated that HSS usage as flexural bars of boundary elements improved the 
performance of shear walls (in terms of the ultimate moment) more than the other cases of bar locations. 
However, their application as the shear bars of the boundary elements did not affect their performance, 
considerably. Besides, HSS application as the horizontal and vertical bars improved the performance of 
specimens. Also, using higher-strength concrete was less effective than using higher-strength steel on the 
maximum base shear and the ultimate moment of the specimens. Finally, the application of both HSC and 
HSS bars together improved the behavior of specimens. The C60R70 had the best behavior among the 
specimens. 

Table 7 indicates the maximum base shear and ultimate moment variation percentages of the 
specimens in comparison to those of the reference specimen. As for the maximum base shear, the 
C30R70all specimen had the greatest maximum base shear variation percentage (69 %) and the C30R42 
had the least percentage (–0.5 %) among the specimens. Moreover, as for the ultimate moment, the 
C60R70all had the greatest ultimate moment variation percentage (45 %) and the C30R42 had the least 
percentage (–3.1 %). 

Table 7. Variation percentages of the maximum base shear and the ultimate moment of the 
specimens. 

ΔV(%) ΔΜU (%) Specimen  

33 18 C45R56all 
28 16 C45R56bel 
28 17 C45R56bels 
1.4 4 C45R56s 
1.4 4 C45R56hw 
5.9 6 C45R56vw 
6 6 C45R56hvw 

63 39 C45R70all 
53 34 C45R70bel 
53 34 C45R70bels 
1.4 4 C45R70s 
1.4 4 C45R70hw 
6.4 8 C45R70vw 

10.4 9 C45R70hvw 
32 13 C30R56all 
26 9.7 C30R56bel 
26 10 C30R56bels 
0.46–  3–  C30R56s 
0.46–  3–  C30R56hw 
4.7 1–  C30R56vw 
4.7 1–  C30R56hvw 
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ΔV(%) ΔΜU (%) Specimen  

69 26 C30R70all 
53 25 C30R70bel 
53 26 C30R70bels 
0.4–  3–  C30R70s 
0.4–  3–  C30R70hw 
6.4 1–  C30R70vw 
6.4 –1 C30R70hvw 
46 24 C60R56all 
28 22 C60R56bel 
28 23 C60R56bels 
1 9 C60R56s 

1.4 9 C60R56hw 
6.2 11 C60R56vw 
6.3 11 C60R56hvw 
63 45 C60R70all 
53 40 C60R70bel 
54 41 C60R70bels 

1.43 9 C60R70s 
1.4 9 C60R70hw 
6.4 14 C60R70vw 
6.5 14 C60R70hvw 
0 0 C45R42 

1.3 8 C60R42 
0.5–  3.1–  C30R42 

4. Conclusion 
Scientific developments facilitated producing HSS bars with suitable engineering characteristics such 

as appropriate ductility along with high strength. Despite several economical and executive profits of HSS 
bars, their application is limited in special shear walls and moment frames, because of possible 
repercussions related to their possible effects on decrease in ductility, energy absorption, and so forth. A 
lack of experimental and analytical data about the seismic behavior of shear walls with HSS bars can be 
the source of this problem. In this research, the influences of using HSS bars with the yield strengths of 
560 and 700 MPa as horizontal and vertical bars of the web, and as the flexural and shear bars of the 
boundary elements on the behavior of shear walls, were analytically investigated by FEA. The effects of 
concrete strength (with the compressive strengths of 30, 45, and 60 MPa) in the case of using HSS bars in 
the shear walls were investigated, too. The results indicated that HSS application as flexural bars of 
boundary elements improved the performance of the specimens significantly. However, their application as 
the shear bars of the boundary elements did not considerably affect their performance. Moreover, HSS 
application as the horizontal and vertical bars of the web of specimens improved their performance. It was 
also observed that using higher-strength concrete was less effective than using higher-strength steel on 
the maximum base shear and the ultimate moment of the specimens. Finally, the results showed that using 
higher-strength steel was more effective in the shear performance of specimens than their ultimate moment. 
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Abstract. The purpose of this article is to use theoretical analysis to determine the cause of an artificial 
frozen wall not closing. Due to the influence of the energy difference received by each freezing apparatus, 
groundwater flow, freezing hole spacing and other factors, their heat transfer with the surrounding soil layer 
has limited efficiency. Theoretical calculations and engineering examples are compared to verify the validity 
of the theoretical model. According to the longitudinal temperature measurement of the temperature 
measuring hole and the freezing apparatus, the whole field monitoring theory based on grey correlation 
method is proposed. Through the calculation of the hole-to-hole correlation degree to evaluate and predict 
the working effect of each freezing apparatus, it is determined that the freezing pipes No. 7~9 and No. 
18~22 are the weak parts of the freezing wall. Therefore, the grey correlation analysis was compared and 
analyzed in the case of the "window" accident of the frozen wall of the shaft, which verified the practicability 
of the theory. 

1. Introduction 
Artificial ground freezing method (AGF) is a special construction method for solving the underground 

construction of soft water-bearing strata such as quicksand, silt, etc. By placing freezing pipes at intervals 
in the stratum and circulating low-temperature brine through them, the stratum becomes hard frozen soil 
[1, 2]. The artificial stratum freezing method has been developed for more than 130 years, and it has been 
vigorously promoted by various countries in coal mines, subways and foundation pit projects. The 
technology is also becoming more and more mature, but the groundwater flow often leads to the accident 
of the frozen wall not closing, causing project delays and economic losses. For the freezing construction 
under high water content and complex environmental conditions, the change of temperature field 
determines the thickness and average temperature change of the frozen wall. Therefore, the ways of 
determining the tightness and strength of the frozen wall are the focus of scholars from various countries. 
Therefore, the calculation of the freezing temperature field is related to the success or failure of the entire 
freezing project. The main research methods of the temperature field include analytical methods, numerical 
simulation methods, field data measurement, and in-situ test methods.  

Professor Trupak first proposed the calculation method for the temperature field of the frozen wall 
[3]. He began to study the temperature field of a single-tube frozen cylinder, and derived the analytical 
solution formula of the temperature field in the frozen soil wall under the condition of a single-row linear 

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0003-0736-8046
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arrangement of frozen tubes according to the geometric relationship between the frozen tube and the frozen 
soil column. Bakholdin uses the concept of ideal freezing tubes to interfere with each other to derive the 
theoretical formula of the temperature field distribution after the frozen wall of a single row of tubes under 
a linear arrangement [4]. Hu Xiangdong applied conformal transformation to transform the annular single-
circle freezing model into a special linear arrangement model to complete the analytical solution of the 
unfrozen temperature field in the single-circle tube freezing circle [5]. In the literature [6–8], the calculation 
formula of the frozen wall thickness of the double-row tube and the 3-row tube and the analytical solution 
of the temperature field have been deduced successively, and the calculation results are relatively 
consistent with the measured data.  

Literature [9] used the monitoring data of the construction site of the connected aisle freezing method 
to analyze the disturbance of each construction process on the freezing temperature field, grasped the 
influence law of each construction process on the connected aisle freezing temperature field, and provided 
a safety reference for similar projects in the future. Literature [10] based on the tunnel freezing project, 
studied the weakening effect of freezing waterproof curtain caused by construction thermal disturbance 
through model tests. 

With the popularization of numerical software, the numerical simulation of the frozen wall temperature 
field has been valued by scholars [11–15]. 

However, freezing engineering usually sets up several temperature measuring holes to monitor the 
state of the frozen wall [16]. When calculating specific engineering examples, the temperature 
measurement data is substituted into the theoretical analytical formula or numerical software to obtain the 
thickness of the frozen wall, so the data of the temperature measuring holes can only represent the 
temperature characteristics at a specific location, and can not provide timely feedback on the overall state 
of the frozen wall. 

The purpose of this article is to establish the research object of each freezing apparatus, and collect 
the longitudinal temperature data of freezing apparatus, and obtain the longitudinal temperature distribution 
in the freezing tube through comprehensive data analysis, in order to qualitatively judge and predict the 
overall state of the frozen wall. To achieve the above goals, the following problems need to be solved: 

1. Establish a set of scientific mathematical analysis methods to form a complete basic theory. 

2. In the engineering example, establish a model to determine the development status of the frozen 
wall, find the weak point of the frozen wall, and verify the theory. 

2. Materials and Methods 
2.1. Monitoring method and theoretical basis of frozen wall condition 

The traditional method to study the temperature field of frozen wall is based on the single-hole 
freezing steady-state theory of Professor Trupak of the former Soviet Union [3, 17]. The temperature field 
model of frozen wall is established as shown in Fig. 1, and the temperature distribution function formula of 
frozen soil area is deduced as follows: 

( )
2 2 2 2 2 22 2

2 2
, , ,

2 2 2 22
f p

p

E L L L E L E LE LT x y T In In x y
dx y

 + + ++  = − ≤ ≤ − ≤ ≤
 +  

 (1) 

where fT  is the temperature field function in the frozen soil area; pT  is the temperature of the freezing 

pipe wall; E  is the thickness of the frozen soil wall; L  is the hole spacing; pd  is the diameter of the 

freezing pipe.  



Magazine of Civil Engineering, 111(3), 2022 

Wu, T., Zhou, X.M., He, X.N., Xu, Y., Zhang, L.G. 

 
Figure 1. The frozen wall temperature field model. 

A temperature measuring hole is provided near the freezing hole, and the frozen thickness of the 
frozen wall is calculated by the formula (1) through the detected temperature data in the temperature 
measuring hole, which is the traditional temperature field monitoring method. In practical engineering, the 
development of frozen wall is affected by many factors such as the energy regulation of each freezing 
apparatus, the flow of groundwater, the spacing of frozen holes, the heat conductivity of the stratum and 
so on. The interior of the stratum belongs to the concealed space, so it is difficult to fully grasp the 
development process of the frozen wall of the stratum. 

In the engineering construction, a technical method of longitudinal temperature measurement in the 
freezing apparatus has been gradually developed to diagnose and deal with engineering accidents, as 
shown in Fig. 2. Literature [18] studied the relationship between the temperature change in the center of 
the freezing pipe and the thickness of the frozen wall after the freezing apparatus was temporarily shut 
down, and proposed a new method to use the longitudinal temperature measurement of the freezing 
apparatus to solve the internal situation of the frozen wall. 

2
0

,
r

dTv a
dt R R=

α β = = − 
 

                               (2) 

where v  is the temperature rise rate; R  is the radius of the frozen soil; a  is the coefficient of thermal 
conductivity of the frozen soil; α  and β  are the correlation coefficients of the initial temperature field of 
the frozen wall before freezing. 

Because there are a lot of random factors in the project, it is still difficult to apply formula (2) directly, 
but its significance lies in revealing the substantial value of the longitudinal temperature measurement data 
of the freezing apparatus, which is to make full use of the temperature measurement holes, hydrological 
holes and freezing apparatus to implement the whole field monitoring of the frozen wall temperature field 
thereby increasing the output of system information. The methods and requirements for the construction of 
freezing holes, temperature measuring holes and hydrological holes are basically the same, and the main 
difference lies in the different installation structures. The freezing apparatus is installed in the freezing hole, 
which is composed of a freezing pipe, a liquid supply pipe, and the head of the freezing apparatus, as 
shown in Fig. 3(a). The water pipe is arranged in the hydrological hole, which is composed of impervious 
steel pipe and permeable pipe. The permeable pipe is made of steel pipe with evenly distributed holes, as 
shown in Fig. 3(b). In the temperature measuring hole, the steel pipe with closed lower end is placed, and 
the inside of the pipe is generally in air state. Several temperature sensors are installed in the temperature 
measurement hole, as shown in Fig. 3(c). Then a large amount of information output of the system needs 
scientific information processing technology in order to extract more valuable parts for engineering 
construction services. 

The main idea of the whole field monitoring theory is as follow. Firstly, we should vigorously develop 
new temperature measurement technology and increase the number of temperature measurement points 
to improve the amount of information in the temperature data of the shaft. Secondly, the longitudinal 
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temperature in the freezing apparatus is the main body, combining with the longitudinal temperature in the 
hydrological hole and the temperature measurement data of the temperature measuring hole to form a new 
temperature measurement engineering system. Finally, a data analysis system for predicting, forecasting 
and controlling the temperature field of the frozen wall is established to gradually transform the development 
of the frozen wall from a hidden state to a transparent state, thereby improving the safety of the quality of 
the frozen wall engineering and the technical level of freezing shaft construction. 

 
Figure 2. The principle of longitudinal temperature measurement in the freezing apparatus. 

 
Figure 3. Different installation structures of freezing holes. 

2.2. Principle of grey correlation analysis  
of longitudinal temperature measurement data  

According to modern control theory, engineering system is a "black box". Ways to increase the 
amount of information in the system is an important technical direction of engineering monitoring. Grey 
theory [19–20] presents the output of the system state as a sequence, so the temperature data output along 
the depth direction is a data sequence. Here, the longitudinal temperature measurement data of the 
temperature measuring hole and the freezing apparatus are organized into the following sequence: 
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Measuring point

Cone bottom
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（a）Freezing hole （b）Hydrological hole （c）Temperature measuring hole
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where h is the depth or serial number of the longitudinal measuring point, 1,2, ,h M= ⋅⋅⋅ ; i  is the hole 
number of the frozen hole, 1,2, ,i N= ⋅⋅⋅ . 

The definition of relevance in the grey theory borrows the concept of geometric similarity, assuming 
that these sequences are plotted on a two-dimensional rectangular coordinate system with time as the 
horizontal coordinate, as shown in Fig. 4. If the sequence ( )1T h  curve and the sequence ( )2T h  curve 

are relatively parallel or similar, it is said that the correlation between ( )2T h and ( )1T h  is large, which is 

recorded as 12γ . If the similarity between curves ( )3T h  and ( )1T h  is small, and the similarity between 

curves ( )4T h  and ( )1T h  is the worst, then 12 13 14γ γ γ> > . Here, ( )1T h  is called the parent factor 

sequence, and ( )2T h , ( )3T h  and ( )4T h  are called sub factor sequences. 

 

Figure 4. The geometric meaning of grey correlative degree. 
In order to evaluate the overall condition of the frozen wall, it can be analyzed by the correlation of 

the temperature measurement data of each freezing apparatus. For example, in an ideal situation, the flow 
distribution of each freezing apparatus is uniform, and the conditions of the stratum are also the same. The 
temperature measurement curve between them should be exactly the same, the correlation degree should 
be very good. According to the temperature measurement data in the temperature field, the relevant 
concepts and definitions of the slope correlation degree are introduced. 

Correlation coefficient ξ( )t : Let the sequence be ( )X t  and ( )Y t , , ,X Y R∈  t T∈ , then 

( )
( ) ( )

1 ,
1 11
x y

t
x t y t

t t

ξ =
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+ −
σ ∆ σ ∆

                            (3) 

where ( ) ( ) ( )1 ;x t x t x t∆ = + −  ( ) ( ) ( )1 ;y t y t y t∆ = + −  ( )1 1.t t t∆ = + − =  
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where xiσ  and yiσ  are the standard deviations of the ( )X t  and ( )Y t  sequences, respectively. 

The nature of ξ( )t : ( )0 1,t≤ ≤ξ  the closer the slope of ( )X t  and ( )Y t  at time ,t  the greater 

the ξ( )t , and the correlation coefficient is 1; ξ( )t  is related to the geometric shape, but not the starting 
position. 

Definition of correlation degree: 

( ) { }( )
1

1

1 , 1,2,3,..., 1 .
1xy

N

t
t t N

N

−

=
γ = ξ = −

−
∑                        (4) 

The main characteristics of slope correlation: (1) The original data does not need to select reference 
points and standardization, which is convenient for computer processing, and the restrictions on detection 
conditions are also small; (2) The calculation is not affected when the original data contains zero or negative 
values, so the adaptability of engineering data application is good; (3) The resolution of the correlation 
degree is high.  

Each freezing apparatus can be regarded as either a parent factor or a sub factor, thus forming a 
correlation matrix; it is a symmetric matrix with a main diagonal element of 1, i.e. 

1,2 1, 1 1,
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−
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 γ γ γ 







    







                  (5) 

For the above matrix, you can use the analysis of variance to study the overall situation of the frozen 
wall. (1) The element ,γi j  in the matrix represents the degree of correlation between holes i and j. 

Obviously, ,γ 1i j = , the closer ,γi j  is to 1, the closer is the working condition between i and j holes. 

, ,γ γi j i k< , indicating that the freezing condition of hole k is closer to that of hole i than that of hole j; (2) 

The average correlation of hole i, ,
1

1 ,i i j
n

jn =
γ = γ∑  which reflects the comprehensive degree of the 

correlation between hole i  and other holes, and reflects the state of hole i  in the whole; (3) The overall 

average correlation degree of the freezing apparatus ,
11

11 ,i j

nn

ji nn ==
γ = γ

 
∑∑  

 
 which reflects the average 

effect of each freezing apparatus in the whole frozen wall. The closer γ  is to 1, the more similar are the 

working conditions such as the distribution of cold energy and stratum conditions; (4) Parameters ,i jγ , iγ
, γ  are all functions of time (or depth), that is, when analyzed in different depth segments, the above 
parameters will change, which can directly reflect the changes of objective conditions, such as groundwater 
flow, lithology and other conditions. 

2.3. Example calculation  
The net diameter of Xipang shaft of Dongpang Mine in China is 4.5 m, the thickness of the topsoil 

layer is 136 m, the aquifer is mainly composed of a pebble formation with a vertical depth of 22 m, a sand 
layer and a pebble formation of 111~135.65 m, and the freezing depth is 175 m. The ring diameter of the 
freezing apparatus is 9.556 m, the hole spacing is 1.247 m, and there are 24 freezing holes. During the 
active freezing period, the brine temperature is –26~–28 °C. BRR specific heat calorimeter and QTM-PD2 
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thermal conductivity measuring instrument in Fig. 5 are used to test the heat flux and thermal conductivity 
of soil layer respectively. The thermal physical properties of soil are shown in Table 1. When the active 
freezing time reaches the design period, and the temperature of the temperature measuring holes has 
reached the design temperature, an experimental excavation is performed on the shaft. When the fine sand 
layer of –41.7 m was excavated, water leaked in the shaft. After preliminary judgment, it was determined 
that the frozen wall of the shaft was not closed. In order to find the reason, the longitudinal temperature 
measurement of all freezing apparatuses of the shaft was carried out. Part of the data is shown in Table 2. 
Firstly, it was found that the longitudinal temperature of the C1 temperature measuring hole, No. 18, No. 19, 
No. 20, No. 21 and No. 22 freezing holes had an obvious inflection point at 50 m~60 m, and the temperature 
was 2~3 °C higher than other layers. Therefore, it was found the frozen wall did not close due to the 
abnormality of these freezing holes. However, it is necessary to specifically determine the location of the 
"window" of the frozen wall and take remedial measures. 

Then, we used the grey correlation theory to conduct a whole field monitoring analysis and find the 
corresponding "window" position. We established the holes Nos. 20 and 21 had the largest longitudinal 
temperature fluctuation as the parent factor, and analyzed the longitudinal temperature measurement data 
of the freezing apparatus with a depth of 65m or more in the topsoil aquifer, using the slope correlation 
method. The freezing holes with a high degree of correlation with holes 20 and 21 may be weak holes in 
the frozen wall. After analyzing all the longitudinal temperature measurement data, it was finally confirmed 
that there was groundwater flow phenomenon at the vertical depth of about 57m on the frozen wall, and 
there were water-conducting channels between the holes No. 18~22 and the holes No. 7~9. 

  

(a) Specific heat calorimeter (b) Thermal conductivity measuring 
instrument 

Figure 5. Measurement of soil thermophysical properties. 
Table 1. Soil properties. 

Soil 
property 

Depth 
(m) 

Moisture 
content  

(%) 

Density 
(g/cm3) 

Dry density 
(g/cm3) 

Specific 
heat 

(J·g–1·K–1) 

Thermal 
conductivity 

(kCal/m·h·°C) 

Sandy clay 43.68~80.87 14.68 2.095 1.831 1.504 1.872 

Clayey 
sand 25.30~72.20 24.76 1.898 1.521 1.485 1.787 

 

Table 2. Lengthwise temperature survey along freeze pipe of main shaft in Dongpang mine, 
China. 

Hole 
number 

Depth 
25 m 35 m 40 m 45 m 50 m 55 m 60 m 65 m 

1 –19.8 –20.0 –20.1 –20.2 –20.5 –20.3 –20.4 –20.2 
3 –21.6 –21.9 –21.8 –21.9 –22.1 –22.0 –22 –22.6 
5 –22.1 –22.4 –22.5 –22.4 –22.3 –22.1 –22.1 –22.4 
7 –21.5  –21.8 –22.1  –22.2  –22.2  –22.0  –22.1  –22.2 
8 –21.5  –21.5 –21.6 –21.6 –21.4 –21.0 –21.3 –21.2 
9 –21.8 –21.8 –21.8 –22.0 –21.8 –20.5 –21.7 –21.9 
12 –21.4 –21.2 –21.1 –21.4 –21.4 –21.3 –21.3 –21.5 
14 –19.7 –19.6 –19.7 –20.2 –20.3 –20.2 –20.2 –20.3 
16 –20.1 –19.8 –19.9 –20.4 –20.4 –20.0 –20.2 –20.1 

javascript:;
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Hole 
number 

Depth 
25 m 35 m 40 m 45 m 50 m 55 m 60 m 65 m 

18 –20.0 –20.0 –20.0 –20.1 –20.0 –20.0 –20.4 –20.6 
19 –19.8 –20.2 –20.1 –19.7 –19.4 –18.1 –19.3 –19.8 
20 –20.3 –20.9 –21.1 –21.1 –19.9 –19.0 –21.0 –21.3 
21 –21.0 –21.2 –21.3 –21.2 –20.6 –19.3 –20.8 –21.1 
22 –20.4 –20.4 –20.3 –20.3 –19.6 –19.1 –19.8 –20.3 
23 –21.8  –21.8  –21.9  –21.9  –22.0  –21.9  –21.9  –22.1 

 

3. Results and Discussions  
3.1. Results 

By using the slope correlation method to analyze the above longitudinal temperature measurement 
data, the results are shown in Fig. 6. It can be seen that the correlation between No. 7~9 and No. 18~22 is 
particularly high, indicating that the groundwater flow forms a channel along No. 18~22 and No. 7~9, so 
the correlation analysis between freezing holes can determine the location of the frozen wall weakness 
caused by abnormal freezing pipes. 

 

Figure 6. Correlation analysis of longitudinal temperature  
measurement data of freezing apparatus. 

The on-site investigation and analysis showed that due to the accident stratum being a highly 
permeable gravel layer affected by spring irrigation pumping, the groundwater flow scoured the frozen wall 
from the northwest to the southeast taking away a large amount of cold energy and making it difficult to 
close the frozen wall. The water flow enters the shaft with the freezing holes No. 18, No. 19, No. 20, No. 21 
and No. 22 as a main channel, one flow enters the shaft along the S2 hydrological hole, and the other flow 
flows from No. 7, No. 8 and No. 9 freezing holes taking away the cooling energy. This further confirms the 
accuracy of the grey correlation theory in accident analysis, as shown in Fig. 7. In order to speed up the 
progress of the freezing project, the brine temperature was lowered from –28 °C to –33 °C Pipeline pumps 
were added to the eight freezing holes of No. 18~22 and No. 7~9 of the annular groove of the shaft to 
increase the brine flow rate of the freezing hole. The C1 and C2 temperature measuring holes are changed 
into freezing holes to increase the cooling capacity. By taking the above measures, the healing of the frozen 
wall was ensured, and the accident was dealt with pertinently. During the excavation process, the location 
of the "window" of the frozen wall was verified. Holes 18~22 and 7~9 have traces of repair of the frozen 
wall window at a vertical depth of about 57 m, and there is ice formation in the gravel gap (size 50 mm × 
80 mm) ), as shown in Fig. 8, which is completely consistent with the correlation analysis. 
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Figure 7. Schematic diagram of the 57 m frozen wall outlet of the shaft. 

 

Figure 8. Freezing point on the west side of shaft at 57.3 m. 

3.2. Discussions 
In the process of studying the temperature field of the frozen wall, the researchers calculated the 

thickness, strength and closing time of the frozen wall using theoretical analysis methods and finite element 
numerical methods through the temperature measurement hole data. In this case, the calculation result 
obtained by the theoretical analysis method reflects the state of the local range of the frozen wall, and the 
solution is also approximate [3, 5, 21]. The modeling process of the finite element numerical calculation 
method is ideal, requiring the model to be homogeneous and continuous, and the obtained simulation 
calculation results have certain errors from the actual measurement [22, 23]. In addition, in the face of 
complex geological conditions and hydrological environments, the development of complex freezing 
temperature field under some special working conditions is no longer applicable to the above method. 

Literature [24] applied the area correlation analysis method to analyze the longitudinal temperature 
measurement data of the frozen shaft of Jian Chang Ying Mine in China, and determined the weak position 
of the frozen wall. However, this method cannot be calculated when there are zero values in the original 
series. 

In this study, the longitudinal temperature measurement data of freezing tube is used to 
comprehensively analyze the development of frozen wall, which overcomes the shortage of only relying on 
the local temperature measurement hole to understand the situation of frozen wall in the traditional 
technology; the slope correlation method also effectively solves the defect that zero value cannot be 
calculated in the data, and realizes the prediction and evaluation of the all-round development of frozen 
wall. 
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4. Conclusion 
From the above results: 

1. The longitudinal temperature measurement of the temperature measuring hole and the freezing 
apparatus is a technical means to understand the local and overall freezing conditions of the shaft. The 
proposal of whole field monitoring is the supplement and development of the longitudinal temperature 
measurement technology in theory. 

2. The use of slope correlation analysis is a practical method of longitudinal temperature 
measurement data processing, and an application of grey theory in artificial ground freezing engineering. 

3. The correlation analysis of the longitudinal temperature measurement data between freezing 
apparatuses reflects the relatively good or bad freezing effect of the freezing apparatus, and is the basis 
for conclusion on the weak position of the frozen wall. 

4. The normal operation of each freezing apparatus is a necessary guarantee for the smooth 
freezing of the shaft. It is affected by many subjective and objective factors such as the cold supply of the 
freeze pipe, the flow of groundwater, and the thermal conductivity of the formation. It combines the 
longitudinal temperature detection data of the freezing pipe with the temperature measurement hole 
detection data to achieve the goal of comprehensively monitoring the formation effect of the frozen wall. 
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Abstract. This paper aimed to study the properties of clay rocks in terms of chemical, mineralogical, and 
granulometric compositions during the pre- and post-firing processes as compared to regulatory 
documents. Moreover, the electrochemical interactions between the clay rocks elements have been 
evaluated due to the electrophoresis of its core. The results revealed that the properties of the investigated 
clay rocks agreed well with the requirements of regulatory documents and it is suitable to produce the 
ceramic bricks by plastic and dry methods. However, the calculated energy charges of clay oxides prove 
that the chemical composition of clay rocks will provide an unstable and irritable brick system due to the 
negative charges being 1.6 times greater than the positive charges. To modify the composition, it is 
suggested to insert feedstock or additives containing 2.3 times more positive charge selected on the basis 
of the structure of s-, p- and d-electrons. Further studies are recommended to take into account the 
thermodynamic characteristics of the feedstock to monitor the firing process, reduce energy costs and 
improve the quality of bricks. 

1. Introduction 
Most of the countries spend almost half of the annual income on construction. For centuries, the 

industry of producing artificial ceramic occupied an important place in Material science and production; its 
quality was determined by an ancient technology – clay science [1, 2]. According to the principle “what you 
sow, you reap” the quality of quarry clay rock determines the quality of the final ceramic product, particularly 
bricks. Clay soils are unique in terms of the inhomogeneity of their properties. Note that, when their solid 
ingredients are converted into a viscous fluid, in certain circumstances, they change their compositions and 
properties [3, 4]. Clay rocks can be rock-like, dry or wet, depending on the region, soil strata conditions and 
groundwater levels. They have different moisture, as well as different particle size distribution, they are 
lean, medium or high ductility, different formability, furthermore they have different attitude to temperature 
interactions (drying, firing). 

The chemical compositions of clay rocks vary widely: SiO2 – 45–80 %, CaO – 0.5–25 %, that is  
1.7–50 times [5, 6]. Atoms and molecules are in free and bound states, the ratio between them is different 
in energies. They are energetically charged either positively or negatively. However, when raw materials 
and technology are selected, the electrical core of atoms and their energetics are not taken into 
consideration [7–9]. Excessive amounts of salt in the original materials cause fading and destruction in the 
surface layer of products [10, 11]. The granulometric composition of clay rocks is closely related to the 
mineralogical composition; furthermore, it is very diverse [12–14]. For example, grains of less than 5 μm 
are attributed to clay rock, their amount is in the range of 8–60 %, while grains of 50–350 μm are attributed 

https://creativecommons.org/licenses/by-nc/4.0/
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to sand, their amount is in the range of 1–22 %, i.e., their fluctuations are 7.5–22 times. Such a specific 
inhomogeneity and the variety of composition, structure and properties greatly change used technology 
and efficiency as well as affect the quality of the product [15]. 

Clay rocks used to produce bricks should exhibit good formability with no thermic cracks or 
deformations during the processes of drying or firing, and provide the required physical and mechanical 
properties as well as durability of the bricks. Therefore, in a newly developed quarry, clay rocks should not 
only be subjected to a thorough study of their primer properties but they should be periodically monitored 
and compared with the requirements of regulatory documents throughout the whole process. The regulatory 
documents, in the age of nanotechnology, must take into account all the properties of atoms, including the 
electrochemistry ones. In this research, the properties of clay rocks have been studied and compared with 
the requirements of regulatory documents to evaluate their compatibility to produce ceramic brick: 

• State Standards of Ukraine DSTU BV 2.7-60-97. Clay raw materials for the production of ceramic 
building materials. Classification [16]. 

• Government Standard of Russia GOST 21-2116.1-81. Clay raw materials: Methods for determining 
plasticity [17]. 

• Industry standard of Russia OST 21-78-88. Clay raw materials for the production of ceramic bricks 
and stones. Technical requirements. Test method p:59 [18]. 

This research aimed to study the quality indicators of clay rocks: pre-firing, during firing and post-
firing as compared with the above regulatory documents. Moreover, attention was drawn to the 
electrochemistry properties of clay rocks due to the lack information about these properties, whereas the 
mismatching between the energy charges of clay rock oxides could have a noticeable effect on the values 
of the maximum temperature and duration of firing. 

2. Materials and Methods  
In this study, clay rocks of a quarry under development have been adopted with the aim of producing 

ceramic bricks. Methods of studying the technological parameters of clay rock (in the quarry) and clay raw 
materials (in the factory) are stipulated in regulatory documents and implemented in the processes of our 
laboratory research. Depending on the samples, pre-calcining properties were studied and the clay rock 
composition was characterized: macroscopic description, chemical and mineralogical composition as well 
as the particle size distribution. Characteristics of clay raw materials by moisture and cohesion of clay were 
determined in the quarry: molding, moisture, ductility and cohesion. The drying properties of clay puddle 
were determined: shrinkage and sensitivity of drying. Methods of studying the properties of clay rocks are 
described in regulatory documents and in the process of our laboratory research. The methodological 
analysis of this research was carried out in the technological sequence of brick production: clay rocks 
characteristics, particle size distribution of clay raw materials, clay moisture and cohesion, drying and firing 
properties of clay. 

2.1. Clay Rocks Properties  
2.1.1. Sampling 

For mineralogical and physical-mechanical tests, representatives of the customer and the contractor 
took an average clay sample. We chose it from a developed quarry located 2 km north of the village of 
Hulyaivka and 8 km southeast of an urban-type settlement in Beryozovsky District, Odessa region. The 
quarry depth was 6 m at the sampling site, and three samples were selected at different positions. The first 
sample was chosen at a depth of 1 m from the lower layer of overburden, while the second sample was 
selected at depth 5 m and the last sample was chosen at the middle depth between the above mentioned 
samples. The weight of the sample was 50 kg and the clay rock of the selected three samples was scattered 
with a thin layer on an area of 1 m2. The clay was thoroughly mixed and divided by two diagonals into four 
triangles and the large blocks were smashed with a wooden mallet, and this process was repeated four 
times, after which it was used for laboratory research. 

2.1.2 Macroscopic Description 
A macroscopic description was carried out with a microscope MPB-2 to study clay rocks, which made 

it possible to determine that the fraction of less than 0.001 mm consists of particles with clearly expressed 
morphological features. 

2.1.3 Chemical Composition 
The chemical composition (%) of clays of the study area according to State Project Development & 

Research Institute “CHORNOMORNDIPROEKT” is shown in Table 1. 
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Table 1. Chemical composition of clays rocks. 
Oxides Value 
SiO2 57.4 – 62.7 
CaO 3.3 – 4.7 
MgO 2.4 – 2.8 
Al2O3 14 – 15.4 

Fe2O3 +FeO 5.4 – 6.3 
TiO2 0.6 – 0.8 

K2O+Na2O 3.3 – 3.7 
SO3 0.04 – 0.07 
MnO 0.08 – 0.14 

2.1.4 Moisture Content 
Quarry moisture content of averaged clay rocks is determined by the amount of moisture lost during 

drying as shown in Table 2. 

Table 2. Quarry moisture of clay. 
Sample number Sample weight, g Weight of dry sample, g Moisture of clay, % 

1 1000 910 10.4 
2 1120 980 14.3 
3 1150 1020 12.7 

Average 1135 970 12.5 

2.1.5 Granular Distribution of Clay Raw Materials 
The content of finely divided fractions, i.e. clay, dust and sand particles were determined according 

to the recommendations of "State Standards of Ukraine DSTU and State Standard GOST" as shown in 
Table 3. 

Table 3. Quantity determination of clay dust and sand fractions. 

Quarry 
height tier  

The content of clay particle size (mm) 

Size of less than 0.005 0.05 – 0.005 0.05 – 1 

V cm3 V1 cm3 K Clayey % Dusty % Sandy % 

Upper 10 
12.0 0.29 6.6 20.4 73.0 
13.1 0.31 7.0 25.4 68.0 
12.4 0.24 5.4 22.6 70.5 

Medium 10 
11.7 0.17 3.9 33.1 63.0 
14.0 0.40 9.1 26.0 65.0 
13.1 0.31 7.0 40.0 58.0 

Lower 10 
11.5 0.15 3.4 19.6 77.0 
11.3 0.13 3.0 21.0 76.0 
11.2 0.12 2.7 20.3 79.0 

The average sample 3.0 – 6.7 20 – 33 64 – 77 
 

After the volume of clay in a beaker with water seized to increase, the volume of clay suspension 1V  

was determined. In addition, the rate of increment K  was calculated, per cm3 of the initial volume oV  by 
the formula:  

( )1 .o oK V V V= −                                                                        (1) 

The percentage of clay fractions was determined by the formula: 

22.7 .G K= ∗                                                                            (2) 

After elutriation of the contents in the beaker, the amount of sand fractions deposited on the bottom 
was determined. The content of coarse inclusions was determined by screening on sieves according to 
"Industry standard OST" as shown in Table 4. 
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Table 4. The content of coarse inclusions. 
Sieve size 

(mm) 
Private residues on sieves Total sieve 

residues % Weight, g Quantity, % Weight, g Quantity, % 
5 0 0 70 4 0 – 4 
2 65 3 82 5 3 – 9 
1 97 5 137 7 8 – 16 

0.5 141 7 1095 55 15 – 71 

2.1.6 Clay Moisture and Cohesion 
The molding of the clay determines the amount of water needed to give the clay raw material a 

normal working consistency, as clay paste showing plastic and molding properties without deformation 
retains its shape and does not stick to hands and metal when rolling. To control the normal molding moisture 
of the clay paste, "Vika" device was used, which was designed to determine the normal density and setting 
time of the cement paste with a needle. Normal molding moisture was determined by the difference in 
masses between wet and dry clay; it was evaluated in percentage as shown in Table 5. 

Table 5. Required molding moisture for the clay samples. 

Sample number Weight of moist sample, g Weight of dry 
sample, g 

Moisture, % 

Absolute Relative 
1 20.0 17.1 14.5 16.9 
2 22.4 19.6 12.5 14.2 
3 23.6 20.0 13.8 17.8 

Average 22 18.9 13.6 16.3 

2.1.7 The Plasticity of Clay Raw Materials 
The ability to change shape under pressure, i.e. the deformation without the formation of cracks or 

breaks, and to keep this shape after unloading. These clay properties are characterized and evaluated by 
the plasticity index as shown in Table 6, i.e. the difference between the clay moisture in the case of plasticity 
limit and the clay moisture in the case of rolling limit. 

Table 6. The plasticity of clay rocks. 
Weight, g Limit, % 

Plasticity 
number Container with water Container with 

moist clay 
Container with dry 

clay Fluidity Rolling 

50 10 37.63 32.34 20 8.10 12 
50 10 48.50 44.30 20 4.22 16 
50 15 30.57 24.70 30 16.30 14 
50 11,5 25.15 22.87 23 14.60 8 

2.1.8 The Cohesion of Clay Raw Materials 
The compressive, tensile and bending strength of samples molded in a plastic way for the pastes 

with normal moisture that where dried at a temperature of 105–110 °C. The research results are shown in 
Table 7. 

Table 7. Cohesion of clay raw material. 
Sample 

Loading, kgf Rcom. 
kgf/ сm2 Loading, kgf Rcom. 

kgf/сm2 Loading, kgf Rcom. 
kgf/ сm2 No сm2 

1 7.07 720 102 79 17 
Samples 

137×50×10 
mm 

18.2 
2 7.07 700 99 88 19 19.1 
3 7.07 840 119 84 18 18.9 
4 7.07 900 127 Samples "Eight"  
 

Clay rock with a moisture content of 7–9 %, i.e. powder, was loaded into a mold cylinder with a 
diameter of 50 mm and pressed at a pressure of 200 kgf/сm2. The molded sample was removed and 
immediately tested in the press. We found that the compressive strength of the freshly formed press powder 
was 23–28 kgf/сm2. 
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2.2. Clay Drying Properties 
2.2.1 Air Shrinkage 

The mechanism of this phenomenon is an approach taken by the solid particles when the thickness 
of the water layer decreases between them and shrinkage of the products lasts until the moisture 
evaporates and the solid particles appeared. To determine that, a clay paste of normal density was 
prepared, tile samples were formed in the size of 100×100×10 mm and then dried to constant weight as 
shown in Table 8. 

Table 8. Air shrinkage of clay raw material. 
No. Non-pressed samples Pressed with 200 kg/cm2 

Lmoist, mm Ldry, mm Shrinkage % Lmoist, mm Ldry, mm Shrinkage % 

1 100 93.8 6.6 16.4 16.1 1,8 
2 100 93.2 7.2 16 15,6 2,5 
3 100 91.6 9.1 32.8 31,9 2,8 

2.2.2 Drying Sensitivity of Clay  
We determined it via the Chizhsky method [19] by forming three tile samples 100×100×10 mm. We 

found their weight and sent them for drying. It was revealed that the moisture of the samples at which the 
shrinkage stops is critical moisture. According to the theory of drying, critical moisture is understood as 
moisture at which the constant drying speed stops and the falling drying speed begins. The clay sensitivity 
coefficient for drying was determined by the formula: 

1

1

1

,s
o

o
o

VK m mV
V V

=
−
−

                                                                    (3) 

where, om  and oV  are the mass and volume of the freshly formed sample; 1m  and 1V  are the mass and 
volume of the sample in an air-dry state. Tests were carried out on cylindrical molds with a diameter of 
13 mm and a height of 39 mm: the samples were placed in them after being cut out by a clipper from a clay 
paste with normal moisture. Then the prepared samples were weighed and measured by length and 
diameter after a day and then periodically every 3-4 hours. Then we weighed the samples at the moment 
of reaching constant weight to determine the clay sensitivity coefficient for drying using the parameters 
presented in Table 9. 

Table 9. The clay sensitivity coefficient for drying. 

No. 
The weight of sample, 

g 
The length of the sample, 

mm 
The diameter of the sample, 

mm Ks 
Moist Dry Moist Dry Moist Dry 

1 10.9 9.69 41.1 39.6 12.4 12.0 0.96 
2 10.93 9.72 43.8 39.1 12.5 12.1 0.89 
3 10.86 9.69 39.1 38.3 12.3 11.9 0.97 

Average 10.9 9.7 41 39 12.4 12.4 0.95 
 

These results are confirmed by the method of Z.A. Nosova [20] who used different sample sizes: 
50×50×8 mm and 50×50×15 mm. The results are shown in Table 10. 

Table 10. Determination of the clay sensitivity coefficient for drying. 

No. 
Moist. sample Dried sample 

Ks Sample size, mm 
Lо, cm Mо, g Vо, cm3 L1, cm M1, g V1, cm3 

1 – 51.47 24.93 – 43.30 22.45 0.51 
50×50×15 

2 – 46.94 22.93 – 39.76 20.86 0.57 
3 5 58.61 28.52 4.70 49.42 25.38  

50×50×8 
4 5 50.37 25.7 4.67 42.80 25.06  

Average 54.49 27.11  46.11 24.07 0.51  
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2.3. Clay Firing Properties 
The thermal properties of clay rocks which included refractory materials and fire shrinkage were 

studied according to the requirements of State Standard of Russia GOST 21216.11-93 [21]. During the fire, 
the raw clay materials are burned to form the calcium sulfate (CaSO4) in complex reactions as shown in 
equations below [22, 23]:  

3 2 4 3 29CaCO 9SO 6CaSO CaSO 2CaS 9CO ,+ → + + +                                     (4) 

3 44CaSO 3CaSO CaS,→ +                                                           (5) 

2 4CaS 2O CaSO .+ →                                                             (6) 

Equation 6 can be changed if insufficient oxygen is provided as follows: 

2 2CaO SO 3CO CaS 3CO .+ + → +                                                  (7) 

Pyrometric cone samples (sometimes called pyroscope) made from a clay paste with normal molding 
moisture were prepared. The refractoriness was estimated via the firing temperature at which the pyroscope 
started softening. The fire shrinkage was determined at 900–1250 °C for 67×30×15 mm tile samples 
according to the formula:  

( )1100 ,o oU l l l= ∗ −                                                            (8) 

where ol  and 1l  represent the length of the sample before and after firing in mm as shown in Table 11. 

The same formula was used to calculate the air shrinkage at 105–110 °C where ol  and 1l  represent the 
length of the sample before and after drying.  

Table 11. Determination of fire shrinkage. 
No. The distance between the sample marks, mm 

Air shrinkage, % Fire shrinkage, % 
Freshly molded Dry Fired 

Firing temperature 1000ос 
1 18.5 18.2 18.2 1.6 0.0 
2 19.3 19.2 18.9 0.5 1.6 
3 18.8 18.7 18.6 0.5 0.5 

Firing temperature 1200ос 
1 29.1 28.9 28.7 0.7 0.7 
2 27.4 27 26.5 1.4 1.9 
3 32.8 31.9 31.9 2.7 0.0 
4 31 30.2 30.1 2.8 0.3 

 

We determined the degree of sintering which represented the value of the water absorption of burnt 
pottery. We used using tile samples with dimension of 60×30×10 mm prepared from paste with normal 
moisture, then dried at 105–110 °C and fired in an oven at three to four temperatures, taking into account 
that the temperature of each subsequent firing was 50 °C higher than the previous one. The results are 
shown in Table 12.  

Table 12. Determination of the clay sintering temperature. 

No. Temperature, °C 
The weight of sample, g Water absorption, % Average density, 

g/cm3 Fired Water saturated Individual Average 
1 

 
1140 

44.13 49.12 11.13 
 

11 

1.95 
2 43.85 48.62 10.9 1.89 
3 41.52 46 10.8 1.96 
4 

 
1220 

43.18 41.1 4.8 
 

4.4 

1.97 
5 44.23 42.24 4.5 1.99 
6 45.1 43.34 3.9 1.95 
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Bloating, i.e. an increase of the volume of samples during high-temperature firing, was evaluated by 
the average density of the samples before and after firing.  

Table 13. Determination of clay bloating coefficient. 
No. Sample volume, cm3 

К bl. 
Weight, g Volume, cm3 

Loss on 
ignition % К bl. Before firing After firing Before 

firing 
After 
firing 

Before 
firing 

After 
firing 

1 22.25 22.4 1.01 4.73 4.54 2.05 1.96 4.4 1.01 
2 25.10 26.26 1.05 4.75 4.3 2.01 1.95 4.1 0.99 
3 24.00 25.32 1.06 4.24 4.0 2.0 1.89 3.6 1.02 

 

Cylinder samples with a diameter of 13, 30 and 50 mm were used to evaluate the ability of burnt 
ceramic materials to resist the destructive action of internal stresses arising under the influence of external 
forces. The average density and porosity were also determined on 67×3×15 mm samples. The amount of 
water absorption was also obtained for each sample which should be no less than 8 %. The result of the 
post-fired physic-mechanical properties of the fired samples was also obtained. 

Table 14. Physical and mechanical properties of fired ceramics. 

Sample 
Area, cm2 

Load of 
press, kg 

Rcom, 
kgf/cm2 

Average 
density, g/cm3 

Porosity, % Water absorption 
% 

LOI 
% True Accessible Sealed 

1.33 
200 150 1.89      
260 195 1.89      
300 225 1.95      

7.07 
920 130 1.89 28 11.3 6.6 11.3 4.4 
950 134 1.95 26 19.6 5.4 10.8 3.9 

1000 141 1.96 25 11.4 13.6 10.9 3.6 

19.625 
4400 224 1.95      
3945 201 1.9      
3830 195 1.89      

3. Results and Discussions 
3.1. Macroscopic Results 

The color of clay in the dry case is light yellow and in the wet case is dark yellow and its texture is 
formed as lumpy, dense, messy and disoriented. The clay grains are located without any noticeable 
orientation and they have different sizes: from dusty to several centimeters. The viscosity of clay is weak in 
the wet case so that the clay rocks and clay pieces are easily crumbled when pressed on with fingers; in 
the dry case, they are firmly dense and adhering grains. In addition, we think that it is worth noting the 
presence of impurities and inclusions observed under the microscope:  

− Light gray granular porous inclusions of both fine-dispersed and coarse-dispersed carbonates; 
− Rounded, colorless grains of quartz, in the vast majority up to 0.05 mm in size; 
− Dark-colored grains of pyrite up to 0.1 mm in size. 

3.2. Compared with Ukraine DSTU BV Standard 
The properties of the investigated clay rocks were compared with State Standards of Ukraine DSTU 

BV 2.7-60-97. The results proved that these rocks are suitable for production of ceramic bricks by plastic 
and dry methods.  

In the dry places in the quarry on the sharp corners of the large dry pieces, white efflorescence was 
visible signaling presence of salts [24]. The amount of silica in the clay rocks is inversely proportional to the 
strength of the resulting ceramic, as the amount of silica determines the amount of sand fractures present 
in the clay rocks, which cause an increase in the porosity that negatively affect the strength of the resulting 
ceramic. The high content of alumina requires a high firing temperature, and a low content reduces the 
strength of the products and lengthens the preparation time of the paste. Iron oxides reduce the temperature 
range of clay sintering, give color to the products from light cream to cherry-red. Calcium and magnesium 
oxides make firing difficult, lowering the melting point, increase porosity, and reduce the strength of the 
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ceramics [25]. The alkaline components, K2O and Na2O, lower the melting point, condense and increase 
the strength of the ceramics. 

The swelling index (3–6.7) is very weak which means that the water holding capacity is low, and 
according to the standard documents, this allows us to classify the studied clays as “kaolinite-
hydromicaceous” that is the average content of clay particles is 3.0–6.7 %, i.e. less than 15 %. In addition, 
with regard to the dust, the percentage is 20–33 %, i.e. almost up to 30 %; therefore, the studied clay rocks 
belong to the “coarse” group. In addition, with regard to the content of sand fractions:  
100 % – (6.6 + 20.4) = 73 %, the research data on the granulometric composition of clay rocks indicate that 
clay rocks belong to the “dusty sandy loam” group [26]. 

The number of the coarse inclusions larger than 0.5 mm is 0.15–0.71 %, which is less than 1 % 
according to the standard requirements, therefore the clays under study were assigned to the group “with 
low content of inclusions” and “with small inclusions” as shown in Table 4 above. The type of predominant 
inclusions when examined under an MPB-2 microscope and exposed to 1% HCl solution, showed presence 
(more than 50 %) of calcite, dolomite and similar substances. In addition, according to our data, the 
carbonate inclusions were 0.15–0.53 % corresponding to the group of clay rocks “with carbonate 
inclusions”. Molding moisture means the amount of water needed to make the clay paste, that exhibits its 
forming and plastic properties, keeping its shape without deformation and does not stick to the arms and 
metal of the equipment when rolling in order to give the ceramic mass a normal working consistency [27]. 
To control the normal molding moisture of the clay paste, a “Vika device” TMM-2450A was used as given 
in Table 5.  

In this research, the sensitivity coefficient of the tested clay rocks Кs is in the range 0.82–0.97 as 
shown in Table 9, which is less than the value recommended by the standard documents. Thus, these clays 
belong to the “insensitive to drying” group as well as the tested samples in Table 10 because the obtained 
coefficient of clay sensitivity to drying Ks was within "0.51–0.57" [28]. The sensitivity coefficient of clay to 
drying becomes higher if the dust content is greater. With regard to plasticity, when the plasticity index 
fluctuates within 8–16, this means that the clay rocks belong to the “moderately plastic” group [29, 30].  

3.3. Electrochemical Interactions 
From the studied pre-firing properties of clay rocks, it is worth paying attention to their chemical 

composition. The properties of clay rocks are determined by the degree of particles dispersion and their 
energy [31]. Hence, the degree of particles dispersion and the energy consumption of clay oxides was 
calculated according to Putz et al.[32] as shown in Table 15.  

Table 15. The electric charge of clay oxides. 

 

The majority of oxides are characterized by the presence of excessive negative charges. Therefore, 
it should be equalizing for each other due to the greater quantity of similar charges, which may lead to 
greater repulsion. Up to 4.5 % of positively charged alkaline oxides Na2O and K2O will be neutralized by 
reacting with negatively charged and electrically neutral 4 % FeO, which can react with charges of any sign 
and create a solid. However, the problem is only that there are over 1.6 times more negatively charged 
oxides compared with similar positive charges. Moreover, the synthesis of positively charged atoms with 
negatively charged atoms gives the electronic structure of "the brick" as a future constructive product. The 
building materials with equal amounts of different positive and negative signs are always electronically 
stable, which gives them durability. Therefore, the result with respect to the studied clay rock as a raw 

Oxides The value of atomic charges in each oxide, eV The value of the effective 
charges of oxides, ±q, eV 

Type Amount, % Positive, +q Negative, –q 

ЅО3 ≤ 1 5.2 12.9 –7.7 
Al2O3 7 – 23 6.8 12.9 –6.1 
ЅiO2 53 – 81 4 8.6 –4.6 

Fе2О3 1,5 – 4 8.6 12.9 –4.3 
МgO 0.5 – 2 2.8 4.3 –1.5 
СаO 0.7 – 14 2.8 4.3 –1.5 
Nа2О 

≤ 4.5 
4.4 4.3 +0.1 

К2O 4.4 4.3 +0.1 
FeO 1 – 4 4.3 4.3 0 

Total charge, eV +43.5 –68.8  
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material for the production of bricks, which contains about 40 % of the excess electrical charge of negative 
atoms:  

− First: instead of synthesis, these atoms will push each other off. 
− Second: the brick system will be unstable and could reduce the durability because it may react 
with positively charged atoms during the operation.  
Therefore, to obtain high-quality brick in these studies, at this stage, there is a need for refinement 

of clay rock to eliminate this problem. There are recommendations to pay attention to the energetic aspect 
of the firing process and the energy of the atomic composition of bricks. It is necessary to take into account 
the natural essence of clay rock as it consists of atoms, and the natural essence of atoms is the electrical 
composition and electronic structure: a positively charged nucleus and negatively charged electrons. The 
moving force is the charge of electric atoms as indivisible particles since the adhesive force of these atoms 
with others creates new materials with an electromagnetic field (chemical bond) as electrochemistry 
provides unlimited possibilities in creating new materials [33, 34]. It also can be said that the atoms are 
primordial by nature but the molecules and minerals of clay rocks and additives sometimes are not accurate 
because there are certain interventions by a researcher and a human. 

It is known that a positive nuclear charge determines all the properties of an atom as they depend 
mainly on the number of negatively charged electrons and on the number of their orbitals around the 
nucleus. In this case, the chemical properties of atoms are strongly determined by the number of electrons 
in the outer electron layer and on the distance between the nucleus and the outer layer (orbital quantum 
number of the electron). In the outer electron layers, the farther the electron’s orbital from the nucleus, the 
weaker its association with the nucleus.  

With regard to the science of building materials, we can distinguish electrons of s-, p- and d- 
molecular orbitals. Since the electrons are in essence the material itself, so the respective materials are 
also called: s- p- and d- substances. The greatest bonding force of the nucleus is with s-substance while 
the smallest is with d-substance [35, 36]. These forces do not only affect the properties of the produced 
brick but also determine the firing mode. Thus, it is known that with increasing temperature the interatomic 
chemical bonds become longer and lose their bond strength. However, as the d-bonds are basically also 
weak in nature, they will break at a low firing temperature and transfer to the liquid phase faster, which is 
economically advantageous. The properties of clay soils are determined by electric forces (charges), 
whereas the main substances of clay rock are: s-elements (H, K, Na, Mg, Ca, Be), p-elements (Cl, N, B, O, 
F, Al, Si C, P, S) and d-elements (Fe, Cr, Cu). It is only possible to obtain a building material with desired 
properties, if the energy properties of the feedstock are taken into account [37]. The calculations shown in 
Table 16 are for the quantitative content of s-, p- and d-substances in the studied clay sample. 

Table 16. The degree of charge by the removal electronic orbit from the atomic nucleus. 

 

According to the above results, there is an extremely low 10 % d-substance; therefore, further studies 
should be conducted to illustrate the effect of this reduction on the maximum temperature and duration of 
firing during production process of ceramics bricks [38, 39]. 

4. Conclusion 
1. Assessment of the properties of clay rocks by their chemical composition meets the requirements 

of regulatory documents. They are suitable for the production of ceramic bricks by plastic and dry methods. 

Oxides The number and type of orbital substances of oxide atoms 

Type Amount, % S-substance P-substance D-substance 
ЅО3 1 - 4 - 

Al2O3 15 - 5 - 
ЅiO2 67 - 3 - 

Fе2О3 5 - 3 2 
МgO 1 1 1 - 
СаO 7 1 1 - 
Nа2О 

4 
2 1 - 

К2O 2 1 - 
FeO 3 - 1 1 

Total types of substances % 
6 20 3 

21 69 10 
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2. The results of electrochemical interactions indicated that the chemical composition of the studied 
clay rocks contained 1.6 times more negatively charged atoms as compared to positively charged ones. To 
modify the composition, it is suggested to insert feedstock or additives containing 2.3 times more positively 
charged atoms with the selection based on the structure of s-, p- and d-electrons to achieve more stable 
and durable brick structure.  

In the future, it is necessary to study the thermodynamic characteristics of clay rocks consisting of 
electrically charged atoms, and the possibility of refinement of the feedstock in order to reduce the 
maximum temperature and duration of firing. 
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Abstract. Composite steel-concrete construction has been widely implemented in high-rise buildings and 
bridges having long spans due to its favorable characteristics inherited from both materials acting as one 
unit. The main objective of this research is to propose a new beam system having a high strength-weight 
ratio, and to replace the shear studs used in composite beams by steel mesh wraps around the steel tube 
without any flexural or shear reinforcements. This new structural beam can be part of a lightweight-precast 
floor system with fast and easy ducting through its hollow tubular part. Four simply supported T-shaped 
beams of 3 m length are investigated experimentally to study and compare their flexural behavior. All beams 
are tested under two points quasi-static point loading. A comparison was initially performed between a 
control T-shaped reinforced concrete (RC) beam and a fully encased steel tube in a T-shaped RC beam of 
the same section dimensions as the control beam and without any mesh wrapping. The effect of full and 
partial wrapping of the steel tube was also investigated in the other two beams where 100 % and 60 % of 
the encased steel tube length were wrapped by a 3 mm steel mesh. Discussions and interpretation of the 
load-deflection behaviors and the failure modes are presented in this paper. The obtained results showed 
that the composite beam with unwrapped encased steel tubular section provided an advantage over the 
control RC beam in terms of load/weight ratio and ductility by 28.5 % and 22.4 % respectively. Besides, the 
use of steel mesh wraps in different length percentages revealed a much better partial composite action 
between the steel tube and the surrounding concrete. The attained strength ranged between 18.2 % and 
33 %, whereas the ductility was enhanced by 63.8 % and up to 66.7 %. 

1. Introduction 
Composite construction is known in the context of civil engineering structures as the use of steel and 

concrete to build a single unit that exhibits better characteristics than having members made from either 
steel or concrete alone. Nowadays, composite construction is widely used to achieve a higher level of 
performance and more ductility as compared to the case of having two materials functioning separately, 
especially in the cases of long spans and high rise buildings [1–3]. Although a perspective approach was 
previously utilized in the form of codes that introduced certain limitations for the design and construction of 
composite structures, the guidelines provided by codes are applicable for standard shapes of composite 
sections. This paved the way for various researches in the domain of composite construction to investigate 
the composite behavior of new sections over the past years. 

For instant, the American Institute for Steel Construction (AISC) [4] specifications covered two types 
of composite sections. The first type is related to composite beams fully encased in concrete in which the 
composite action depends on the natural bond between steel and concrete. The other type is related to 
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composite sections in which the steel section is attached to concrete slab by mean of shear studs. However, 
there has been always a need for further research on composite members due to the limited guidelines 
provided by codes and specifications regarding new parameters or sections of interest. 

Yong Liu [5] investigated the use of new type of shear connectors, alternative to the widely used 
studs, made from steel angles welded either to the top flanges or the web of a U-shaped steel girder infilled 
with concrete. All of the tested specimens were made from same span length, girder dimension, slab 
thickness, and steel angles. It was concluded that the installation of angles at the flange level provides full 
composite behavior with better ductile manner and shear transfer capacity. Also, Weng et al [6] handled 
the splitting shear failure in encased beams. It was concluded that the ratio of the steel flange width to that 
of concrete width should be less than 0.67 to avoid splitting shear failure- otherwise, shear connectors 
should be used. 

Besides, recent studies have focused on studying static and dynamic behavior of new types of 
composite beams. Recently, the use of concrete filled steel tubular (CFST) beams has become increasingly 
studied and implemented in high rise buildings and bridges [7–11]. 

Furthermore, the usage of concrete encased steel tubes(CEST) is significantly increased in the 
building industry and especially for the case of high rise buildings accounting for advantages of ductility and 
high tensile strength afforded by steel, as well as, stiffness and fire resistance of concrete. One of the recent 
studies on CEST is done by Mohammad M. El Basha [12] to explore its flexural behavior experimentally 
and analytically. The main purpose of this study was to prove the possibility of having a 20 % reduction in 
the depth of the CEST composite section, compared to conventional reinforced concrete (RC) beam, 
without influencing the overall stiffness and flexural capacity. So, nine beams of 6-meter span lengths with 
the same reinforcement and number of shear connectors, were studied under the influence of different tube 
dimensions and lengths. It was found that the CEST sections had 40 % to 70 % improvement in ultimate 
flexural strength (directly proportional to tube depth), enhanced ductility, and increased elastic deformations 
compared to RC beams with the same depth and a 20 % higher depth. 

In addition, Nasser H. Tuma [13] presented the flexural behavior of simply supported composite 
beams made from ultra-high performance reinforced concrete encasing steel tubular section. The studied 
parameters were related to the usage of shear connectors, location of steel tubular section, and longitudinal 
reinforcement ratio. It was concluded that that the flexural capacity of composite beams, with hollow tubular 
section and shear studs, increased significantly compared to solid RC beams and non-composite beams 
(without shear studs). Also, the load capacity of composite beams having tubular section located in tension 
zone has slightly increased (only 4 %) compared to that located at the middle of the section. 

Besides, a research domain in CEST beams that gained huge interest is related to the shear behavior 
and splitting strength of the composite section including the effect of shear reinforcement [14–18]. One 
research was carried by Neelima [19] who concluded that the absence of shear reinforcement in CEST 
beams results in markedly increase in the crack width with concrete crushing failure in diagonal tension. 

Moreover, to ensure crack control, enhanced tensile strength, concrete toughness, and improved 
deformation when dealing with steel-concrete composite members, fibers must be used. One of the most 
widely used fibers is polypropylene fiber (PP fiber) due to being non-magnetic, free of rust, alkali resistant, 
and widely available with cheap price compared to other fiber types. Hence several studies were lunched 
to investigate the effect of PP fiber on concrete workability [20], durability [21], and mechanical properties 
[22]. Many studies [23–25] have agreed that the recommended amount of PP fiber must be less than 1 % 
for best improvement in flexural strength at normal and elevated temperature. 

In fact, all studies related to composite members aim to find methods to enhance the efficiency of 
different composite section shapes by studying several parameters. For example, [26] and [27] studied the 
effect of compressive strength on the flexural capacity of concrete filled steel tubular beams. Both 
concluded that the increase in concrete compressive strength has limited influence on the ultimate capacity 
of composite beams. On the other hand, [28] proved that concrete filling in hollow steel tubular beams of 
large scale is considered an effective method to enhance ductility and flexural performance of composite 
beams. Also, [29] handled a traditional method to ensure the composite action using shear studs and thus 
recommending that the significant enhancement in flexural capacity is maintained by positioning studs 
vertically on flanges.  

In conclusion, the domain of composite structures has been always a source of interest to many 
researchers due to its complex behavior and interaction between different materials. However, the flexural 
behavior of composite beams made from CEST beams in the absence of any type of reinforcement and 
shear connectors, to satisfy the purpose of light weight- easy precast system, was not investigated yet. 
Therefore, the main objective of this research is to investigate the efficiency of 2 mm steel mesh wrapping 
around the steel tube in different locations to ensure satisfying composite action and ultimate load capacity 
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of the specimens of interest. Also, polypropylene fiber is used in the concrete mix to provide better ductility 
according to recommended percentage from literature (< 2 % of cement). 

2. Methods 
2.1. Test Specimens and Plan 

The flexural capacity of three simply supported composite beams and RC control beam of 3 m length 
was studied under two-point bending.  

The composite specimens were made up from steel tubular section denoted by ST235 JRH and 
having dimensions of 160×80×4 mm totally encased in concrete in the absence of any flexural and shear 
reinforcement as well as shear connectors. The difference among the three specimens depends on the 
degree of steel-concrete interaction provided by different percentages of beam length being wrapped by 
3 mm steel mesh. These percentages vary from 0 % for the case of no mesh wrapping (Fig. 1(a)) till 60 % 
partial wrapping and 100 % full wrapping (Fig.1 (b)). However, all specimens have the same section 
dimensions and deck reinforcement. 

In order to prove the advantage of the studied composite beams in terms of ductility and load carrying 
capacity, a comparison of composite beam deprived from steel mesh (ST1) was made with traditional RC 
beam. The later beam has a cross section dimensions similar to ST1 beam with exactly same reinforced 
concrete deck reinforcements as shown in Fig. 1(c). Also, the flexural and shear reinforcement were chosen 
to provide close load capacity to that of ST1 beam based on analytical calculations and numerical 
simulation. The aim of this specimen is to show the significance of the new composite section compared to 
widely used reinforced concrete section in terms of strength /weight ratio. 

 
Figure 1. Cross sections of composite beams and control RC beam (dimensions in mm). 
Table 1 summarizes the test plan followed in the experimental program to display the percentage of 

mesh wrapping in each specimen.  

In addition, Fig. 2 displays the location of steel mesh wrapping along the beam length for different 
ST beams. As its shown, for the 60 % case of ST3 composite beam, the steel mesh was divided 45 % at 
the mid span and 15 % on each edge to study the influence of steel mesh at locations of high loading on 
the ductility and failure mode. However, for ST2 beam, full mesh wrapping was used along the entire steel 
tube length. 

Table 1. Test Plan. 

Test Group Specimen Length(mm) Steel Section 
(mm) 

Mesh (% of beam 
Length) Deck Type 

Control Beam RC 3000 NA* NA RC 

ST Beams 
ST1 3000 ST. 160x80x4 0% RC 
ST2 3000 ST. 160x80x4 100% RC 
ST3 3000 ST. 160x80x4 60% RC 

 *NA stands for not applicable case. 
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Figure 2. Steel mesh wrapping of different percentages in ST beams. 

2.2. Material Properties 
2.2.1. Structural Steel Tube 

In this research, a steel bar of type S235JR was subjected to Coupon Tensile test at Beirut Arab 
University Construction Material Lab at a speed of 0.05 in-per minute till failure as shown in Fig. 3. The 
steel bar has the same grade of that of the steel tube used in this research. Fig. 4 (a) and (b) displays the 
fractured specimen at failure and stress-strain curve for the tested bar as obtained from the coupon test 
records. It can be noticed that the tested steel material shows good ductility based on its ability of resisting 
plastic deformations long before reaching its ultimate capacity. Also, the cup-cone failure ensures the 
ductility of the mild steel tested specimen. The obtained results of interest are summarized in Table 2. 

 
Figure 3. Experimental setup for coupon tensile strength testing. 

 
Figure 4. Coupon tensile test results: (a) fractured specimen; (b) stress-strain curve. 

Table 2. Summarized results of coupon tensile test. 

Steel 
S235JRH 
specimen 

Fy (Mpa) Fu (Mpa) Es (Mpa) Dimensions (cm) Δu (cm) 
u
y

∆
∆

 

280 453 198748 2×2×50.4 6.5 3.25 
where, Fy, Fu, Es, Δu, and Δy stand for yielding steel strength, ultimate steel strength, steel modulus of elasticity, 
ultimate deflection, and deflection at yielding strength respectively. 
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2.2.2. Concrete 
Tables 3 and 4 summarize the aggregate properties and concrete mix proportions used in the 

experimental program. Cylinders of 15×30 dimensions were then taken according to ASTM C39 standards 
[30], cured for 28 days, and crushed at the day of testing. The average compressive strength was 24.2 Mpa. 

Table 3. Aggregates properties. 
Aggregate Type Absorption(%) Moisture (%) Specific Gravity (g/cm3) 

Aggregate 9.5 mm 1.79 0.76 2.47 
Natural Sand 1.6 2 2.68 
 
Table 4. Concrete mix proportions for W/C = 0.5. 

Material Corrected batch weight 
Cement (Kg/m3) 350 

Water (l/m3) 180.8 
9.5 mm aggregate 908 

Natural sand (Kg/m3) 887 
Sikament admixture (Kg/m3) 5.25 

Fiber (Kg/m3) 2.1 
 

2.2.3. Steel Mesh 
SSEM-04 expanded steel mesh of 3 mm thickness, shown in Fig. 5, was used in replacement of 

flexural rebar and shear studs to check its ability in providing good interaction with the surrounding concrete 
in the new composite system. In this research, the 3 mm mesh is cut in to pieces of 60 cm width each and 
wrapped around the steel tube with a clear cover of 1.5 cm at the top of steel flange. 

 
Figure 5. Steel mesh wrapping around the steel tube. 

2.3. Test Setup 
The flexural behavior of composite beams was studied under two-point bending testing machine of 

Fig. 6 (a). The beam specimens were placed on two supports that were adjusted at 10 cm from the faces 
of the 3 m length beams. The specimens were positioned such as the web is centered over the supports 
while the loading pads are in contact with the reinforced concrete deck and being spaced 60 cm from each 
other as shown in Fig. 6(b). 
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Figure 6. Test setup: (a) testing machine; (b) test schematic representation. 

During the entire test, the deflection at the mid-span of the beam was recorded automatically at 
specific time increments using an external linear variable differential transducer (LVDT) connected to 
external data acquisition system as shown in Fig. 7. The rate of load increase was kept constant of 
0.1 KN/sec and provided in a tabulated form by the data acquisition system connected to the testing 
machine as in Fig. 8. 

 

 
Figure 7. LVDT Installation. 

 
Figure 8. Data acquisition system. 
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3. Results and Discussion 
3.1. Advantage of Studied Composite Beams 

Fig. 9 shows the advantage of using composite section made from tubular structural steel with the 
absence of any flexural or shear reinforcement over conventional reinforced concrete beams (control beam) 
of same dimensions based on experimental results. For instant, at early loading stages below 10 KN, both 
beams experience similar stiffness. Then by increasing the load and beginning of tensile concrete cracks 
formation and degradation of stiffness, the composite beam showed better stiffness and capacities till 
reaching the ultimate capacity. In fact, the usage of ST1 beam had provided 12.7 % enhancement in the 
ultimate strength and 22.4 % increase in the beam ductility. For instant, the ductility was defined as the 
difference between the deflection records at ultimate capacities of ST1 and control beams. 

 

 
Figure 9. Comparison of load-deflection curves of control beam and ST1 composite beam. 

 

In addition, by comparing the load-weight ratio of these two beams we found the ratio of RC beam 

is: 
55KN 0.1058

519.5Kg
=  and for SP1 beam : 

63KN 0.148.
424Kg

=  Based on these values, it was obtained that 

the usage of ST1 beam has modified the capacity to weight ratio by 28.5 % as well as providing easy 
passage of ducts, so our aim of checking the practical implementation of this section as part of long span 
precast floor system having high strength-weight ratio is achieved.  

The obtained results gave a motivation to study the effect of using steel mesh of relatively low weight 
on enhancing the flexural behavior more. 

3.2. Effect of Steel Mesh on Strength and Ductility 
As it can be noticed from Fig. 10, the usage of steel mesh wrapping around the structural steel 

section prior to casting plays an important role in enhancing the ultimate capacity of the composite beam 
as well as the corresponding ductility. For instant, at low loading values, all the composite beams that are 
made from steel tubular section or hollow pipe section, have same stiffness. However, by increasing the 
applied load, degradation in material stiffness was obvious from the reduction in slopes till reaching ultimate 
capacity at different deflection records. 

Comparing the ultimate capacity of composite beams with steel wrapping versus ST1 beam (0 % 
mesh), we can see that the ultimate loading capacity has increased by increasing the length of mesh 
wrapped around the structural steel. This increase was significant in beam ST2 (32.98 %) and noticeable 
in ST3 beam (18.18 %). 

Besides, the ductility has improved significantly by the usage of wrapped steel mesh. It increased by 
63.78 %, and 66.71 % due to increasing the percentage of mesh used to 60 % and 100 % respectively. 
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Figure 10. Comparison of load-deflection curves of ST1, ST2, and ST3 composite beams. 
These results also display the advantage of steel mesh as one piece on the entire beam length by 

providing better bond, reducing relative deformation between beam parts, and thus enhancing the capacity 
and ductility. Also, composite beam ST3 of 60 % wrapping can be considered as optimized specimen since 
it has acceptable enhancement in ultimate capacity compared to ST1 case and very close ductility 
improvement to the case of full mesh wrapping in ST2 beam. In this comparison, the ductility was also 
defined as the difference between the deflection records at ultimate capacities of different mesh-wrapped 
composite beams relative to ST1 beam. 

3.3. Effect of Steel Mesh on Failure Mode 
Comparing the failure modes of composite beams made from steel tubular sections in Fig. 11, we 

can check the importance of steel mesh on the flexural behavior and ductility of the studied beams. In fact, 
the absence of steel mesh in Fig. 11 (a) has led to wide horizontal crack propagation till concrete spalling 
at the edges of the beam with some flexural cracks at mid-span as the applied load reached the ultimate 
capacity. On the other hand, Fig.11 (c) proves that the usage of steel mesh at the location of mid span and 
edges (ST4 beam) provided better ductility on the entire length of the beam due to generation of many fine 
flexural cracks at meshed zones and prevented spalling at the edges due to the presence of steel mesh. 
So, the failure in ST3 beam was due to widening of two tensile cracks in the unmeshed zone and their 
propagation below the deck. In addition, Fig. 11 (b) satisfies the advantage of steel mesh by providing best 
ductile behavior of cracks being distributed on the entire beam length and no spalling of concrete with a 
small slippage at the edges of the beam of 0.5 cm. Hence, the presence of wrapped steel mesh provided 
favorable ductile failure mode. 

Based on the drawn analysis, the influence of steel mesh wrapped at the edges of the steel tube only 
or at the mid span needs further investigation to better understand the influence of steel mesh on each 
location separately. 

 
Figure 11. Comparison of failure modes of ST1, ST2, and ST3 composite beams. 

3.4. Comparison to other Research 
Since the experimental setup is applicable to a limited range of section dimensions and being working 

with relatively new section regarding the absence of any shear and longitudinal reinforcement with the 
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implementation of steel mesh wrapping to ensure steel-concrete interaction, there is no similar previous 
research to compare results to. However, steel mesh wrapping can be considered as an alternative efficient 
method to enhance the strength and ductility of composite beams as compared to previous parameters 
mentioned in the state of art. 

4. Conclusion 
The flexural behavior of an innovative composite joist, made from steel tubular section totally 

encased in concrete in the absence of flexural reinforcement and shear connector, was experimentally 
studied using a two–point bending test. The following conclusions can be drawn: 

1. The studied composite beam made from steel tubular section without mesh wrapping showed 
advantage over conventional RC beam of same dimensions in terms of enhanced strength/weight ratio and 
ductility by 28.5 % and 22.4 % respectively. 

2. The studied composite beams can be used as part of light weight-high strength precast floor 
system as a replacement of higher weight reinforced concrete system of a close capacity. 

3. As the percentage of beam length being covered with mesh increases, the ultimate capacity and 
ductility increases up to maximum values of 66.7 % and 32.98 %,respectively, for the case of full mesh 
wrapping versus no mesh in ST beams.  

4. The fully wrapped composite beams experienced the best ductility and load capacity due to 
maintaining almost full bond between the steel tube and the surrounding concrete by using the steel mesh 
on full length. Thus preventing large relative slippage between all components and attaining excellent 
bonding. 

5. The presence of steel mesh at the beam edges is critical for preventing the formation of horizontal 
cracks near the edges and concrete splitting.  

6. Although full mesh wrapping in ST specimens provided best ductility and capacity results, yet the 
60 % mesh wrapping can be considered as optimized section for designers by having a small difference in 
capacity and ductility compared to full mesh wrapped sections (15 % maximum difference). 

7. The proposed composite beam can be used as part of precast floor system having advantage of 
high strength-weight ratio. It can be easily prefabricated and rapidly erected with the privilege of being 
economic by replacing the usually used shear studs with the light steel mesh. 
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Abstract. The behavior of heat damaged Recycled Aggregate Concrete (RAC) beams repaired with NSM-
CFRP strips is the subject of this experimental study. The effect of heat damage on the RAC beams and 
the post-heating residual strength of beams were studied and compared with natural beams. Different 
volumetric percentages (0 %, 25 % and 50 %) of coarse Recycled Concrete Aggregates (RCA) were used 
in three concrete mixes (N, R25 and R50), producing a total of 16 reinforced beams having the same cross-
section (100 mm×150 mm×1150 mm). Specimens were exposed to two levels of heat, 25 °C at ambient air 
and 400 °C for a three-hour period. The post-heating residual strength of RAC beams was studied and 
compared with natural ones. The flexural test conducted indicated a reduction in the load carrying capacities 
and stiffness due to mechanical deterioration in concrete properties and bond strength. The reduction in 
stiffness increased as RCA content increased due to a large amount of weak decomposed cement mortar 
in the RAC. The NSM-CFRP strips technique was used with epoxy adhesive for strengthening/recovering 
the flexural capacities of intact/ heat-damaged RAC beams. Four groups of simply supported beams were 
tested in a four-point bending test; the enhancement/reduction in strength and the mechanical properties 
were recorded. Results indicated that strengthened beams showed comparable behavior with those made 
with conventional concrete at room temperature. On the other hand, the behavior of repaired beams after 
being exposed to 400 °C showed different failure modes depending on the RCA percentage and the 
repairing configurations. RAC with higher RCA replacement ratio has a lower bond strength and therefore, 
a larger slippage was reported. The weak bond between the epoxy adhesive and the surrounding concrete 
caused the reduction in stiffness. Finally, using NSM CFRP with two strips at the sides (one strip at each 
side) for strengthening and repairing of intact/heat-damaged RAC beams resulted in slight improvement of 
the load carrying capacities. It reduced the induced strain in the CFRP strips to about 40 % of its value 
when a single concentrated strip at the bottom is used, and minimizing the slippage due to lower stresses 
and strains in the CFRP strips. 

1. Introduction 
Concrete recycling has become an alternative solution to use concrete debris rather than routinely 

trucking it to landfills for disposal [1]. Recently, the structural applications of recycled aggregate concrete 
have become a field of interest for engineers and scientists. Therefore, the strengthening and repairing of 
recycled concrete structures became a necessity. These structures may need to be enhanced or 
rehabilitated because they are in a weakened state, not only due to deterioration, but also due to errors 
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that could be committed in the design and execution processes. Therefore, repairing or strengthening of 
the existing structures may be needed whenever the structural members are damaged. Experimental 
studies conducted on the field of concrete materials recycling concluded the possibility to transform the 
concrete waste into good quality recycled concrete aggregate to be used in the concrete industry. The 
recycled concrete aggregates possess lower specific gravity, bulk density, and resistance against 
mechanical action including impact load and crushing value, but higher water absorption capacity and 
porosity when compared with the natural ones. This is due to the presence of low-density cement paste 
adhered to the old aggregate [2–5]. These properties are strongly affected by the strength of the parent 
concrete [6]. Moreover, any gradation could be achieved with recycled aggregate by monitoring the 
crushing process. However, the crushing may produce some residual dust on the coarse aggregate 
surfaces, and hence washing it becomes essential.  

Many studies were conducted to evaluate damage in the recycled aggregate concrete in terms of its 
mechanical properties and stress-strain relationships. Although most of the studies showed properties of 
concrete degrade as the level of exposure temperature rises, the post-heating and post-fire mechanical 
behavior of recycled aggregate concrete was satisfactory and comparable with the natural concrete [6–10]. 
Moreover, the elastic modulus of recycled aggregate concrete degraded with an increase in recycled 
aggregate content at any level of heat exposure [7–9, 12], whereas the peak strain increased [10]. Also, 
recycled aggregate concrete shows adequate thermal compatibility, since no spalling or fragmentation of 
the specimen was noticed when heated [7, 9, 13]. Finally, it is worth to point out that recycled aggregate 
concrete with higher replacement ratio and lower w/c ratio behaves better than the natural concrete upon 
heating due to thermal compatibility of the old and new cement mortars, therefore, the effect of the high 
temperatures in this zone is less important [12]. The principal results of successive bending tests conducted 
over years showed flexural strength of recycled and natural aggregate concrete beams are considered the 
same for the service and ultimate loading [14–17]. However, the cracking moment is significantly affected 
by the recycled concrete aggregate content as well as the maximum cracks propagation and deflection 
under serviceable load [14, 18]. On the other hand, the increase in recycled aggregate content leads to an 
increase in the ultimate flexural deflections and a decrease in the initial stiffness [19].  

Fiber-reinforced polymer composites (FRP) is one of the discoveries that received a positive 
acceptance from civil engineers for strengthening and repairing of structures [20–23]. One of the essential 
techniques that has been used is carbon fiber reinforced polymer (CFRP) in a polymeric matrix fabricated 
into different forms, such as plates, strips, or flexible sheets. CFRP can be bonded to the outer face of the 
RC element using high strength epoxy or cement mortar, known as externally bonded, or installed into 
grooves cut into the RC element in the predetermined direction, known as Near Surface Mounted (NSM) 
technique. The last becomes particularly attractive for flexural and shear strengthening for different 
structural elements [24, 25]. Research conducted indicated that Externally Bonded Reinforcement (EBR) 
has lower efficiency than NSM technique due to debonding of FRP material. In addition, FRP material, in 
the case of the EB technique, is vulnerable against physical damage, fire facing, thermal changes, and 
ultraviolet radiation [26-29]. All the experiments implemented with NSM FRP technique have proved its 
effectiveness in enhancing flexural capacity of structural members. Beams strengthened with NSM 
technique showed a rise in flexural capacity at different percentages with respect to control beam depending 
on the type of failure [30, 31]. The failure mode of RC with NSM CFRP is dependent on different parameters. 
Two types of rupture are possible for NSM systems. These are pull-out and peeling off [32]. Debonding is 
another common failure mode, which occurs in different ways: bond failure at the CFRP-adhesive interface, 
adhesive-concrete interface, splitting of adhesive cover, concrete cover separation, and secondary 
debonding failure mechanisms [33]. Usually, debonding failure occurring at the CFRP–adhesive or the 
adhesive–concrete interfaces control the failure of beams strengthened with EBR CFRP strips, whereas 
the failure of beams strengthened with NSM CFRP strips is controlled by debonding of CFRP strips and 
cover separation by peeling off the CFRP strips together with the concrete cover [27].  

The bond behavior and its characteristics represent a key issue in evaluating the structural 
performance of the strengthening/repairing systems. Many factors could affect the bond and the local bond-
slip behavior of these strengthening/repairing systems, including mechanical properties of constituent 
materials, surface state of the FRP reinforcement, and finally, the geometry of grooves. The lack of bond 
between FRP and concrete beams will cause serious problems and lead to different modes of failure. In 
the NSM FRP method, certain types of failure have been observed during the experiments, including flexure 
and debonding failure. The former is caused by the yielding of steel bars accompanying concrete crushing 
or FRP rupture [34, 35]. In addition to the above-stated factors, the test set-up used has a significant effect 
on both the bond-slip relationship and the debonding load [36–38]. This research aims to explore the effect 
of using RAC in the flexural behavior of unheated and heat-damaged beams, to investigate the effect of 
using CFRP NSM strips in the flexural capacity of the RAC beams, and finally, to examine its effect on 
increasing/recovering the capacity and failure modes of heat-damaged beams.  
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2. Methods 
2.1. Material properties 

2.1.1 Constituent materials of the concrete  
All concrete mixtures were produced using type I ordinary Portland cement (CEM I 42.5). Two types 

of coarse aggregate with maximum aggregate size of 19 mm, were used: natural crushed limestone and 
Recycled Concrete Aggregate (RCA). In addition, a blend of fine crushed limestone and natural silica sand 
(75 % fine crushed limestone and 25 % silica sand) was used. Tap water was used in mixing and curing of 
concrete. Properties of materials used in concrete were tested according to ASTM specifications [39–42] 
and summarized in Table 1. Coarse RCA used in this research was produced by manual crushing of waste 
concrete cylinders used in previous studies with parent strength concrete at 50 MPa.  

Table 1. Shortlist of physical and mechanical properties of materials used in concrete. 

 ASG BSG 
(SSD) 

BSG 
(OD) 

Absorption 
% 

M.C 
% 

Dry Rodded 
Unit Weight 

(Kg/m3) 

Abrasion 
Resistance 

% 
F.M 

Cement  3.15 – – – – 3150 –  

Natural Coarse 
Aggregate  2.67 2.56 2.53 2.63 0.14 1502.55 25 6.86 

Recycled Coarse 
Aggregate  2.63 2.36 2.21 7.24 2.43 1290.52 35 7.05 

Natural Fine 
Aggregate  2.68 2.58 2.52 2.4 0.5 1922.53 – 3.12 

Silica sand 2.67 2.64 2.61 0.5 0.65 2010.3 – 1.41 
BSG: Bulk Specific Gravity; ASG: Apparent Specific Gravity M.C: Moisture content; F.M. Fineness Modulus. 

2.1.2 Reinforcing steel 
Grade 60 (yield stress = 420 MPa) deformed steel bars, 10 mm in diameter, were used for the 

longitudinal reinforcement, and Grade 40 (yield stress = 280 MPa) 8 mm diameter undeformed steel bars 
were used for transverse reinforcement (Stirrups). Steel bars used for reinforcing were tested at room 
temperature about 25 °C and after exposure to an elevated temperature of 400 °C for three hours; the pre 
and post-heating mechanical properties were determined according to ASTM A370 [43]. Table 2 shows the 
mechanical properties of the bars tested. Results indicated a reduction in mechanical strength of both types 
of steel bars upon heating, including yielding and ultimate stresses. 

Table 2. Post heating mechanical properties of the reinforced steel. 

Temperature Nominal Bar 
Diameter (mm) 

Yield Stress fy  

(MPa) 

Ultimate Stress fu 
(MPa) 

23 °C 10.2 440 625 
8.1 340 431 

400 °C 
10.2 426 613 
8.1 295 404 

2.1.3 Carbon Fiber Reinforced Polymer and Epoxy Resin. 
Unidirectional high-strength NSM-CFRP strips, manufactured by SIKA, were used in the 

strengthening and repairing of different specimens using epoxy resin adhesive (Sikadur -30LP). Epoxy 
resin was used as bonding adhesive to fill the grooves and glue the strips to the concrete surface. This 
adhesive was prepared from two parts: 4.5 kg of white resin (part A) and black hardener (part B) with mixing 
proportion Resin (A): Hardener (B) = 3:1 by weight or volume to get 6 kg (A+B) light gray bonding adhesive 
mixture. Table 3 presents the physical and mechanical properties for the NSM-CFRP strips according to 
the manufacturer’s reports. Table 4 presents the technical data of the epoxy adhesive. 
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Table 3. Physical and Mechanical Properties of Sika NSM-CFRP strips (Sika® CarboDur® 
S1.525). 

Fiber type High strength carbon fibers 
Fiber orientation 0° (unidirectional) 
Strip thickness 2.5 mm 

Strip width 15 mm 
Tensile E-modulus 165000 N/mm2 (nominal) 

Mean tensile strength 3100 N/mm2 
Strain at break > 1.7 % (nominal) 

 
Table 4. Properties for impregnation resin (Sikadur®-30lp). 

Form 
Resin part A: Paste 

Hardener part B: Paste 

Appearance / Colors 
Part A: white 
Part B: black 

Part A+B mixed: light grey 
Mixed density at 25 °C 1.8 g/cm2 (approx.) 

Flashpoint N/A 
Sag flow Non-sag on vertical surface 

Shrinkage 0.04 % 
E-Modulus  10000 N/𝑚𝑚𝑚𝑚2 (compression and tension) 

Tensile strength  18 N/mm2 at 7 days 
Flexural strength  25 N/mm2 at 7 days 
Shear strength  21 N/mm2 at 7 days 

Compressive strength  85 N/mm2 at 3 days 
Bond to concrete > 4 N/mm2 at 1 day (concrete fracture) 

2.2. Concrete production  
Three sets of concrete mixes were designed according to the ACI-211 mix design procedure [44] 

with trial mixes, achieving an average cylindrical compressive strength of 37.2 MPa at 28 days. One set 
was natural coarse aggregate concrete (N), and the other two sets of concrete contained recycled concrete 
aggregate (RCA) (25 % and 50 % replacement ratios of coarse recycled concrete aggregate, 
volumetrically) designated as R25 and R50, respectively. All mixtures produced had uniform mixing without 
segregation, reflecting a good workability. For all concrete sets, the slump values measured according to 
ASTM C143-00 [45] were approximately in the medium range (80–120 mm). The quantities of materials 
are summarized in Table 5. 

Table 5. Details of the concrete mixes. 

Concrete 
Mix Vc/Va N.C.A 

(kg) 
R.C.A 
(kg) 

N.F.A 
(kg) 

N.S  
(kg) 

Cement  
(kg) 

Wnet  
(kg) 

Weff 
(kg) Wnet/C Weff/C Slump  

(mm) 

N 
R25 
R50 

0.575 
0.576 
0.577 

950.32 
712.74 
475.16 

----- 
208.2 

416.41 

533.29 
527.41 
521.16 

185.15 
183.1 
180.9 

372.8 
391.19 
410.16 

234 
237.3 
240.6 

200 
200 
200 

0.63 
0.61 
0.59 

0.54 
0.51 
0.49 

115 
110 
95 

Vc is volume of coarse aggregate, Va is total volume of aggregate, N.C.A is natural coarse aggregate, R.C.A is recycled 
coarse aggregate, N.F.A is natural fine aggregate, N.S is natural silica, Wnet is net water and Weff is effective water. 

 

A total of eighteen concrete cylinders (150 mm in diameter and 300 mm in height) were cast and 
cured. Each concrete mix involved six cylinders subdivided into two subgroups based on the level of heat 
to be exposed to. Each subgroup contained three cylinders tested according to ASTM [46] to determine the 
average concrete compressive strength (fc') at ambient temperature (25 °C) and after being exposed to 
heat (400 °C) for 3 hours in the electric furnace. In order to get accurate results from the testing machine, 
the cylinders were capped with sulfur to level surfaces. The average compressive strength was measured 
and recorded for the cylindrical specimens as illustrated in Table 6. 
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Table 6. Average ultimate compressive strength of different concrete mixes at different levels 
of heat exposure. 

Concrete 
Mix 

f’c (MPa) 

25 °C 400 °C  

N 37.1 29.92  

R25 38.2 29.81  

R50 37.5 27.80  

Average 37.6 29.2  

f’c is 28-day compressive cylinder strength of concrete 

2.3. Specimens and beam fabrication  
The study program involved sixteen reinforced concrete beams (100×150×1150 mm) designed to be 

under-reinforced by following the guidelines of the ACI committee 318 [47]. All beams were provided with 
typical longitudinal and transverse steel reinforcements. The bottom (tension) reinforcement consists of two 
Φ10 bars, the same as the top (compression), running along the full span of the beam. Also, the transverse 
shear reinforcement was roughly designed according to the ACI committee 318 [47] taking into account 
both the additional rise in ultimate load capacity due to the application of NSM-CFRP strips and the low 
shear resistance of the heat-damaged recycled aggregate concrete beams. The shear reinforcement 
consisted of closed 8 mm undeformed steel stirrups, distributed along the shear span and spaced 50 mm 
centers apart. The steel reinforcements were provided with concrete cover spacers (25 mm) at the bottoms 
and sides to ensure sufficient cover, then placed in the wooden formworks, as shown in Fig. 1. Specimens 
were divided into three main groups based on the concrete mix cast. Each group of specimens was cast 
with a specific concrete mix (N: natural aggregate, R25: 25 % recycled aggregate and R50: 50 % recycled 
aggregate) and moist-cured for 28 days. Each group was also subdivided into three sets in terms of the 
level of temperature exposure (25 °C at ambient air, and 400 °C). 

 
Figure 1. Specimens and beam fabrication. 

2.4. Thermal treatment 
Concrete specimens (beams and cylinders) were subjected to elevated temperatures using the 

electrical furnace available at the structural laboratory. The specimens were exposed to 400 °C (T400) heat 
for 3 hrs. The rate of heating is shown in Fig. 2. 

 
Figure 2. Temperature history of heated specimens. 
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2.5. Applying the NSM-CFRP strips 
Finally, each set contained an unrepaired beam used as a control specimen, designated with the 

symbol (C), and a repaired or strengthened beam using NSM-CFRP strips. Two configurations were used 
for strengthening/repairing: single strip centered at the bottom or double strip at sides (one strip at each 
side). Each configuration was designated with the symbol S1: One strip at bottom, or S2: Two strips at both 
sides, respectively. Fig. 3 (a and b) shows a schematic drawing of the repairing configurations. Table 7 
illustrates the characteristics of different specimens. 

 
Figure 3. A schematic drawing of the repairing configurations:  

(a) Single concentrated strip at soffit (S1), (b) Two strips at sides, one strip at each side (S2). 
Table 7. Test program and specimens’ designations. 

Specimen 
Designation  

Type of 
Concrete 

Replacement 
Ratio % Temperature (°C) Repairing Configuration 

B-N-T25-C 

Natural 0 

25 Control 
B-N-T25-S1 25 One strip at bottom 
B-N-T25-S2 25 Two strips at sides 
B-N-T400-C 400 Control 
B-N-T400-S1 400 One strip at bottom 
B-N-T400-S2 400 Two strips at sides 
B-R25-T25-C 

RAC 25 

25 Control 
B-R25-T25-S1 25 One strip at bottom 
B-R25-T400-C 400 Control 
B-R25-T400-S1 400 One strip at bottom 
B-R50-T25-C 

RAC 50 

25 Control 
B-R50-T25-S1 25 One strip at bottom 
B-R50-T25-S2 25 Two strips at sides 
B-R50-T400-C 400 Control 
B-R50-T400-S1 400 One strip at bottom 
B-R50-T400-S2 400 Two strips at sides 

2.6. Bonding NSM-CFRP strips 
For installing the NSM CFRP strips, 25 mm depth and 8 mm width slits were cut using an electric 

drill for the considered configurations. Slit geometry was considered in this study to fit the dimensions of 
the CFRP strip employed. The slits were cleaned by an electric air blower before washed with a volatile 
liquid (thinner) to remove the suspended dust and reduce surface humidity. Later, the bonding adhesive 
was manually squeezed into the slits filling them completely using a special spatula, then the NSM CFRP 
strips were pressed into the epoxy up to the full depth of the slits, with the excess epoxy used to finish the 
surfaces covering the strips. Fig. 4 shows the NSM-CFRP strips installation process. 

2.7. Test setup 
All beam specimens were simply supported (one end is a hinge and the other is a roller) over a span 

of 1.05 m on-center, then subjected to four-point loading applied through a spreader beam. The distance 
between two point-loads was fixed at 350 mm. Three linear variable displacement transducers (LVDT’s) 
were used. The first one was placed beneath the beam at the mid-span center to measure deflection, 
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whereas the second one was positioned horizontally to measure the longitudinal strain developed in CFRP 
strips. The latter was mounted on two short extensions of CFRP strips glued to the main NSM CFRP strips 
at two points over a gauge length of 350 mm around the center of the beams. Similarly, the third LVDT 
recorded the end slippage 150 mm apart from the center of support attached to a small piece of CFRP strip 
glued to the NSM CFRP strip in a pre-cut groove in which the head of the LVDT hits the center of small 
plastic plate glued to concrete surface. A schematic drawing of test setup is presented in Fig. 5. 

  

(a) (b) Groove cleaning with thinner 

  

(c) Filling the grooves with "epoxy" paste (d) Installation of CFRP strips in groove 

  

(e) Finishing the surface (f) Strengthened/Repaired beams 

Figure 4. NSM CFRP strips installation. 
The load was automatically applied using a universal testing machine of 2000 KN capacity with 

displacement controlled at 0.041 mm/s loading rate. Using a data acquisition system, instantaneous 
measurements of load, mid span deflection, elongation in NSM CFRP strip, and relative slippage between 
the concrete and the bonded CFRP strip were automatically recorded too.  
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Figure 5. A schematic drawing of the test setup and LVDT’s distribution. 

3. Results and Discussion 
The results demonstrate the post heating residual behavior of reinforced RAC beams exposed to 

elevated temperature and highlight the effect of NSM-CFRP strips as a strengthening/repairing method in 
increasing/recovering the flexural capacities of intact/heat damaged reinforced RAC beams in terms of 
ultimate load capacity, mid span deflection, toughness, stiffness, bond slip, and failure modes.  

3.1. Load deflection stages 
The load–deflection curves presented in Fig. 6, 7 and 8 can be divided into three stages: elastic 

stage (pre-cracking), post-cracking stage, and yield strengthening stage. In the elastic stage, the 
specimen's flexural stiffness is given by the uncracked section, resulting in a linear load versus 
displacement curve. As the load was increased above the Pcr, micro-cracks developed in the specimen, 
with noticeable cracks appearing in the weak zone of the constant bending moment region. Meanwhile, the 
slope of the load–displacement curve is decreasing, as can be seen in Table 9, meaning that the beam's 
bending stiffness is decreasing, indicating that the beam is entering the crack production stage. When the 
load reaches the yield load, the specimen enters the yield strengthening stage. The load increased slowly 
at this stage, with a large increase in displacement.  

3.2. Summery of the mechanical properties of beams 
Mechanical characteristics of different beams are shown below in Table 8 and 9. The results included 

ultimate load (Pu), ultimate deflection at mid span (Δu), failure mode (F.M), stiffness, and toughness, and 
energy adsorption. The stiffness is the slope of the linear part of the load-deflection curve. Energy 
adsorption is the area under the load deflection curve up to the end of the stage in consideration calculated 
numerically using the trapezoidal rule.  

Table 8. Test results of beam specimens. 

Specimen Pu 
(kN) 

Δu 
(mm) 

Δy 
 (mm) 

uDI
y

∆
=
∆

 F.M Max Strain 
in CFRP 

Max Slippage 
(mm) 

B-N-T25-C 
45.15 

13.9 4.29 3.24 F  
    

(0.0%)1    

B-N-T25-S1 
72.65 

17.2 5.93 2.90 HC-PCS-S  0.0145 1.2519 
(+61%) 

B-N-T25-S2 
74.89 

14.3 7.37 1.94  HC-PCS-CC 0.0045 0.9867  
(+66%) 

B-N-T400-C 
38.00 

14.5 4.98 2.91 F  
    

(-16%)    

B-N-T400-S1 
63.46 

26 5.3 4.91 HC-PCS-CC 0.0111 1.3947 
(+41%) 

B-N-T400-S2 65.66 12.5 5.08 2.46  F 0.0044 0.5540 
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Specimen Pu 
(kN) 

Δu 
(mm) 

Δy 
 (mm) 

uDI
y

∆
=
∆

 F.M Max Strain 
in CFRP 

Max Slippage 
(mm) 

(+45%) 

B-R25-T25-C 
44.50 

13.4 4.07 3.29 F 
    

(0.0%)    

B-R25-T25-S1 
72.80 

18.2 5.19 3.51  HC-PCS-S 0.0128 1.2965 
(+64%) 

B-R25-T400-C 
36.60 

14.9 4.02 3.71 F 
    

(-18%)    

B-R25-T400-S1 
63.20 

23.5 7.11 3.31  HC-PCS-CC 0.0107 0.7960 
(+42%) 

B-R50-T25-C 
44.65 

14.4 4.53 3.18 F 
    

(0.0%)    

B-R50-T25-S1 
71.22 

15.1 6.2 2.44  HC-PCS-S 0.0116 1.2965 
(+60%) 

B-R50-T25-S2 
71.70 

23.1 7.25 3.19 HC-PCS-CC 0.0043 0.3579 
(+61%) 

B-R50-T400-C 
34.85 

14.4 4.14 3.48 F 
    

(-22%)    

B-R50-T400-S1 
62.00 

22.1 5.9 3.75 HC-PCS-S 0.0090 1.6580  
(+39%) 

B-R50-T400-S2 
63.67 

16.6 6.93 2.40  HC-PCS-S 0.0042 0.6200 
(+43%) 

1: Numbers between brackets represent the percentage of control specimens, +ve: increase and -ve: decrease. 
F: Flexural type (Steel yielding followed by concrete crushing). DI: Ductility Index 
HC-PCS-CC: Horizontal cracks cause partial cover separation with local epoxy-concrete debonding followed by 
concrete crushing. 
HC-PCS-S: Horizontal cracks cause partial cover separation with local epoxy-concrete debonding followed by shear 
failure. 

Table 9. Stiffness and energy absorption for the pre and post cracking stages. 

Specimen 
Pre-Cracking 

stiffness 
(kN/mm) 

Pre-Cracking 
energy adsorption 

(kN-mm) 

Pre-Yielding 
Stiffness 
(kN/mm) 

Pre-yielding energy 
adsorption 
(kN-mm) 

Total Energy 
adsorption 
(kN-mm) 

B-N-T25-C 46.6 0.78 7.21 100 444 

B-N-T25-S1 43.2 0.93 8.65 177 862 

B-N-T25-S2 44.5 0.85 7.73 255 723 

B-N-T400-C 29.0 0.67 6.60 110 376 

B-N-T400-S1 13.6 1.73 7.80 148 562 

B-N-T400-S2 14.3 2.73 8.4 135 417 

B-R25-T25-C 20.6 0.91 7.50 78 430 

B-R25-T25-S1 42.7 0.95 8.90 135 820 

B-R25-T400-C 9.6 1.06 6.30 67 340 

B-R25-T400-S1 33.5 0.64 7.70 195 536 

B-R50-T25-C 31.9 0.67 7.37 97 404 

B-R50-T25-S1 43.9 1.58 8.30 147 721 

B-R50-T25-S2 34.0 2.50 8.97 306 969 

B-R50-T400-C 16.2 0.91 5.9 69 315 

B-R50-T400-S1 18.6 1.97 8.3 158 642 

B-R50-T400-S2 26.5 0.65 9.3 251 446 
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3.3. Effect of using NSM-CFRP strips  
on the load-deflection response of heat-damaged beams 

According to Table 8 and Fig. 6, the load-deflection curves of specimens (B-N-T400-C, B-R25-T400-
C and B-R50-T400-C) showed similar trend behavior. Curves were approximately linear up to certain point 
before they became non-linear. The deterioration in the mechanical properties is due to the decrease in the 
value of yield stress for steel and deterioration of bond strength between reinforcing steel and concrete, in 
addition to the large decrease in the post-heating compressive strength of concrete caused by concrete 
degradation and thermal cracks. The stiffness of the intact concrete beams was slightly affected by the 
recycled concrete aggregate content, but for the heat-damaged beams, the recycled concrete aggregate 
content had a significant effect on the stiffness due to the weaker bond between the damaged recycled 
aggregate concrete and the reinforcing steel. For beams exposed to an elevated temperature of (400 °C) 
for three hours, results showed that a significant difference between mixes and the reduction in load 
capacity was relatively low due to the fact that the strength was controlled by the compressive strength of 
heat-damaged concrete and the yielding of the steel reinforcement. The last is not significantly affected by 
temperatures below 700 °C.  

Fundamentally, the use of NSM CFRP strips for strengthening and repairing shows a significant 
enhancement in the beams’ behavior including increasing the load carrying capacity as shown in Table 8 
and Fig. 6. Strengthened specimens showed a similar and typical mechanical response. For example, the 
load carrying capacity of specimens B-N-T25-S1 and B-R50-T25-S1 were 61 % and 60 % higher than B-
N-T25-C and B-R50-T25-C controlled specimens, respectively. The load-deflection curves were divided 
into three stages. In the first stage (elastic stage), the load increased linearly up to certain values of load 
and deflection, causing the initiation of the first crack in the concrete. In this stage, the bond between the 
CFRP strips, epoxy material, and concrete was good. In the second stage (concrete cracking to steel 
yielding), the curve changed its slope due to the weaker modulus of CFRP strips and steel yielding, 
reflecting the linear elastic response of the cracked composite section started by concrete cracking to steel 
yielding due to increasing bending moment. Finally, the third stage (steel yielding to failure), reflects the 
nonlinear behavior of the composite section.  

 
(a) Normal concrete strips                                                (b) R25 concrete beams 

 
(c) R50 concrete beams  

Figure 6. Effect of using NSM-CFRP strips at different levels of heat exposure. 
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3.4. Effect of RAC percentage on the load-deflection response 
Results showed typical behavior of beams with different percentages of recycled concrete aggregate 

as shown in Table 8 and Fig. 7. This is due to the strength of concrete, since all concrete mixes have the 
same strength regardless the recycled aggregate content indicating that Recycled Concrete Aggregate 
does not have an effect on the load capacity when the strength of concrete is fixed, but the deflection slightly 
increases as RCA increases because of the low modulus of elasticity of RAC. From Table 8, the load 
carrying capacity of specimens B-N-T25-C, B-R25-T25-C, and B-R50-T25-C having different RA content is 
almost the same.  

For heat-damaged specimens at 400 °C, due to the lower tensile strength of RAC and the 
deterioration in mechanical properties of concrete associated with the heat-damage due to elevated 
temperatures, the repaired specimens exhibited comparable residual load-carrying capacities but 
noticeable difference for deflection as the recycled aggregate increased. On the other hand, the stiffness 
showed a reduction as recycled aggregate increased. For example, from Table 9, the post cracking stiffness 
of specimens B-N-T400-C, B-R25-T400-C, and B-R50-T400-C were 6.6 kN/mm, 6.3 kN/mm and 
5.9 kN/mm, respectively. 

This can be related to the significant decrease in bond strength between the damaged concrete and 
the epoxy adhesive as the recycled aggregate content increases. Heat-damaged recycled aggregate 
concrete with a high incorporation ratio of recycled concrete aggregate contains a larger amount of 
damaged mortar surrounding the epoxy leading to a weaker bond as shown in Fig. 7. 

 
(a) 25 °C                                                                          (b) 400 °C 

Figure 7. Effect of RAC percentage on the load-deflection response. 

3.5. Effect of different strengthening/repairing configurations 
In this part, the differences between strengthening/repairing configurations are discussed. Fig. 8 

shows load-deflection curves of BNSM-CFRP (S1) and SNSM-CFRP (S2) for different percentages of 
recycled aggregate content and different levels of heat exposure. Table 8 summarizes the other parameters 
including stiffness and modulus. Generally, specimens strengthened/repaired with SNSM-CFRP strips (one 
strip at each side) showed a significant increase in the cracking load due to a higher ratio of CFRP strips. 
The load carrying capacity shows a slight change, however, the stiffness significantly increased but 
toughness decreased. In comparison with the first configuration, the second configuration indicated a 
significant increase in cracking load and stiffness but a significant reduction in deflection and toughness. 
Moreover, the ultimate load capacity does not affect the configurations. 
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(a) N concrete mix at 25 °C                       (b) N concrete mix at 400 °C 

 
(c) R50 concrete mix at 25 °C 

Figure 8. Effect of NSM-CFRP strips strengthening/repairing configuration. 

3.6. Strain Development in NSM-CFRP Strips and Bond Slippage 
3.6.1. Strain in NSM-CFRP strips 

Fig. 9 shows that the induced strain in NSM-CFRP strips is significantly affected by the recycled 
concrete aggregate; the strain decreases when the RCA percentage increases due to a drop in the bond 
between CFRP strips and the surrounding concrete. The bond between the NSM-CFRP strips and the 
concrete cast with natural aggregate is stronger than the bond between the NSM-CFRP strips and the RAC. 
The reason for the reduction in bond strength is the recycled concrete aggregates consist mostly of cement 
mortar attached to old virgin aggregate. The mortar itself has lower strength than the virgin aggregate. 
Using SNSM CFRP in strengthening/repairing specimens significantly reduced the induced strain in NSM-
CFRP strips because a larger resisting area available to handle the stresses developed. Fig. 10 shows a 
comparison between NSM CFRP and SNSM CFRP in terms of strain induced in the CFRP strips.  

 
Figure 9. Strain induced in NSM CFRP strips to ultimate vs. temperature  

for heat-damaged/repaired and unheated/strengthened beams. 
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Figure 10. Strain induced to ultimate vs. temperature  
for different strengthening/ repairing configurations. 

3.6.2 Bond Slippage Between Concrete and CFRP strips  
Fig. 11 shows that the bond slippage occurred between CFRP strip and surrounding concrete 

substrates in the first configuration with one strip at the bottom. The slippage is significantly affected by the 
recycled concrete aggregate. The maximum slippage at ultimate load increases as the RCA content 
increases due to lower bond strength between CFRP strips and the surrounding concrete because of the 
large amount of cement mortar attached to the aggregate in RCA. Fig. 12 indicated that using two strips at 
the sides helps to minimize the slippage to about 40 % of its value in the first configuration (S1) where a 
single concentrated strip at the bottom is used.  

 
Figure 11. Bond slippage between NSM CFRP strips vs. temperature  

for heat-damaged/repaired and unheated/strengthened beams. 

 
Figure 12. Bond slippage at ultimate load vs. temperature  

for different strengthening/ repairing configurations. 

3.7. Failure modes  
Fig. 13 and Fig. 14 show unheated and heat-damaged control beams at failure. All specimens 

exhibited a flexural mode of failure. Unheated beams, subjected to four-point loading, showed a typical 
crack propagation as shown in the pictures of Fig. 13. Cracks initiated within the middle of the span at the 
tension side when the tensile capacity of concrete was reached. By adding further loads, shear cracks 
appeared diagonally near the supports in the high shear zones and more flexural cracks became visible 
and extended to the compression side until failure load. Generally, for the same grade of concrete, the 
recycled aggregate content did not affect the cracks pattern but reduced the load at which the cracks 
appeared as the recycled aggregate content increased because the RAC has lower mechanical properties. 
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a) B-N-T25-C, Loading cracks 

 
b) B-R25-T25-C, Loading cracks 

 
c) B-R50-T25-C, Loading cracks 

Figure 13. Failure mode of unheated control specimens at 25 °C. 
For beams damaged at 400⁰C, Fig. 14 indicated that failure mode and cracking patterns are similar 

to those of unheated beams, Cracks initiated at straight vertical profiles in the middle of span in the tension 
zone before diagonal cracks appeared near the supports. Then more cracks appeared and extended to the 
compression side, leading to failure. Specimens failed by yielding of tensile steel and then compression 
failure in concrete at the compression zone with an increase in the number of cracks. 

 
a) B-N-T400-C, Loading cracks 

 
b) B-R25-T400-C, Loading cracks 

 
c) B-R50-T400-C, Loading cracks 

Figure 14. Failure mode of control test specimens heated at 400⁰C for 3 hrs. 
The failure modes of intact specimens strengthened with one NSM-CFRP strip at the bottom are 

shown in Fig. 15. For specimens B-N-T25-S1, B-R25-T25-S1, B-R50-T25-S1, and B-R100-T25-S1, when 
the load applied, flexural cracks initiated at the middle zone, and with further application of the load, 
diagonal cracks initiated near supports in the high shear zone with inclination before the cracks propagated 
rapidly toward the high-stress zone. Near ultimate load, horizontal cracks at the web appeared and caused 
a cover separation. The collapse of the beams started with partial concrete cover separation followed by 
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shear failure. On the other hand, specimens strengthened with SNSM CFRP Strips (two strips, one strip at 
each side), B-N-T25-S2 and B-R50-T25-S2, at ultimate stage, failed by the horizontal cracks that appeared 
and caused cover separation and then flexural failure followed by concrete crushing. The collapse of the 
beams started with partial concrete cover separation followed by concrete crushing. 

 
a) B-N-T25-S1, Loading cracks 

 
b) B-R25-T25-S1, Loading cracks 

 
c) B-R50-T25-S1, Loading cracks 

 
d) B-N-T25-S2, Loading cracks 

 
e) B-R50-T25-S2, Loading cracks 

Figure 15. Failure mode of strengthened specimens at 25 °C. 
Specimens that heat-damaged at 400 °C and were repaired with one NSM CFRP strip at the bottom 

are shown in Fig. 16. For specimens B-N-T400-S1, B-R25-T400-S1, B-R50-T400-S1, and B-R100-T400-
S1, when the load applied, flexural cracks were initiated at the middle zone, and with further application of 
the load, diagonal cracks initiated near supports in the high shear zone with inclination before they 
propagated rapidly toward the high-stress zone. However, near ultimate load, specimens with different 
concrete mixes showed different failure modes.  
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a) B-N-T400-S1, Loading cracks 

 
b) B-R25-T400-S1, Loading cracks 

 
c) B-R50-T400-S1, Loading cracks 

 
d) B-N-T400-S2, Loading cracks 

 
e) B-R50-T400-S2, Loading cracks 

Figure 16. Failure mode of repaired test specimens after heating at 400⁰C for 3 hrs. 
For B-N-T400-S1, partial cover separation with hair-line cracks in the concrete at the compression 

zone appeared due to concrete crushing. Local splitting of the epoxy cover was noticed. Specimen B-R25-
T400-S1 experienced concrete crushing at the same time with partial concrete cover separation. In contrast, 
B-R50-T400-S1 failed by horizontal cracks that caused partial cover separation followed by shear failure, 
whereas B-R100-T400-S1 failed by shear. This is because shear capacity is more dependent on concrete 
than steel in addition to the low shear resistance of RAC as RCA% increases. On the other hand, specimen 
B-N-T400-S2, repaired with SNSM CFRP Strips (two strips, one strip at each side), failed at the ultimate 
stage by concrete crushing, whereas B-R50-T400-S2 experienced partial cover separation followed by 
shear failure. This is because recycled aggregate concrete has a reduction in concrete’s mechanical 
properties including compressive strength and tensile strength in addition to the lower shear resistance of 
beams cast with RAC.  

3.8. Comparison with related work in the literature 
The optimum replacement ratio of recycled aggregate to enhance the mechanical properties of 

concrete was reported in [48] as 30 % while based on the current work is about 25 %. In this study, at 50 % 
RA replacement ratio, the compressive strength drops significantly at 400 °C while [49] reported significant 
drop in compressive strength for 30 % replacement ratio at 600 °C. Furthermore, the experimental results 
obtained in this work is consistent with the findings reported in [14–19, 50, 51]. The recycled aggregate 



Magazine of Civil Engineering, 111(3), 2022 

Barham, W.S., Obaidat, Y.T., Alkhatatbeh H.A. 

content slightly affects the load – deflection behavior of reinforced concrete beams. The ultimate load, mid-
span deflection, stiffness, and toughness for NA beams is almost comparable to ultimate load for RAC 
beams at room temperature. Heat damaged beams repaired with NSM-CFRP were found to regain the 
flexural capacity and increase the load capacity and stiffness of damaged beams. The failure mode of 
repaired specimens with NSM-CFRP was partial concrete cover separation followed by concrete crushing.  

4. Conclusions 
Based on this study, and its established conception and formulations, the following conclusions can 

be drawn: 

1. Exposing plain RAC to elevated temperatures of 400 °C for three hours created intense cracking 
on its surface. The cracks intensity increases as the recycled concrete aggregate increases as well as the 
level of heat exposure. Accordingly, their post-heating mechanical performance degraded as indicated by 
the reduction in its strength.  

2. Recycled concrete aggregate does not have an effect in the ultimate load carrying capacity of 
unheated reinforced beams when the compressive strength of concrete is fixed whereas exposing 
reinforced recycled concrete beams to elevated temperatures of 400°C  for three hours causes a noticeable 
damage and degradation on their post-heating mechanical properties  and a bond deterioration between 
the RAC and the steel reinforcement, as indicated by the reduction in the flexural load capacities and 
stiffnesses. 

3. For heat-damaged beams, the reduction in stiffness increases as RCA content increases due to 
the large amount of decomposed cement mortar in the RAC that leads to a weaker bond with steel. 

4. NSM-CFRP strips technique is suitable for the strengthening/repairing of unheated/heat-
damaged, reinforced, recycled aggregate concrete beams. 

5. Strengthening of intact beams with NSM CFRP strips helped to improve the overall mechanical 
performance. Specimens cast with different replacement ratios showed a comparable and typical response, 
based on the load-deflection curves.  

6. The stiffness of the repaired beams decreased as the recycled concrete aggregate content 
increased due to the weaker bond between damaged recycled aggregate concrete and the epoxy adhesive. 

7. Using side NSM CFRP with two strips at sides (one strip at each side) for strengthening and 
repairing of intact/heat-damaged RAC beams helps to achieve slightly higher load carrying capacities  

8. The SNSM CFRP strips repairing configuration helps to reduce the induced strain in the CFRP 
strips to about 40 % of its value when a single concentrated strip at bottom is used. Moreover, it helps to 
minimize the slippage due to lower stresses and strains in the CFRP strips. 
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Abstract. Discharge of rinsing water from fast filters into surface water bodies as a way of their disposal is 
unacceptable for environmental reasons, and in some countries it is prohibited by law. Research by Russian 
and foreign scientists is aimed at studying the schemes for returning wash water to the main stream using 
reagent methods of clarification, ultrafiltration or filtration on ceramic filters. In this paper, the processes of 
removing suspended solids from rinsing waters by means of reagent-free clarification under static 
conditions of sedimentation facilities are considered. In this case, the treated water was exposed to mixing 
with Camp’s criterion obtained as a result of the analysis of the modes of movement in pipelines from the 
fast filter to the settling facility for the treatment of rinse water, as well as under conditions of additional 
mixing inside the treatment facilities either by stirrers or by aeroflocculation. Based on the analysis of the 
results of water clarification under the conditions of reagent-free sedimentation with stirring, mathematical 
dependences of the clarification effect on the Camp’s criterion, water temperature, initial content of 
suspended solids and clarification time were obtained. 

1. Introduction 
The contamination of surface water bodies (streams and reservoirs) with untreated wastewater under 

conditions of low water levels in recent year’s calls into question their use as a source of water supply to 
populated areas. An increase in the content of phytoplankton, an increase in the concentration of aluminum, 
iron and phosphates leads to the fact that water treatment plants cannot cope with the task of preparing 
water for drinking needs. The volume of untreated wastewater entering surface water bodies in the period 
from 2010 to 2017 constantly increased from 2503.45 to 3416.60 million m3 [1]. In 2017, 188645 tons of 
suspended solids, 504.98 tons of aluminum (as Al 3+) and 2137.02 tons of iron (as Fe2+, Fe3+ – all water-
soluble forms) were discharged into the rivers, which are one of the main components of the pollution from 
the backwash water of water treatment plants. 

For a long time, less attention was paid to the research of systems for reuse of backwash water from 
rapid filters and water after washing of sedimentation treatment facilities compared with the other aspects 
of the operation of water treatment plants for municipal and industrial purposes. In Russia (USSR), this 
problem was explored by V.G. Vodin, V.L. Draginsky [2], V.N. Kuznetsov [3], M.I. Urvantseva [4, 5], and 
others. In the foreign literature, the topic of backwash water treatment is reflected in the papers [6–10], 
which offer various technological schemes for treatment and directions for further use of these waters, as 
well as evaluating the possibility of returning them to the head of structures. The most widely presented 
results are on the introduction of ultrafiltration into backwash water return schemes [8, 11–14] or on special 
ceramic filters [14, 15], co-coagulation and ultrafiltration [16], as well as sedimentation in facilities with 
flotation [9]. The vast majority of publications on the topic of treatment of backwash water rapid filters 
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describe the process of clarification using a coagulant and (or) flocculant [9, 11, 17–20]. A survey of water 
treatment plants in the United States, where the requirement to recirculate backwash water from rapid filters 
is legally enforced, showed that 30 % of plants did not provide any treatment of backwash water. Among 
the plants that were treating 54 % used precipitation, 20 % – equalization, 14 % – precipitation and 
equalization, and 11 % – other processes [21]. Lilia Mazari and Djamal Abdessemed [19], unlike the others, 
investigated the possibility of reagentless treatment of backwash water and its use as a coagulant for 
clarification of feed water in the main flow. 

Sedimentation is the cheapest method of treatment, but it is also important to consider that in most 
cases, constructions for reuse of wash water are located far from filters (the source of waste wash water) 
and suspended particles are affected by hydrodynamic forces caused by the processes of stirring the 
volume of water when moving through the pipeline.  

The stirring intensity is usually characterized by the root-mean-square (RMS) velocity gradient (G) 
(often referred to simply as the velocity gradient) or its product for the stirring time GT (Camp criterion). 

Babenkov E.D. in [22] underlines that the minimum value of the RMS velocity gradient at which the 
destruction of flocs occurs is 100 s–1, and that there is the following dependence between the shear stress 

sτ  in the mixed medium and the velocity gradient:  

5 ,
2s Gτ = η                                                                    (1) 

where η  is the dynamic viscosity of the medium, Pa⋅s. 

In [22], the results of measurements of the shear stress of precipitation conducted by Baryshnikova 
and amounting to 1.5–6 mg/cm2 (0.14715 – 0.5886 Pa) are presented, and this corresponds to a RMS 
velocity gradient from 58.84 s–1 to 235 s–1. However, stirring has not only a negative effect on the 
suspended particles, but also contributes to the strengthening of the suspended solids and their intensive 
sedimentation. This paper presents the results of studies on the treatment of backwash water with different 
velocity gradients (with different Camp criteria) in construction for reuse of wash water. 

The aim of the study is to obtain the dependencies of reagentless clarification of backwash water in 
constructions for their reuse. The following tasks contributed to the achievement of the research aim: 

− determination of the magnitude of the RMS velocity gradient (G) and stirring time (T) during the 
movement of backwash water from rapid filters to their treatment facilities (construction for reuse 
of backwash water); 

− experimental study of clarification processes in modelling the stirring in the pipeline and in the 
pipeline, followed by the implementation of the second stage of stirring in a flocculation basin, which 
is part of the construction for reuse of wash water; 

− determination of influencing factors on the efficiency of clarification during the stirring and obtaining 
mathematical dependencies of the clarification effect when modelling stirring in the pipeline and in 
the pipeline, followed by processing in the flocculation basin. 

2. Methods 
2.1. Research objects 

The research was conducted at the water treatment plants (WTP) of the Central water supply system 
of Rostov-on-Don, involving a two-stage reagent scheme of water treatment: sedimentation followed by 
rapid filtration using the reagent flocculant-coagulant FL 4540 (polyDADMAC). At WTP chlorination (with 
liquid chlorine or sodium hypochlorite) is used to decontaminate and improve the coagulation properties of 
the suspended solids. The rapid filters consist of a single-layer filter of 0.5–3.0 mm quartz sand with a 
coefficient of heterogeneity 1.39 or 1.47. The filters are backwashed with clarified water from the clean 
water tanks supplied by pumps at an estimated flow rate of 12 L/s⋅m2. Currently, waste water is discharged 
through a system of beams in the Don river. 

The quality of waste water after washing the rapid filters throughout the year is characterized by a 
concentration of suspended solids from 30 to 400 mg/dm3 and color from 29 to 47 Pt-Co units, despite the 
fact that the feed Don water is characterized as "low-color" for most of the year. The indicators "Total 
alkalinity", "Active reaction of the medium (pH)", "Temperature" in the wastewater were equal to or slightly 
different from the values in the feed water. Total alkalinity was in the range from 1.8 to 4.9 mmol/dm3, active 
reaction of the medium (pH) was in the range 6.6 – 8.21 with a predominance of values in the range 7.0 – 



Magazine of Civil Engineering, 111(3), 2022 

Butko, D.A., Volodina, M.S. 

8.0, and temperature varied from 0.1 °С (winter) to 29.5 °С (summer). Residual concentrations of FL 4540 
in the backwash water ranged from less than 0.02 to 0.23 mg/dm3. 

2.2. Description of flocculation process 
The formula for calculating the RMS velocity gradient for a gravity pipeline takes the following form: 

2
,V igG =

ν
                                                                      (2) 

where V is velocity of water movement in the pipeline, m/s; ν  is kinematic viscosity of water, m2/s; i  is 
pipeline gradient.  

Converting the formula (2) and involving the determination of the flow velocity by the Chezy equation, 
and the Chezy factor included in it by the formula of N.N. Pavlovsky, we obtain 

( )( )1 30.25
,

ng diG
n

+
=

ν
                                                      (3) 

where n  is friction factor in the Chezy formula, which depends on the pipeline material; d  is internal 
diameter of the pipeline, m. 

In fact, (3) is a linear dependence of the RMS velocity gradient on the pipeline gradient where the 
angle of the line to the abscissa axis depends on the diameter and material of the pipeline and the 
temperature of the transported water (Fig. 1). It should be noted that the value of friction factor should be 
taken from reference data, but not in a consistent manner, as is recommended for hydraulic calculations of 
gravity (n = 0.014) or pressure networks (n = 0.013). The design of gravity pipe from filters is usually 
performed on the calculated flow rate from simultaneous backwash of filters (one or two), while the geodetic 
gradient coincides with the hydraulic one. The conditions of a real multi-functioning pipelines for drainage 
of backwash water from rapid filters are characterized by a probabilistic distribution of costs values, coming 
in it and reduced pipeline capacity due to different factors that can incur an increase in hydraulic gradient 
and formation of pressure mode with a change in the hydrodynamic mode of motion. 

 
Figure 1. Changing of the RMS velocity gradient  

in a gravity pipeline at different hydraulic gradients. 
The recommended value of the RMS velocity gradient for mixers is in the range of 60–300 s–1. For 

flocculation basin they depend on the design and are in the range of 25–60 s–1 [12]. Analyzing the values 
of the RMS velocity gradient obtained by the formula (3) (Fig. 1), we can conclude that they are at the level 
recommended for stirrers or higher, which inevitably causes the impact on the suspended flocs leading to 
their destruction. 

2.3. Studies on the sedimentation treatment of wash water  
Based on this, two groups of experiments were conducted in the study: clarification of wash water 

by sedimentation after hydrodynamic impact with RMS velocity gradients characteristic of water movement 
through the pipeline and clarification by sedimentation after hydrodynamic impact with RMS velocity 
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gradients characteristic of water movement through the pipeline plus stirring with RMS velocity gradients 
characteristic of flocculation basins. Water treatment was carried out under laboratory conditions with a 
sedimentation depth of 0.2, 0.26 and 0.32 m. 

Processing of the obtained results was based on the previously derived dependence for 
sedimentation of backwash water impurities under static conditions [23] and theoretical conclusions from 
the theory of M.S. Smolukhovsky. Experimental work to determine the efficiency of water clarification under 
static conditions was carried out by the author in different periods of the year on the water that was taken 
directly from quartz sand rapid filters during their washing. The subsequent sedimentation tests were done 
in the laboratory. As a result of processing the results, an equation is obtained for determining the time of 
sedimentation for a given clarification effect: 

( )0.5112.19 0.93 0.019 ,wEf ln th Т С= − +                                              (4) 

where t is the clarification time of the backwash water to reach the given clarification effect, s; Ef  is given 

clarification effect, %; wC  is initial concentration of suspended solids, mg/dm3; T  is the temperature of the 
backwash water in the process of clarification, °С; h  is height of the sedimentation layer, m. 

With 95 % confidence, equation (4) can be used in the quality range of backwash water with a 
suspended solids content from 50 to 400 mg/dm3 and a water temperature from 5 to 25 °C. 

Smolukhovsky's theory of coagulation states that the velocity (intensity) of coagulation depends on 
the radius of the sphere of attraction of the particle (approximately equal to two radii of the particle), the 
intensity of diffusion due to Brownian motion and the initial number of particles in the system. In this case, 
from the point of view of the efficiency of the collision of particles, the coagulation processes are classified 
into two types: rapid – each collision ends with the formation of an aggregate and slow – not all collisions 
end with the formation of aggregates. 

For the case of rapid coagulation, the equation describing the change in the number of particles per 
unit of volume of the system at time τ  has the form 

0 0

0
1 2

or ,
1 8 1

n nn n
Drn T

τ τ= =
τ+ π τ +

                                         (5) 

where D  is the diffusion coefficient of single particles; r  is the radius of the particles; 0n  is initial 

concentration of particles; 1 2T  is coagulation time, during which the number of particles per unit volume of 

sol is halved. 

The equation looks similar for slow coagulation with the introduction of the efficiency coefficient of 
convergence of particle collisions :ψ  

0 0

0
1 2

or .
1 8 1

n nn n
Drn T

τ τ= =
τ+ψ π τ +ψ

                                           (6) 

In water treatment plants, perikinetic coagulation processes take place, although it is almost 
impossible to meet their "pure" form due to the constant movement of water and the presence of a minimal 
RMS velocity gradient. According to the data presented in the monograph [22], orthokinetic coagulation 
begins to prevail over perikinetic when the particle size is about 1 mcm. The backwash water contains the 
particles with sizes exceeding 1 mcm (see Fig. 2). 
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Figure 2. Derived curve of particle distribution in the backwash water obtained  

during clarification without mixing [22]. Rmax is maximum radius, m. 
In the research of Harris [24], based on the theory of M.S. Smolukhovsky, the ratio for rapid 

coagulation was obtained 

( )0
0exp ,n KEGn

nτ
= τ                                                         (7) 

where 0n  is the numerical concentration of particles not coagulated by time ,τ  K is coagulation constant; 

E  is experimentally determined parameter; G is the RMS velocity gradient. 

Based on this ratio and the analysis of a number of other papers on this topic, it may be inferred that 
the product of СоGT (Co is the volume concentration of particles in the system, GT is the Camp criterion) 
can be used as a parameter that characterizes the conditions for water treatment with hydrolyzing 
coagulants. Again, it is to be noted that the backwash water is actually a product of coagulation of particles 
held in the layer of the filter and it contains known concentrations of coagulant (flocculant) (according to our 
experiment the reagent content is 0.02–0.23 mg/l) used for water treatment. Therefore, the use of the СоGT 
product is acceptable even without the introduction of additional reagents, and when exposed to the 
backwash water exclusively by stirring. The volume concentration can be replaced by a weight 

concentration according to the ratio [15] 
0

,w
o

CC = γ  where 0γ  is the amount of solid phase by mass per 

unit volume of unconsolidated sediment. 

The effect of temperature on the process of perikinetic coagulation consists of changes in the 
intensity of Brownian motion of particles, which, for example, E.F. Kurgaev proposed to express by means 
of the agglomeration coefficient [25]: 

0.5 0.025 .t Tα = +                                                                  (8) 

At the same time, a change in temperature entails a change in the viscosity of the medium, and 
hence the entire heterophase system, which affects both the particle sedimentation velocity and the stirring 
parameters, in particular, the value of the velocity gradient. Generalizing, we get: 

( ) , , , , ,wEf f C GT t T h=                                                            (9) 

where t is the sedimentation time, s; h  is depth of the water layer, m. 

While investigating natural water treatment of the river Don using WPK-402 (analog of 
PolyDADMAC) the staff of the Department of water supply and drainage of RISI (Rostov Civil Engineering 
Institute) obtained the following equation  

.kGEf const e−= −                                                             (10) 
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The aforementioned dependencies are involved in obtaining an equation for processing experimental 
results. The experimental results were processed using MS Excel (Microsoft Corporation) and STATISTICA 
(StatSoft Inc.) software products. The obtained dependences were checked for the reliability of the 
approximation using the value of the Pearson correlation squared. 

3. Results and Discussion 
The first group of experiments was conducted by clarification of wash water by sedimentation after 

hydrodynamic impact with RMS velocity gradients characteristic of water movement through the pipeline. 
The effect of the velocity gradient applied to backwash water on the subsequent process of water 
clarification by sedimentation under laboratory conditions at different sedimentation layer depths is shown 
in the diagrams (Fig. 3, 4). These results presented on these figures are obtained under the clarification of 
river water during the research. The results of experiments (measurements) were processed using MS 
Excel with the construction of a trend line using a polynomial equation.  

At low values of the velocity gradient (with the Camp criterion GT from 1200 to 5100), the effect of 
clarification of backwash water slightly differs from the values obtained in experiments without stirring [23] 
and does not depend on the value of the Camp criterion (Fig. 3), even if the clarification time is relatively 
short. Considering the abovementioned results conducted by Baryshnikova [22], under such conditions, the 
destruction of flocs does not seem to occur, since shear stresses do not reach critical values and the 
coagulation process occurs with undisturbed partially destabilized suspended particles. It is also important 
to consider that the suspended solids in the backwash water has a zeta potential closer to the isoelectric 
point than in the reagentless feed water. Thus, these results prove this idea. This is indicated by No-Suk 
Parka and his colleagues [26], whose studies show a decrease (in modulus) of the zeta potential of the 
suspended solids from (–19) mV in the feed water to (–1.4) mV in the sediments of sedimentation tanks 
and in the backwash water up to (–4.3) mV. 

Increasing GT values in the range from 10000 to 71000, the changes in the clarification effect is 
slightly increasing. This should be considered a feature for waters with reagent WPK-402 (or PolyDADMAC 
analog) for feed water treatment. This means that this flocculant was used for clarification river water during 
the research period (Fig. 4). Previously performed by other soviet scientists studies on river water 
clarification using WPK-402 as a reagent showed the need for long-term and (or) intensive stirring in order 
to intensify flocculation and improve the sedimentation properties of the suspended solids in sedimentation 
tanks. 

 
Figure 3. Change in the clarification effect depending  

on the GT values in the range of 1000÷5000 at the depth of the sedimentation layer  
of 0.32 m (stirring with a constant RMS velocity gradient). 
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Figure 4. Change in the clarification effect depending  

on the GT values in the range of 10000÷71000 at the depth of the sedimentation layer  
of 0.20 and 0.32 m (stirring with a constant RMS velocity gradient). 

The Fig. 5 presents the second group of experiments.The study of the treatment of backwash water 
with a variable velocity gradient was carried out according to the scheme: the first stage – rapid stirring 
while moving in the pipeline, the second stage – stirring in the flocculation basin. The results obtained in 
this experiment were different from the above. On the diagrams (Fig. 5) for the sedimentation time of 
15 minutes and 60 minutes a minimum at GT value about 60000 is clearly expressed on the approximating 
curve. Comparison of the approximating curves in Fig. 4 and 5 shows that with the same sedimentation 
time, the use of a flocculation basin in a reuse constructions provides the best effect in the ranges of GT 
20000÷40000 and 82000÷90000. If the water is stirred with a GT of 40000 to 82000 when moving through 
the pipeline, the use of flocculation basin reduces the efficiency of backwash water clarification. 

 
Figure 5. Change in the clarification effect when modelling the movement  
of water through a pipeline followed by stirring in the flocculation basin  

(stirring with a variable RMS velocity gradient). 
Thanks to statistical processing of the results of experimental data obtained in laboratory conditions 

when modelling the movement of water through the pipeline to construction for reuse of backwash water 
we have gained an approximating dependence 

( ) ( ) ( )( )
0.032

0.0070.22
0.004100 0.04 5.97 0.46 0.2 10.07С ,w

tEf t exp T GT ln T
h

 
= − − − + +  

 
     (11) 

where Ef  is the clarification effect, %; t is the clarification time (precipitation), s; wC  is initial concentration 

of suspended substances in water, mg/dm3; T  is water temperature, °С; GT  is Camp criterion. 

Stirring with velocity gradients characteristic of flocculation basins for a sufficient duration in the 
aforementioned intervals of the Camp criterion will contribute to the recovery of flocs without the introduction 
of additional doses of reagents. As a result of experiments with modelling water stirring in a pipeline followed 
by stirring in a construction with a lower gradient, the dependence is obtained 
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                       (12) 

Thus, using the obtained approximating equations, it is possible to calculate the clarification effect 
for various stirring options, both without the use of flocculation basins, and with flocculation basins built into 
constructions (or devices that restore the sedimentation properties of the suspended solids after the flocs 
are destroyed when moving through pipelines).  

Based on the abovementioned results the most efficient construction for stirring with different velocity 
gradient should be mechanical stirring devices or air stirring tanks (airflocculators). 

4. Conclusion 
In order to organize reuse of backwash water from rapid filters on drinking water treatment plant the 

reagentless clarification of such water was studied. The research was conducted at the water treatment 
plant of the Central water supply system of Rostov-on-Don. Theoretical investigations and experimental 
results lead to the following conclusions.  

1. The clarification of backwash water of water supply system rapid filters should be conducted 
considering the water removal from filters to the sedimentation facilities. When wash water moves through 
pipelines from rapid filters to reuse constructions, suspended particles are exposed to shear stresses 
caused by water stirring under certain conditions that exceed the limit values. Thus, at RMS velocity 
gradients from 50 to 800 s–1, the formed flocs are destroyed and the clarification efficiency is reduced. 

2. The authors studied the improving the flocculation properties of suspended particles of backwash 
water with extra stirring before the sedimentation in laboratories. Experimental studies have made it 
possible to determine the ranges of the Camp GT criterion, in which it is justified to use additional stirring 
in the flocculating chambers in reuse constructions (20.000 ÷ 40.000 and 82.000 ÷ 90.000) and the GT 
ranges in which additional stirring is impractical (from 40.000 to 82.000). Based on the designs of reuse 
constructions, which are most often used in natural water treatment facilities, we consider it acceptable to 
embed flocculation basin with mechanical stirring devices or air stirring tanks (airflocculators). 

3. Based on the theory of coagulation by M.S. Smolukhovsky and following papers developing its 
concept, factors affecting the efficiency of clarification in sedimentation constructions are identified and 
mathematical dependences of the clarification effect are obtained when stirring in the pipeline and in the 
pipeline with followed by processing in the flocculation basin. The use of the presented mathematical 
dependencies will make it possible to regulate the effect of backwash water clarification in construction for 
reuse of wash water at the design stage or during operation, optimizing it in terms of later use of clarified 
water. 

References 
1. Gosudarstvenny doklad «O sostoyanii i ob ochrane okrugayuschei sredy Rossiiskoy federacii v 2017 godu [State report "on the 

state and protection of the environment in the Russian Federation in 2017"]. [Online] URL: https://gosdoklad-ecology.ru/2017/ RU 
(reference date: 31.08.2020) (rus) 

2. Draginsky, V.L., Alekseeva, L.P. Obrabotka promywnych wod filtrow wodoochistnych stanzii [Treatment of wash water from water 
treatment facilities filters]. Water Supply and Sanitary Engineering. 2005. 8. Pp. 25–32. (rus) 

3. Kuznesow, W.N. Woswrat promywnoy wody i obrabotka osadkow Zapadnoi filtrowalnoy stancii Ekaterinburga [Return of filter 
washings and sludge treatment at the western filtration plant of Ekaterinburg]. Water Supply and Sanitary Engineering. 2015. 11. 
Pp. 28–32. (rus) 

4. Urvantseva, M.I. Obrabotka promywnych wod i osadkow wodoprowodnych stahcii, raspologennych na istochnikach maloy i 
sredney mutnosti i cwetnosti [Treatment of wash water and precipitation from water supply stations located on sources of low and 
medium turbidity and color]: awtoreferat dis. cand.techn.nauk. [Online] URL: https://static.freereferats.ru/_avtorefe-
rats/01005111383.pdf RU (reference date: 31.08.2020). (rus) 

5. Urvantseva, M.I., Artemenok, N.D. Compleksnaya ocenka processow ochistky promywnych wod wodoprowodnich stanciy v 
zapadnoy sibiri [Complex assessment of processes of wash water treatment at water supply stations of the western Siberia]. 
Water Supply and Sanitary Engineering. 2011. 2. Pp. 25a–29. (rus) 

6. Vigneswaran, S., Boonthanon, S., Prasanthi, H. Filter backwash water recycling using crossflow microfiltration. Desalination. 
1996. 106(1–3). Pp. 31–38. DOI: 10.1016/S0011-9164(96)00089-6 

7. Raj, C.B.C., Kwong, T.E., Cheng, W.W., Fong, L.M., Tiong, S.H., Klose, P.S. Wash water in waterworks: contaminants and 
process options for reclamation. Journal of Environmental Sciences. 2008. 20(11). Pp. 1300–1305. DOI: 10.1016/S1001-
0742(08)62225-1. URL: http://dx.doi.org/10.1016/S1001-0742(08)62225-1 

8. Brügger, A. Reuse of filter backwash water using ultrafiltration technology. Filtration and Separation. 2000. 37(1). Pp. 22–26. DOI: 
10.1016/S0015-1882(00)87607-7 

9. Bourgeois, J.C., Walsh, M.E., Gagnon, G.A. Treatment of drinking water residuals: Comparing sedimentation and dissolved air 
flotation performance with optimal cation ratios. Water Research. 2004. 38(5). Pp. 1173–1182. DOI: 10.1016/j.wat-
res.2003.11.018 



Magazine of Civil Engineering, 111(3), 2022 

Butko, D.A., Volodina, M.S. 

10. Hou, B., Lin, T., Chen, W. Evaluation of a drinking water treatment process involving directly recycling filter backwash water using 
physico-chemical analysis and toxicity assay. RSC Advances. 2016. 6(80). Pp. 76922–76932. DOI: 10.1039/c6ra14912j. URL: 
http://dx.doi.org/10.1039/C6RA14912J 

11. Ebrahimi, A., Amin, M.M., Pourzamani, H., Hajizadeh, Y., Mahvi, A.H., Mahdavi, M., Rad, M.H.R. Hybrid coagulation-UF 
processes for spent filter backwash water treatment: a comparison studies for PAFCl and FeCl3 as a pre-treatment. Environmental 
Monitoring and Assessment. 2017. 189(8). DOI: 10.1007/s10661-017-6091-3 

12. Reissmann, F.G., Uhl, W. Ultrafiltration for the reuse of spent filter backwash water from drinking water treatment. Desalination. 
2006. 198(1–3). Pp. 225–235. DOI: 10.1016/j.desal.2006.03.517 

13. Zhang, J., Lin, T., Chen, W. Micro-flocculation/sedimentation and ozonation for controlling ultrafiltration membrane fouling in 
recycling of activated carbon filter backwash water. Chemical Engineering Journal. 2017. 325. Pp. 160–168. 
DOI: 10.1016/j.cej.2017.05.077 

14. Sardari, R., Osouleddini, N. Data in Brief The data on the removal of turbidity and biological agents in spent fi lter backwash by 
bed ceramic in water treatment process. Data in Brief. 2018. Pp. 2–6. DOI: 10.1016/j.dib.2018.06.037.  

15. Shafiquzzaman, M., Al-Mahmud, A., Al-Saleem, S., Haider, H. Application of a low cost ceramic filter for recycling sand filter 
backwash water. Water (Switzerland). 2018. 10(2). DOI: 10.3390/w10020150 

16. Mahdavi, M., Amin, M.M., Mahvi, A.H., Pourzamani, H., Ebrahimi, A. Metals, heavy metals and microorganism removal from spent 
filter backwash water by hybrid coagulation-uf processes. Journal of Water Reuse and Desalination. 2018. 8(2). Pp. 225–233. 
DOI: 10.2166/wrd.2017.148 

17. Skolubovich, Y., Voytov, E., Skolubovich, A., Ilyina, L. Cleaning and reusing backwash water of water treatment plants. IOP 
Conference Series: Earth and Environmental Science. 2017. 90(1). DOI: 10.1088/1755-1315/90/1/012035 

18. Kachalova, G.S. Modern coagulants and flocculants in the cleaning of washing waters of water treatment plants. IOP Conference 
Series: Materials Science and Engineering. 2018. 451(1). DOI: 10.1088/1757-899X/451/1/012226 

19. Mazari, L., Abdessemed, D. Feasibility of Reuse Filter Backwash Water as Primary/Aid Coagulant in Coagulation–Sedimentation 
Process for Tertiary Wastewater Treatment. Arabian Journal for Science and Engineering. 2020. (June). DOI: 10.1007/s13369-
020-04597-1.  

20. Bourgeois, J.C., Walsh, M.E., Gagnon, G.A. Comparison of process options for treatment of water treatment residual streams. 
2005. 4(January). 

21. Arora, H., Giovanni, G.D.I., Lechevallier, M. Spent filter backwash water contaminants and treatment strategies. Journal AWWA. 
2001. (May) (90832). DOI: 10.1002/j.1551-8833.2001.tb09211.x 

22. Babenkow, Е.D. Ochistka wody coagulyantami [Water treatment with coagulants]. Moskwa: Nauka, 1977. 356 p. 
23. Butko, D.A. Promywnye wody skorych filtrow i ich powtornoe ispolzovanie [Fast filter wash water and reuse]. Rostow-na-Donu: 

RGSU. 2009. 122 p. (rus) 
24. Harris, H.F., Kaufman, W.J., Krone, R.B. Orthokinect flocculation in water purification. J. Sanit. Eng. Div. (1966) Proc. ASCE 92 

(SA6) 95-111. (rus) 
25. Kurgaew, E.F. Oswetliteli wody [Water clarifiers]. Moskwa: Stroyisdat, 1977. 192 p. (rus) 
26. Park, N.S., Kang, M.S., Jeong, W., Kim, J.O. Experimental determination of the characteristics of physico-chemical particles in 

air-scouring-membrane (microfiltration) backwash water produced during drinking water treatment. Chemical Engineering 
Research and Design. 2015. 94(October). Pp. 714–720. DOI: 10.1016/j.cherd.2014.10.012. (rus) 

 

Information about authors: 

Denis Butko, PhD inTechnical Science 
ORCID: https://orcid.org/0000-0002-3792-7198 
E-mail: den_111@mail.ru 
 
Marina Volodina, PhD in Philology 
ORCID: https://orcid.org/0000-0002-3853-2796 
E-mail: mclavender1984@gmail.com 
 
Received 13.10.2020. Approved after reviewing 12.07.2021. Accepted 13.07.2021. 

 

https://orcid.org/0000-0002-3792-7198
mailto:den_111@mail.ru
https://orcid.org/0000-0002-3853-2796
mailto:mclavender1984@gmail.com


Magazine of Civil Engineering. 2022. 111(3). Article No. 11108 

Zhao, Q.Q., Fu, Q., Zhang, H.T., Wang, J.W. Performance improvement model of cement pavement in seasonal-
frost regions. Magazine of Civil Engineering. 2022. 111(3). Article No. 11108. DOI: 10.34910/MCE.111.8 

© Zhao, Q.Q., Fu, Q., Zhang, H.T., Wang, J.W., 2022. Published by Peter the Great St. Petersburg Polytechnic 
University. 

 This article is licensed under a CC BY-NC 4.0 

 

 
ISSN 

2712-8172 
Magazine of Civil Engineering 

journal homepage: http://engstroy.spbstu.ru/ 
 

Research article 

UDC 625 

DOI: 10.34910/MCE.111.8 

Performance improvement model  
of cement pavement in seasonal-frost regions 

Q.Q. Zhaoa  , Q. Fua , H.T. Zhangb✉ , J.W. Wangc  
a Northeast Agricultural University, Harbin City, Heilongjiang Province, China 
b China Communications First Public Bureau Highway Survey and Design Institute Co., Urumqi City, 
China 
c Harbin Dongan Automobile Engine Manufacturing Co., Harbin, Heilongjiang, China 

  2586762756@qq.com 

Keywords: concrete, pavement management, numerical model, regression analysis, maintenance 
strategy 

Abstract. The paper evaluates the performance improvement of cement pavement in seasonal frost 
regions. The typical diseases of cement concrete pavements in seasonal frost regions are proposed 
through the analysis of measured data, and the influence factors of pavement performance mutation value 
in those regions is determined. The application conditions of the model are obtained by the response 
surface test method; the road performance improvement model is established by the regression analysis 
method. The goodness-of-fit and significance state of the model were tested, while the validity of the model 
was verified by comparing it with the evaluation results of the existing model. The results identified the 
typical diseases of cement concrete pavement in seasonal frost regions: broken slabs, staggered platforms, 
cracks, exposed aggregates, broken corners and potholes. The mutation value of pavement performance 
is most sensitive to the impact of road damage index, running quality index and anti-skid performance index 
before pre-maintenance, that is under pre-curing conditions. The evaluation effect of the model for 
improving the performance of cement concrete pavement in seasonal frost regions is good, and the 
interpretable part of the improvement by the model is 99.2 %; the fit of the improved evaluation value and 
the measured value is 0.991, and the model is high fitting. The evaluation effect of the proposed model is 
better than the existing model, and the determination of the model is of great significance to the pre-
maintenance of cement concrete pavement. 

1. Introduction 
Due to the harsh climate environment and the rapid increase in traffic, the cement concrete pavement 

inevitably gets cracks, peeling corners, dislocation and other diseases. The diseases not only reduce the 
quality and life of the cement concrete pavement, but the improper implementation timing of the pre-
maintenance can even cause the destruction of the road structure and increase the maintenance cost [1]. 
Therefore, the accurate prediction of the instantaneous improvement value of pavement performance under 
preventive maintenance conditions is of great significance for the reasonable determination of the pre-
maintenance timing and prolonging the service life of the road surface [2, 3].  

Internationally, some studies have been conducted on the evaluation of performance improvement 
of cement concrete pavement under pre-curing conditions, most of which are analyzing the impact of certain 
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maintenance measures on the improvement of pavement performance. Sarkar [4, 5] analyzed the 
improvement degree of pavement performance by different pre-maintenance measures based on road 
data, and believed that pre-maintenance measures such as thin-layer overlays can effectively improve 
pavement performance. Yoo [6] made a preliminary evaluation of the test path and obtained the annual 
growth rate of the flatness index. Idal [7–9] studied a 5000-mile section of Indiana, and evaluated the degree 
of improvement of pavement performance by different sealing materials. On the basis of tests, Labi [10, 11] 
established an evaluation model of pavement performance improvement based on the grinding of joints 
and uplift parts as the basic maintenance measures, and quantified the improvement value of the pavement 
performance by this maintenance measure. Mandapaka [12–14] compared the advantages and 
disadvantages of crack sealing methods, and proposed that using waste rubber powder as a sealing 
material can improve the performance of the road surface to a higher degree.  

Existing results on the improvement of pavement performance mainly focuses on pre-curing 
technology, pre-curing materials, etc. There has not been a large-scale research on the improvement of 
cement concrete pavement performance, and relatively complete and mature research results have not yet 
been formed. Farhan [15–18] evaluated different pre-maintenance performance improvement metrics, and 
determined that the deterioration rate reduction (DRR) and the average annual deterioration rate (AADR) 
can be used to express the improvement value of road performance. Priya [19, 20] studied the performance 
deterioration law of cement concrete pavement under the condition of pre-maintenance, and believed that 
the pavement performance jump value (PJ) is the most effective mathematical index for evaluating the 
effect of road pre-maintenance. Ker [21] established a performance improvement model of cement concrete 
pavement under pre-curing condition by taking the flatness index as a parameter. However, as a 
representative parameter of pavement performance evaluation, the flatness index is relatively one-sided, 
and the impact of climate factors on pre-curing measures is also taken into account. Therefore, the 
performance improvement model of cement concrete pavement under the pre-curing conditions suitable 
for the climatic characteristics of seasonal frost regions needs to be further improved.  

In this paper, the typical disease types of the pavement are screened through the disease data of 
the cement concrete pavement in the seasonal frost regions, and the pavement performance indicators 
that are more sensitive to the pre-maintenance measures are found as parameters. In addition, an improved 
model for the use of cement concrete pavement under the condition of pre maintenance suitable for 
seasonal frost regions is established, and the practicability and effectiveness of the model are verified by 
comparing it with the prediction level of existing models. 

2. Methods 
2.1. Screening of maintenance measures 

For the types of diseases on cement concrete pavement, domestic and foreign experts have 
conducted relevant research. Haghnejad [22] evaluated the damage degree and disease distribution of 
cement concrete pavement by manually drawing the disease distribution map by board, and believed that 
the most typical diseases are cracks and broken slabs. Saxena [23] proposed broken slabs, cracks, broken 
corners, staggered platforms, mud, joint filler damage and potholes are the most common types of diseases 
based on actual engineering data. Jung [24] investigated the pavement damage conditions of several 
expressways and confirmed that the pavement has corner peeling and arching. Santos [25] detected voids 
and cracks in the road based on ultrasonic technology. Rao [26] conducted live inspections on cement 
concrete roads and found that repair measures would also damage the pavement. Based on the research 
results of the above-mentioned documents, it can be seen that cracks, broken corners, broken slabs, mud, 
staggered platforms, joint filler damage, repair damage, potholes, corner peeling, arching, voids and 
exposed aggregates are the diseases that appear on cement concrete pavement. 

Cement concrete roads in seasonal frost regions are subject to the coupling effect of traffic load and 
freeze-thaw cycles. Therefore, in order to screen out the disease types of cement concrete pavement with 
the characteristics of seasonal frost regions and accurately select the maintenance measures, it is 
necessary to verify whether the disease status of cement concrete pavement under the influence of 
seasonal frost regions is different from that of ordinary climate. 

Under the environmental conditions that ensure the same disease status as mentioned above, we 
selected the similar construction year, the same survey year, similar traffic flow, and the pavement 
performance of the three road sections in the seasonal frost regions, short-term frost regions and non frost 
regions for testing, and the selected detection index is pavement performance index (PQI). The value range 
of the pavement performance index is between 0 and 100, and the closer the index value is to 100, the 
better the pavement performance is. Long-zhou highway section in Guangdong Province, China is selected 
in non frost regions, Qi-yang expressway section in Jiangsu Province in China is selected in short-term 
frost regions, Zhao-zhao highway section in Heilongjiang Province, China is selected in seasonal frost 
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regions. 15 sections are selected for each of the three roads, with piles number of K117-K131. In Fig. 1, 
the abscissa is piles number, and the ordinate is pavement performance index. 

 
Figure1. PQI of different regions. 

In Fig. 1, the PQI corresponding to different stake numbers in three different regions are different. 
For example, at K120, the maximum PQI ratio between the non frost regions and the seasonal frost regions 
is 1.81, and the ratio of the short-term frost regions to the seasonal frost regions is 1.48, which indicates 
that the PQI reduction in the seasonal frost regions is significantly higher than that of the short-term frost 
regions. The decrease of PQI in short-term frost regions is significantly higher than that in non frost regions. 
Most of the PQI in the non frost regions is between 85 and 100, and the road performance is excellent. The 
PQI of 15 piles number in the short-term frost regions varies from 70 to 85, because the cement concrete 
pavement in the short-term frost regions will affected by freezing and thawing and accompanied by a small 
amount of snow, the PQI in this case is slightly smaller than the PQI of the non frost regions. The PQI of 
the road in the seasonal frost regions is significantly lower than that of the other two highways, because 
the number of annual freeze-thaw cycles in the seasonal frost regions is more than that in the short-term 
frost regions, and freeze-thaw effects have a greater impact on the performance of concrete, which will 
cause concrete damage such as deterioration of compactness and strength reduction. Therefore, there are 
more serious diseases such as cracks inside roads in seasonal frost regions. At the same time, due to the 
influence of the weather in the seasonal frost regions, the road surface in the cold season is snowy. In order 
to ensure driving safety, deicing salt or snow melting agent is usually thrown on the road surface, resulting 
in corrosion of the surface layer of the road. The use of snow shovel will also cause the road surface to 
wear, so the road performance is relatively low. 

Based on the above analysis, the climatic factors in the seasonal frost regions have a significant 
impact on the road performance. In order to properly maintain the cement concrete pavement in the 
seasonal frost regions, the types of diseases with the characteristics of the seasonal frost regions should 
be considered. According to the above analysis, the PQI value of cement concrete pavement in seasonal 
frost regions is the lowest compared with that in other regions. The reason is that there are many types and 
severity of diseases of cement concrete pavement in seasonal frost regions under the influence of freeze-
thaw, and the pavement performance is poor. At the same time, according to the research results of 
Haghnejad [22] on freeze-thaw cycle, it is found that under the influence of freeze-thaw, the most sensitive 
changes of pavement are cracks and exposed aggregates. Therefore, cracks and exposed aggregates are 
typical diseases of cement concrete pavement in seasonal frost regions. In order to screen out the types of 
cement concrete pavement diseases with the characteristics of seasonal frost regions, combined with the 
existing research results above, 12 diseases were finally selected for preliminary screening of the main 
diseases in seasonal frost regions. The 12 diseases were numbered, and the numbers were D1～D12, as 
shown in Table 1. 

Table 1. Disease number and name. 
Number Disease name Number Disease name Number Disease name 

D1 cracks D5 staggered platforms D9 corner peeling 
D2 broken corners D6 joint filler damage D10 arching 
D3 broken slabs D7 repair damage D11 void 
D4 mud D8 potholes D12 exposed aggregates 

 

Using the actual road condition data of Zhao-zhao Highway in Heilongjiang Province, China, group 
analysis of pavement diseases was carried out, and the key diseases of cement concrete pavement in 
seasonal frost regions were screened out by using statistical package for Social Sciences (SPSS) software. 
The principle of group analysis method is to divide many factors into different groups. The factors in the 
same group have strong similarity, and the differences between the factors in different groups can be 
reflected, so the characterization of each factor can be observed and analyzed. The specific group analysis 
process is to calculate the group distance between various factors. The smaller the group distance is, the 
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stronger the similarity will be, and the more probable is that they fall into the same group. Then, the group 
distance between different groups is calculated, and the two groups with the smallest group distance are 
merged into a group again. Repeat this step until the number of groups is reduced to one, and the grouping 
is completed. 

In this study, Euclidean distance method was used to calculate the group distance between the 
factors, and the group average linkage method was used to calculate the distance between groups, and 
then the most reasonable number of group was determined according to the silhouette index method. After 
the analysis and calculation of SPSS software, the 12 factors are finally divided into 5 groups. The diseases 
in the group with relatively large influence degree and scope on the road condition in the distribution 
diagram can be determined as the main diseases, and the group classification is shown in Fig. 2. 

 
Figure 2. Group distribution. 

In the group analysis diagram, RIV represents the average value of the scope of influence and SDV 
represents the average value of the intensity of influence, both of which are important. In order to eliminate 
the dimensional relationship between them and make them comparable, the standardized formula 
proposed by Kaufman and Rousseeuw is used to standardize the two indexes. The standardized two 
indexes are represented by Z (RIV) and Z (SDV). 

In Fig. 2, the abscissa represents the influence scope after standardization, and the ordinate 
represents the influence intensity after standardization. The larger the Z (RIV) and Z (SDV) values of the 
disease, the greater the scope and intensity of the influence on the road conditions, indicating that the 
disease is the main disease affecting the cement concrete pavement in the seasonal frost regions. In Fig. 2, 
the values of Z (RIV) and Z (SDV) of group 1, group 2 and group 4 are positive, while the values of Z (RIV) 
and Z (SDV) of group 3 and group 5 are negative. This indicates that the six diseases in group 1, group 2 
and group 4 have a wide range and large degree of influence on road conditions, so these six diseases 
belong to the main diseases. The six factors included in the other two groups have a smaller range and 
degree of influence than the six diseases in group 1, group 2 and group 4, so they are secondary diseases. 
After analyzing the group distribution results of 12 disease types, six disease types including broken slabs, 
staggered platforms, cracks, exposed aggregates, broken corners, and potholes have been identified as 
the main disease types of cement concrete pavements in seasonal frost regions and the pavement 
maintenance can be carried out for these six main diseases. 

2.2. Model parameters 
After the maintenance measures are taken for the above-mentioned diseases of cement concrete 

pavement in the seasonal frost regions, the performance of the pavement will be improved, which is 
embodied in the immediate performance improvement and the slowing down of the performance 
deterioration rate. The degree of change of the above indicators is usually characterized by the pavement 
performance jump value (PJ) [19]. According to China's "Highway Technical Condition Evaluation 
Standards", the evaluation indicators of cement concrete pavement performance include road damage 
index (PCI), road running quality index (RQI) and anti-skid performance index (SRI). Therefore, under 
different maintenance conditions, a model between PJ and PCI, RQI and SRI can be established to 
measure the degree of improvement in the performance of cement concrete pavements in seasonal frost 
regions. 

During the implementation of maintenance measures, PCI, RQI and SRI will change. Therefore, in 
order to determine the parameters of the performance improvement model of cement concrete pavement 
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in seasonal frost regions, it is necessary to analyze the correlation between PCI, RQI, SRI and PJ before 
and after maintenance. The index with strong correlation with PJ is used as a parameter for model 
establishment. Pavement performance data refer to Soares's research [27]. The symbols of PCI, RQI and 
SRI before and after maintenance are respectively represented as PCIb, PCIa, RQIb, RQIa, SRIb and SRIa. 
The correlation between PJ before and after maintenance and each index is shown in Figs. 3–8. 

  
Figure 3. The fitting trend of PJ and PCIb. Figure 4. The fitting trend of PJ and PCIa. 

  
Figure 5. The fitting trend of PJ and RQIb. Figure 6. The fitting trend of PJ and RQIa. 

  
Figure 7. The fitting trend of PJ and SRIb. Figure 8. The fitting trend of PJ and SRIa. 
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From Fig. 3 to Fig. 8, it can be seen that the decisive coefficients (R2) of PJ and PCIb, PCIa, RQIb, 
RQIa, SRIb and SRIa were 0.9736, 0.0471, 0.9928, 0.1312, 0.9878 and 0.0567, respectively, indicating that 
PJ was significantly correlated with PCIb, RQIb and SRIb, and not significantly correlated with PCIa, RQIa 
and SRIa. Therefore, the parameters of pavement performance improvement model were determined as 
PCIb, RQIb and SRIb. 

2.3. Model establishment 
According to the above research results, PCIb, RQIb and SRIb are linearly correlated with PJ 

respectively. Therefore, the performance improvement model of cement concrete pavement in seasonal 
frost regions under pre-curing condition is determined as a function form, as shown in Eq. (1): 

0 1 2 3 ,b b bPJ PCI RQI SRI= λ + λ + λ + λ                           (1) 

where 0 1 2, ,λ λ λ  and 3λ  are constants; PCIb is the road damage index before maintenance; RQIb is the 
road quality index before maintenance; SRIb is the anti-skid performance index before maintenance. 

From the typical road sections in the seasonal frost regions, select 20 road sections of 3 roads, 
including A, B and C, for disease detection, and apply 140 sets of measurement data of 14 road sections 
to build the model, and 60 sets of measurement data for the remaining 6 road sections to perform model 
validation.  

According to the obtained data, using SPSS analysis method, PJ (y) as the dependent variable, 
PCIb (X1), RQIb (X2) and SRIb (X3) as independent variables to perform linear regression analysis of the 
model. The significance test results of the model are shown in Table 2. The regression mean square value 
is 345 times the residual mean square value, and the F value is 344.892. The value is large, indicating that 
the change of the dependent variable is caused by the change of the independent variable rather than the 
test error. The independent variable has a high degree of interpretation of the dependent variable. The Sig. 
value is 0.024, which is less than 0.05, indicating that the linear regression of the model is significant, and 
a regression model can be established between the independent variable and the dependent variable. 

Table 2. Regression model of ANOVAs. 
 Sum of Squares df Mean Square F Sig. 

Regression 614.206 3 204.735 344.892 0.024 
Residual 0.594 1 0.594   

Total 614.8 4    
 

After the F test shows that a linear model can be established, it is necessary to determine whether 
the independent variable has a significant influence on the dependent variable, so the regression coefficient 
must be tested for significance. The significance test of the regression coefficient is shown in Table 3. In 
Table 3, the partial regression coefficients corresponding to X1, X2 and X3 are all negative values, 
indicating that PCIb, RQIb, and SRIb are all negatively correlated with PJ. The reason is that with the 
increase of PCI, RQI and SRI, the PJ value decreases. Therefore, the better the pavement performance 
is, the smaller the space for performance improvement after pre maintenance, and the smaller the 
performance mutation value. The absolute value of the critical value (t) of the bilateral test is all greater 
than the significance level, and the significance value of Sig. is less than 0.05, indicating that the 
independent variable has a significant influence on the dependent variable, so the two coefficients are all 
retained in the model. 

Table 3. Coefficient of regression model. 

Parameter Partial regression 
coefficient 

Partial regression 
coefficient standard 

error 

Standardized partial 
regression coefficient t Sig. 

Constant 86.102 1.491  6.893 0.016 

1x  –1.057 0.059 0.489 4.026 0.028 

2x  –2.324 0.143 0.348 5.246 0.007 

3x  –1.845 0.032 –1.149 –3.294 0.019 
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The results of the goodness of fit test are shown in Table 4. R2 is the determining coefficient between 
the dependent variable and the independent variable, and the adjusted R2 is the ratio of the mean square 
deviation to eliminate the influence of the number of independent variables. The closer R2 and the adjusted 
R2 are to 1, the fitting effect of the regression equation the better. The adjusted R2 of the model is 0.992, 
which is close to 1, and the error of the standard estimation is only 0.025, indicating that the goodness of 
fit of the model is relatively high, and the dependent variable can be explained by the model accounting for 
99.2 %. 

Table 4. Summary of regression models. 
R2 Adjusted R2 Standard estimated error 

0.997 0.992 0.025 
 

Substituting the coefficient values in Table 2 into Eq. (1) can get an improved model, as shown in 
Eq. (2): 

86.102 1.057 2.324 1.845 .b b bPJ PCI RQI SRI= − − −              (2) 

2.4. Analysis of the applicable conditions of the model 
In the climatic environment of the seasonal frost regions, the severity of the disease will affect the 

values of PCIb, RQIb and SRIb. Therefore, in order for the model to have a higher evaluation accuracy, it 
is necessary to determine the applicable conditions for the extent of 6 diseases such as broken slabs, 
staggered platforms, cracks, exposed aggregates, broken corners, and potholes. The response surface 
test was designed according to the number of disease types and the degree of quantification range, and 
the changes of PCIb, RQIb and SRIb under different disease levels were observed. Taking the impact of 
six diseases on PCIb as an example, a response surface test was designed. The response surface test 
with 6 factors and 3 levels is selected, and the coding levels are –1, 0 and 1. According to Perez's research 
[28], the disease degree is quantified. The quantified value of disease degree corresponding to disease 
number and coding level is shown in Table 5.  

Table 5. 3 factor coding levels and values. 

Number Disease name –1 0 1 
A broken board 50 72 94 
B staggered platform 30 61 92 
C crack 60 78 96 
D exposed aggregate 63 80 97 
E broken corner 49 72 95 
F hole 33 57 81 
 

When the coding level of cracks, exposed aggregates, broken corners and potholes is 0, the 
response surface of the designed broken slabs and staggered platforms to PCIb is shown in Fig. 9. With 
the increase of the degree of broken slabs and staggered platforms, PCIb gradually decreases. When the 
degree of damage of the broken slabs is between 50 and 72, the decrease of PCIb is significantly greater 
than the decrease when the degree of disease is between 72 and 94. The reason is that there will be traffic 
flow on the road. Excessive or overload conditions make the internal stress of the slab greater than the 
maximum bearing capacity of the concrete, and then irregular cracks will cause the slab to break. During 
this process, the road surface condition drops sharply. At this time, PCIb is the most sensitive to changes 
in the degree of broken slabs and has the highest response. When the disease degree of the staggered 
platforms is between 30 and 61, the decline of PCIb is smaller than that when the degree of the disease is 
61 to 92. The reason is that the road can still be used normally when the height difference between adjacent 
pavement panels is small. When the panel sinks unevenly, it will seriously affect the normal use of the road, 
and the road condition will quickly drop to the minimum. Therefore, when the degree of staggered platforms 
is above moderate, PCIb has the highest response to the degree of staggered platforms. 

When the coding level of broken slabs, staggered platform, broken corners and pothole is 0, the 
response surface of design cracks and exposed aggregates to PCIb is shown in Fig. 10. When the crack 
degree is above 78, the inclination angle of the response surface increases significantly compared to the 
angle below 78. The reason is that the freezing and thawing effect of the seasonal frost regions makes the 
pores of the concrete larger with irregular cracks, and in the late freeze-thaw period, the concrete capillary 
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pores are seriously damaged, and the cracks expand greatly. At this time, PCIb is more responsive to the 
cracks. When the degree of exposed aggregates is less than 67, the slope of the response surface is 
greater. The reason is that in the early stage of exposed aggregates, the tires are strongly worn when the 
vehicle is running, and the road performance has been greatly reduced. As the exposed aggregates 
gradually deepens, the actual contact area between the tire and the road surface constant, the change 
range of PCIb tends to be gentle, therefore, when the degree of exposed aggregates is below moderate, 
PCIb has a higher responsiveness. 

 

Figure 9. A and B response surface to PCIb. 

 

Figure 10. C and D response surface to PCIb. 

When the coding level of broken slabs, staggered platforms, cracks and exposed aggregates is 0, 
the response surface of design broken corners and potholes to PCIb is shown in Fig. 11. When the degree 
of broken corners exceeds 76, the response surface gradually becomes flat. The reason is that the slab 
corner is the weakest part of the cement concrete slab. Under the seasonal frost regions climate, it is 
affected by freezing and thawing, and the compactness of the slab corner becomes worse. If the corner is 
broken, the road surface condition becomes worse. On this basis, if the corner of the road surface is 
increased, the road surface condition will not drop significantly. At this time, PCIb has a low response to 
the corner. When the pothole degree is above 37, the slope of the response surface is larger. The reason 
is that when the pothole degree is large, the pavement will collapse under the load, which seriously affects 
the normal use of the road surface, indicating that the pothole degree is above medium, PCIb is more 
responsive to the degree of potholes. 
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Figure 11. E and F response surface to PCIb. 

Combining the above analyses results of the response surface, we can see that if the response 
surface becomes flat: it indicates that PCIb has a low response to the disease within the disease degree 
corresponding to the surface. At this time, the accuracy of the performance improvement model for the 
cement concrete pavement is low. If the slope of the response surface is large, the PCIb changes 
significantly, and the corresponding disease degree will be more suitable for model evaluation. In the same 
way, the same response surface test is performed on the effects of RQIb and SRIb on the six diseases to 
determine the degree of disease that the model is applicable to. L stands for for mild, M for moderate, and 
H for severe. The final test results are shown in Table 6. 

Table 6. Applicable conditions of the model. 

Disease name PCIb RQIb SRIb 
broken slabs L,M L,M M,H 

staggered platforms M,H M,H L,M 
cracks M,H M,H M,H 

exposed aggregates L,M M,H L,M 
broken corners L,M L,M M,H 

potholes M,H M,H M,H 

3. Results and Discussion 
After establishing a model for improving the performance of cement concrete pavement in seasonal 

frost regions under pre-curing conditions with the PCIb, RQIb and SRIb model parameters, the practicality 
of the model needs to be verified. We selected a section of Highway A in the seasonal frost regions, 
collected the detection data of the road performance mutation value of this section in the past 8 years, and 
fit the measured value with the evaluation value of the model in this paper and the existing model. 
Comparing the degree of fit, we judged whether the model established in this paper is better than the 
existing model. The fitting result is shown in Fig. 12. 

In Fig. 12, the abscissa is the actual measured value (Vm) of the road performance abrupt change, 
and the ordinate is the model evaluation value (Vp). The model evaluation value of Labi [10] and the 
measured value fit the determination coefficient (R2) of 0.955, and in Ker’s study [21], it is 0.904, while the 
R2 of the improved model established in this paper is 0.991, which proves that the performance 
improvement model established with the PCIb, RQIb and SRIb parameters has the best fitting effect. 

The samples of the same road section will make the test lack randomness, and the test results may 
have large errors. Therefore, the 6 road sections of the three roads A, B and C are again selected for 
verification by the actual measured road performance mutation values in the same year, as shown in 
Fig. 13. In Fig. 13, the edge of the radar chart is clockwise in turn with the numbers of the 6 road segments, 
and each layer has a fixed range of sudden changes. It can be observed that the broken line of the model 
evaluation value established in this paper is the closest to the broken line of the measured value, and the 
broken line of the other two models is relatively far from the broken line of the measured value. The reason 
is that the model established by Labi did not consider the influence of seasonal frost regions climate on the 
performance of cement concrete pavement; the parameters of the model established by Ker were not 
comprehensive enough and the evaluation accuracy was low. Therefore, after comparison and verification, 
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it can be known that the performance improvement model established with PCIb, RQIb and SRIb model 
parameters has a high evaluation level and good practicability. 

 
Figure 12. Fitting of PJ value. 

 

Figure 13. Histogram of PJ value. 

4. Conclusions 
1. Climatic factors have a significant impact on the performance of cement concrete pavement. The 

main disease types of cement concrete pavement in seasonal frost regions include broken slabs, staggered 
platforms, cracks, exposed aggregates, broken corners and potholes. The fitting correlation coefficients of 
PJ and PCI, RQI and SRI before maintenance are 0.9736, 0.9928 and 0.9878, respectively, and the 
correlation is obvious. The fitting correlation coefficients of PJ and PCI, RQI and SRI after maintenance 
are respectively 0.0471, 0.1312 and 0.0567, and did not show a significant correlation. 

2. Using PCI, RQI and SRI before maintenance as model parameters, a pavement 
performance improvement model under the pre-cured condition of cement concrete pavement in 
seasonal frost regions was established. The coefficients after regression analysis were –1.057, –2.324, 
and –1.845. The deterministic coefficient of the performance improvement evaluation model is 0.992, 
and the Sig. value is less than 0.05. The model has a high goodness of fit and a significant regression 
effect, which has statistical applicability. 

3. The applicable conditions of the model for improving the performance of cement concrete 
pavements in seasonal frost regions under pre-curing conditions are proposed. For PCIb, it is lighter for 
broken slabs, the degree of exposed aggregates and broken corners, and heavier for the staggered 
platforms, cracks and potholes. For RQIb, the degree of broken slabs and broken corners is lighter, and 
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the degree of staggered platforms, cracks, exposed aggregates and potholes is more severe. For SRIb, the 
degree of staggered platforms and exposed aggregates is lighter, and the degree of broken slabs, cracks, 
broken corners and potholes is heavier. The extent of the above diseases is the most suitable condition for 
the model, and the model has the best evaluation effect. 

4. The evaluation effect of the established model for improving the performance of cement concrete 
pavement in seasonal frost regions under pre-curing conditions is better than previous models, and it is 
more practical. In different periods of the same road section and the same period of different road sections, 
the performance improvement model and the improvement evaluation value of the existing model are 
respectively verified with the actual improvement value. The determination coefficient R2 of the 
improvement model established in this paper is 0.991. The determination coefficients R2 of Labi and Ker 
models are 0.955 and 0.904, respectively, which are lower than the R2 value of the improved model, with 
its improvement evaluation value more accurate than that of the existing model as well. 
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Abstract. The aim of the scientific work is to study the features of filtration under a defect of a polymer 
screen made of a geomembrane, where the movement of the filtration flow occurs with incomplete 
saturation of the soil with water. According to the results of experimental studies, local filtration is formed 
on the filtration tray under the screen defect with incomplete saturation of the soil with water, caused by the 
action of capillary forces and the presence of trapped air. The article presents the results of studies of a 
model of a polymer screen with a defect in the form of a slit with a relative width of 0.005 to 0.5. On the 
basis of studies in a soil flume and experimental pits with film screens, the average moisture content for 
sandy and loamy soil was established directly under the screen defect. According to the results of the 
calculations performed, the piezometric pressure along the screen slit significantly decreases with an 
increase in the permeability of the screen base and reaches negative values at relatively large values of 
the slit width. The filtration flow through the slit increases with an increase in the permeability of the base 
soil, and the width of the spreading zone of the filtration flow under the screen decreases. The urgency of 
solving this problem is due to insufficient study of the influence of moisture saturation of the base soil on 
filtration through a screen defect. 

1. Introduction 
Filtration through polymer screen damage was studied by a number of researchers, among them: 

S.V. Solsky and M.G. Lopatina [1], Yu.М. Kosichenko and O.A. Baev [2–6], A.V. Ishchenko [7, 8], M.A. 
Chernov [9], I.A. Pechenezhskaya [10, 11], J.R. Giroud [12, 13], K. Rowe [14], Touze-Foltz [15], G.R. 
Koerner [16–18] et alia. 

In the work of M.A. Bandurina [19], the software and hardware complex was developed to diagnose 
the technical condition of water supply facilities of irrigation systems, which provided for the detection of 
defects in the lining and subsoil base using acoustic and GPR non-destructive testing methods. 

In the last 10–20 years geosynthetic materials [20] have been increasingly utilized in small hydraulic 
engineering. They can successfully be used for environmental facilities industrial and household waste 
storage facilities, as well as canals and water bodies. 

The use of waterproof geosynthetic materials on irrigation canals is considered promising, where 
losses reach 30 %, of which 80–90 % are due to filtration [4]. Currently, the efficiency of most irrigation 
canals is 0.75–0.80, and if seepage-control lining used with geosynthetic materials, the efficiency will reach 
0.97–0.98 [4]. Thus, the seepage-control effect of geosynthetic materials on the canals can be around 20–
30 %. 

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0003-0142-4270
https://orcid.org/0000-0002-9648-6441
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Although geosynthetic linings are highly reliable, they can still have various damages during 
construction and operation. As a result, a significant amount of research was performed on the water 
permeability of polymer screens and lining. 

Among these works, an article by the authors [5] is worth mentioning, where various methods for 
calculating the water permeability of polymer screens are considered: experimental, theoretical and 
experimental-theoretical. Based on the results of the theoretical formulas, it was established that 
calculations according to Yu.М. Kosichenko and V.Н. Zhilenkov gives close values of specific filtration flow 
through a continuous slot, and according to the formula of V.N. Nedriga, a significant discrepancy of up to 
30–50 % was obtained. When analyzing the filtration flow through a slot in a polymer geomembrane by a 
number of design dependencies, including J.P. Giroud [12], the results are consistent with each other. 
However, using the R.K. Rowe formula [14] a discrepancy of up to 75 % appears, which can be explained 
by their rather complex appearance and the need to use special functions. 

Another article by the authors [6] investigates the problem of water permeability of a polymer screen 
from a geomembrane through a system of slots. The solution to this problem was obtained using the method 
of conformal mapping and speed travel time curve. Here a comparison with J.P. Giroud's formula gives a 
large discrepancy between 67 % and 128 % depending on the slot width, which is fundamentally different 
from other formulas as it uses the law of non-linear filtration and empirical coefficients from field studies. 

In the works of foreign authors [13, 15] an empirical equation for calculating the velocity of fluid flow 
through the composite lining due to defects in the geomembrane was obtained. Three types of damage 
were considered (circular, infinite length damage and cracked defects) and three types of contact 
(“excellent”, “good” and “bad”). 

The forecast of the longevity of geotextiles and geomembranes is discussed in the article [16]. The 
half-life of unexposed (or coated) high density polyethylene (HDPE) geomembranes with a thickness of 
1.5 mm (with a value of 50 % retained strength and elongation) was approximately 450 years. Laboratory 
tests were conducted over a period of 12 years. The situation is completely different for open geosynthetic 
materials. They are directly affected by ultraviolet radiation and higher temperatures, which shorten their 
lifetime. The ratio of unexposed to exposed samples for the HDPE geomembrane is 7 units. Research 
results for geomembranes range from 47 to 97 years, which took 12 years of laboratory testing to achieve. 
These results are considered to be the most interesting and were first obtained by the authors. 

However, the data given on the durability of closed geomembranes in [17] is considerably 
overestimated. Thus, according to our calculations [4] (based on the formula derived from the Rice 
distribution), the predicted (calculated) service life of geomembranes with protective lining made of 
rubblework is 130 years. As for open geomembranes without protective lining, according to our field 
observations, their service life may not exceed 25 years. “Similarly”, “Texpolimer” guarantees the service 
life of HDPE and LDPE geomembranes at least 25 years. Carpi's field and laboratory research [21] also 
showed that permanent open geomembranes have a service life of over 50 years, and for geomembranes 
under water, 200 years. The Federal Institute for Materials Research in Berlin (BAM) conducted a thorough 
365-day life cycle test of bentonitic mats [22]. The test results were then extrapolated using the Arrhenius 
method, which established a period of 200 years for the use of bentonite coverings, confirming the data 
previously considered. 

Overseas, there is also considerable focus on the application and research of geosynthetic materials 
(geomembranes) and bentonitic mats (GCL). The article [23] discusses laboratory studies of the capacity 
of conventional and multi-component geocomposites for five different bentonite clay inserts and a number 
of different geomembranes (GM). The impact of a 4 mm round defect in the lining of a multi-component 
geosynthetic material (GCL, geosynthetic clay liner) directly below a 10 mm diameter slot in the 
geomembrane was investigated.  

The canal lining is used to reduce water losses during irrigation [24]. The use of geosynthetic 
materials, which have been widely used in construction areas, in combination with concrete or as a separate 
material by replacing concrete with geosynthetic material, is the most economical method for canal lining. 

The influence of a defect in the geomembrane on water filtration in groundwater dams and methods 
of filtering control are discussed in this paper [25]. Defects in the geomembrane can lead to potential 
hazards for the dam with the geomembrane on its surface, so three-dimensional saturated infiltration fields 
with different sizes of defects in the geomembrane were simulated using the finite element method. The 
process of filtering through faulty geomembranes was simulated using methods of removing faulty elements 
and increasing permeability. The results show that seepage caused by defects have a significant impact 
on the local seepage field near the defects and have little effect on other parts of the dam. 

A general scheme for calculating the flow rate of a liquid through a composite lining (geomembrane 
+ subsoil base) with slots is presented in [14]. Solutions obtained for a round slots and a damaged fold can 
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be used to interpret field conditions and analyse data on the field seepage. A number of existing solutions 
have been obtained from the general solution as individual cases. 

The durability of open geomembrane lining is discussed in the article [17, 18]. Factors such as 
ultraviolet radiation, elevated temperatures and oxygen exposure reduce the life of the geomembrane. 
Ultraviolet fluorescent lamps were used in the studies, where five different geomembranes were evaluated. 
Each material was examined at temperatures ranging from 60 to 80 °C, with a 50 % reduction in strength 
and elongation. The results obtained by the authors are similar [17]. 

It is known that if all base soil pores are completely saturated with water, the filtration flow will be 
maximised. In case of incomplete soil saturation of the base (according to S.F. Averyanov) the movement 
of liquids takes place in a three-phase system: soil-liquid-gas skeleton. Water permeability in this case will 
depend, in addition to the factors determining the filtration coefficient, also on the humidity or saturation 
degree )ω( . 

Liquid movement when the ground is not fully saturated is carried out by a partially filled capillary at 
the walls, so if there is air and water in the ground pores, water will adjoin the skeleton directly and air will 
be inside the water. Given these circumstances, S.F. Averyanov obtained the following relationship 
between the filtration coefficient at partial saturation and the filtration coefficient at full saturation as follows: 

5.3

1

o
ω
ωω

ω 







−
−

⋅=
m

KK                                                                  (1.1) 

where ωK  and K  are water permeability coefficients, respectively, at partial and full saturation, m/day; 

ω  is humidity in the experiments, at which the value of ωK  was determined, %; m is humidity 

corresponding to full porosity, in % of the mass of dry soil, %; 1ω  is humidity at which the permeability was 

highest in the experiments, %; oω  is humidity corresponding to bound water, %. 

The dependency analysis (1.1) shows that the bracketed expression will always be less than one 
and will give an even smaller value when raised to 3.5. Based on the above, the value of the filtration 
coefficient at partial saturation will almost always be lower than at full saturation )(K . 

A review of domestic and foreign sources shows that the study of water permeability was carried out 
mainly only with full saturation of the filtration area. However, in real conditions, when local filtration is 
observed through screen defects of a small size, it will occur with incomplete water saturation of the pores 
of the foundation soil. A number of scientists (S.F. Averyanov, P.Ya. Polubarinova-Kochina, D.F. Shulgin 
and others) have already proved that for some tasks: drip and subsurface irrigation, incomplete moisture 
saturation during filtration will be very characteristic. 

In this regard, it is urgent to solve the problem of incomplete moisture saturation of the base soil 
when filtering through a defect in the polymer screen. The aim of the study was to study the features of 
filtration through a defect in a polymer screen in a soil base with incomplete moisture saturation. Research 
tasks include: 

− description of a soil filtration flume with a screen model made of a polymer geomembrane; 
− carrying out experimental studies at different reduced width of the screen slit; 
− presentation of the experiments carried out on a filtration pan with incomplete water saturation in 

the soil base; 
− consideration of the theoretical problem of incomplete moisture saturation by the source-runoff 

method; 
− comparison of calculations of filtration from a gap of a polymer screen at full and incomplete 

moisture saturation. 
The object of research is a model of a polymer screen with a defect in the form of a gap, the subject 

of research is the process of filtration through a defect of a polymer screen in a soil base with incomplete 
moisture saturation. 

2. Methods 
A soil filtration tray 1.4×2.0×0.47 m was used for the studies. The model of the seepage-control 

blanket made of a polymer geomembrane with a protective lining was made of a 0.2 mm thick polyethylene 
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stabilised film at a linear scale of 1:5, which corresponds to a life-size 1.0 mm thick polymer geomembrane. 
Water was supplied from the pressure tank and drained through the side pockets. 

At the bottom of the tray, a drainage layer of 20–40 mm crushed stone was laid to drain water into 
the side pockets. The use of thin polyethylene film on the model created a tight fit of the screen to the base. 
Medium sand was used for the protective layer. 

Fine sand filtration coefficient in the ground base of the screen at full saturation with water is 
8.4=K  m/day, porosity %87.39=n , humidity corresponding to bound water %7.3ωo = . 

Experiments were carried out for two cases: 0δo =  without and with the protective layer 10δo = . Screen 

pressure was 2.0=H  m. The given width of the slot in the film screen )/( hm  was taken from 0.005 to 
0.5. 

Ground humidity under the screen slot was recorded by laboratory analysis of samples taken 
immediately after the experience was stopped once the established filtering process had been achieved. 
Sampling sites were taken under a screen slot at a depth 0=h  and 10 cm. 

3. Results and Discussion 
The results were obtained on the filtration tray at different relative depths of humidity measurement 

from the screen 0/ =Hh ; 5.0  and at different adduced widths of the slot in the screen 005.0/ =hm ; 
025.0 ; 05.0 ; 25.0 ; 5.0  (Table 3.1). 

Table 3.1. Results of experimental studies on the soil filtration tray. 
Width 

Screen slots, 
hm /  

0/ =Hh  5.0/ =Hh  

1ω , % oω  μ  1ω , % oω  μ  

Without protective layer )0/(δo =H  

0.005 14.31 0.448 0.060 15.34 0.491 0.083 
0.025 15.20 0.485 0.080 16.37 0.535 0.112 
0.05 15.58 0.501 0.089 19.31 0.659 0.233 
0.25 19.74 0.677 0.256 22.10 0.777 0.413 
0.5 19.60 0.671 0.255 21.92 0.769 0.400 

With protective layer )5.0/(δo =H  

0.005 14.10 0.439 0.056 15.04 0.479 0.076 
0.025 15.00 0.477 0.075 15.90 0.515 0.098 
0.05 14.83 0.470 0.070 16.16 0.525 0.105 
0.25 19.20 0.654 0.226 21.69 0.759 0.382 
0.5 19.50 0.669 0.242 20.43 0.706 0.295 
 

The following designations were used in the calculations (except for the above-mentioned):ω  is 
ground humidity measured in the experiment, %; 1ω  is water-saturated ground humidity of the screen base, 

taking into account a certain amount of pressurized air, %; )ωω/()ωω(ω o1o
o −−=  is relative ground 

humidity in the experiment; 
1ωω /μ KK=  is ground saturation coefficient of the base; water permeability 

coefficient of the base ground at humidity 1ω  was assumed to be equal to  

10.1
1ω =K m/day; water permeability coefficient at full saturation of the ground pores ωK  was determined 

using S.F. Averyanov's formula (1). 

From the analysis of the data given in Table 3.1, it can be concluded that the humidity and 
permeability of the base soil under a screen slot depends on the opening width. As the size of the gap 
increases, moisture and ground permeability increase [26, 27]. This is because as the width of the slot 
increases, the flow of water filtered through the slot into the sub-screen base increases, thereby increasing 
the saturation of the area and thus its permeability. With a protective layer of screen, the permeability of 
the soil under the screen slot is reduced compared to the case without a protective layer. In all the cases 
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studied, the saturation coefficient µ  in relation to the maximum possible ground permeability in the tray 

near the slot varies from 0.06 to 0.4 and relative humidity oω  from 0.44 to 0.77. 

The average value of relative humidity at practically possible slots )05.0/( <hm  for sandy ground 
conditions of the screen model base was 0.45–0.55. 

If there are loamy soils at the base of polymer screens, we will determine the relative humidity using 
the results of “VNIIGIM” (All-Russian Scientific Research Institute of Hydraulic Engineering And Melioration 
named after A.N. Kostyakov) field observations on open pits. According to these experiments, the maximum 
humidity of loamy soil under the film screen was 18–22 %; the average humidity at full saturation of the soil 
was 41 %; and the natural humidity was 5–7 %. According to the provided data, the average relative humidity 
of loamy soil, taking into account natural humidity, can be assumed to be between 0.35 and 0.45. 

On the basis of the experiments carried out, it can be noted that when filtering through a slot in the 
polymer screen, the following proportions will generally be observed for practically possible sizes 

)05.0/( <hm  in the sub-screen base: 

ωωω1o 1
orωωω KKKn <<≤<< ,                                                   (3.1) 

i. e. accordingly, the soil humidity and water permeability the coefficient of the filtration zone under the 
screen slot will be lower than the soil porosity and filtration coefficient at full saturation. 

Thus, as a result of experiments on the physical model, it was established that under the slot of the 
film screen, the movement of water takes place with incomplete water saturation caused by capillary forces 
and the presence of entrapped air in the ground. The movement of the filtration flow through the small 
damage is usually accompanied by the formation of two zones in the sub-screen base. The full saturation 
zone directly at the screen damage and the partial saturation zone surrounding it. Therefore, in order to 
clarify the calculations of filtration through screen damage, it would be advisable to take into account the 
incomplete soil saturation of the filtration zone at the sub-screen base. 

Let us further consider theoretical solutions using the source-sink method as a justification for 
experimental models of incomplete water saturation of the base soil with the polymer screen damage [26, 
27]. Replacing the slots with linear ones and the slots in the polymer screen with point sources and using 
a model of water transfer in an unsaturated environment, we will show the possibility of taking into account 
the incomplete saturation of the filtration area in the calculations of the polymer screen water permeability. 
For this purpose, we will use theoretical models [27] for non-stationary water transfer tasks in drip and 
inland irrigation. We assume that the sources are on the surface of the base where the screen is damaged, 
there is no evaporation from the surface of the base, and the initial moisture distribution in the base soil 
thickness is homogeneous and equal constω),,,ω( o ==ozyx . 

Then the task of distribution of moisture in the sub-screen base through N  sources (screen damage) 
by the intensity ),1()( Nitq ==  and located in the plane OXY  coinciding with the surface of the screen 
will be reduced to the next marginal non-stationary task of moisture transfer [26] in the area 

{ }0,,;0);,,,( ≥∞<<−∞≥=Ω tyxztzyx : 
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Under initial and boundary conditions: 

oω),,,ω( =ozyx ; )(ω),,,ω( oo ∞→= Zozyx ,                                  (3.3) 

where ),,,ω( ozyx  is volume humidity; 
)ω(
)ω()ω()ω(

d
dKD Ψ

=  is capillary diffusion coefficient; 

0γ/ρ)ω( <=Ψ  is capillary potential; )ω(K  is moisture conductivity coefficient; δ  is dirac delta function. 

The last term in equation (3.2) characterises the presence in the plane OXY N  of intensity sources 
)(tqi ; 0,, =zyx ii  are coordinates of the i-th source; the axis OZ  is directed vertically downwards. 

The solution of equation (3.3) of a nonsteady problem for a semi-limited region in the presence of a 
point source, obtained by S.N. Novoselsky [26], is generally presented: 
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where 
ζ2

ρ 2.1
1.2

yy  −
= . 

When calculating the dependencies (3.3)–(3.6), the average value of the capillary diffusion coefficient 
)ω(D  shall be set using the dependencies of capillary potential )ω(Ψ  proposed by A.I. Golovanov. Based 

on a numerical calculation, it is possible to determine the expenditure through screen damage (sources) 1q  
at any point in time. 

For an approximate assessment of filtration seepage through polymer screen damage, it is sufficient 
to consider the filtration coefficient at partial saturation ωk  instead of the underside of the screen at full 

saturation 2k  in the previously obtained analytical dependencies: 
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;/ ωω KqB s=∞                                                                        (3.9) 

where ωsq  is specific flow rate of filtration through the slot of the polymer screen taking into account the 

filtration coefficient at partial saturation, m2/day; ωB  is filtration flow spread width under the screen, m; 

1ωh  is piezometric pressure in the slot taking into account partial saturation, m; ω1ω /σ Kk=  is ratio of 

the filtration coefficients of the protective layer and the underlying base; cH  is capillary vacuum of the base 

soil, m; α  is a parameter determined from the equation of type )α()/( 1c1 FHhmm =+=  using a special 
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table [2]; m is polymer screen slot width, m; 0h  is water depth in the canal (reservoir), m; oδ  is thickness 
of the protective layer of the screen, m. 

On the basis of the experiments [5] and available field research data on pilot pits and film screens [2], 
the average humidity for sandy ground directly under the screen damage shall be set within the limits 

55.045.0ωo −= , and for loamy ground - within the limits 45.035.0ωo −= . 

As an example, filtration calculations from a slot in a polymer screen with a protective coating were 
performed with the following input data: 0.50 =h  m; 5.0δo =  m; 1.01 =k  m/day for the protective ground 

layer; 2 1.0k =  m/day for the underlying substrate; 3.0c =H  m. In addition, calculations were made taking 

into account the incomplete saturation of soil at 5.0ωo =  in the filtration zone under the polymer screen. 
The calculation scheme is shown in Fig. 3.1, and the results of the dependencies (3.6)–(3.9) calculations 
for the different slot widths m  are shown in Table 3.2. 

4

1
k1 m ω1h

h0

ωsq

ωB

ω∞B

ωk

1ω

2ω

3ω

2
3

оδ

 
Figure 3.1. Calculation scheme of filtration through the slot of the screen  

from the geomembrane taking into account the incomplete saturation of the base soil under the 
screen: 1 – the screen from the geomembrane; 2 – the slot in the screen; 3 – the contours of 

different ground humidity of the base soil under the slot in the screen 1ω , 2ω , 3ω ;  
4 – the zone of filtration flow spreading. 

 
Table 3.2. The results of the calculation of filtration from a polymer screen slot with a 

considered complete and incomplete base saturation. 

hm / , 1h , m  1ω.1h , m sq , 
m2/day 

ωsq , 
m2/day 

B , m ωB , m ∞B , m ω∞B , m 

0.005 
2.27 

0.0615 
4.98 

0.129 
0.218 

0.0193 
0.619 
0.104 

1.13 
1.29 

0.218 
2.37 

0.025 
2.30 

0.0388 
5.00 

0.161 
0.275 

0.0243 
0.772 
0.131 

1.36 
1.61 

0.275 
2.83 

0.005 
2.32 

0.0187 
5.01 

0.180 
0.311 

0.0275 
0.862 
0.151 

1.53 
1.80 

0.311 
3.17 

0.25 
2.37 

–0.0346 
5.04 

0.250 
0.422 

0.0373 
1.195 
0.213 

1.98 
2.50 

0.442 
4.19 

0.5 
2.43 

–0.105 
5.05 

0.298 
0.543 

0.0480 
1.422 
0.261 

2.36 
2.98 

0.543 
4.98 
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Note: 1. The numerator shows the values of the calculated parameters at full saturation 1.01 =k  m/day and the 

denominator at full saturation 0.12 =k  m/day. 

2. Without fractions, the values of the calculated parameters in case of incomplete saturation at the sub-screen base 

where 5.0ωo = ; 0884.0)ω( 5.3o
2ω == kk  m/day. 

As can be seen from these calculations, the piezometric pressure along the screen slot )( 1h  falls 
significantly as the permeability of the screen base increases and reaches negative values at relatively 
large slot widths ( 01.0>m  m). Apparently, the negative values of piezometric pressure here are related 
to the phenomenon of capillary suction (vacuum) when the filtration flow moves under the screen slot with 
incomplete water saturation [32, 33]. 

Table 2 shows that the filtration flow through the slot increases with both the permeability of the base 
soil and the size of the slot, while the width of the spreading area of the filtration flow under the screen, in 
contrast, decreases with increasing permeability. Filtration with full saturation is characterised by a small 
flow spreading width less than the capillary spreading zone )2( cHB < . This is because there is local 
filtration underneath the screen slot with incomplete pore saturation and therefore the solid flow zone is 
narrower than the capillary spreading zone. 

At the same time, it should be noted that the filtration flow parameters from the polymer screen slot 
differ significantly in the case of incomplete saturation of the base soil (the filtration coefficient for incomplete 

saturation is determined using formula S.F. Averyanov's formula for relative humidity 5.0ωo = ). The 
pressure along the slot and the width of the spreading area below the screen more than doubled (Fig. 3.2). 

h1, m q, m3/day

2.2

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4
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0.08

0.06
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– in the presence of complete 
moisture saturation

– taking into account 
incomplete moisture saturation

ωiq

ωih1

ih1

iq

t, hour

0 5 10 15 20 25 30 35 40  
Figure 3.2. Comparative results of calculations of moisture permeability  

of bentomats in the presence of defects. 
The graph (Fig. 3.2) show the change in filtration flow through a single bentonite covering damage 

at full iq  and partial ωiq  water saturation, as well as the change in pressure at the point of damage at full 

ih1  and partial ω1ih  saturation, respectively. At full saturation, the cost curve drops from maximum to zero 

at 5.37=t  hours, while at partial saturation – it drops slowly. In contrast to flow curves, the pressure 1h  
at the fault location changes slowly up to 25=t  hour and then drops sharply to some minimum value.  

4. Conclusions 
1. Studies carried out on a soil filtration tray with a geomembrane screen model and slot damage 

with a fine sand substrate showed that the filtration flow through the slot moves into the sub-screen 
substrate with incomplete water saturation caused by capillary forces and the presence of entrapped air. 
With a protective screen layer, the permeability of the soil under the screen slot in the filter area is reduced 
compared to the case without a protective screen layer. In all the cases studied, the soil saturation 
coefficient in relation to the maximum possible soil permeability in the tray near the slot varies from 0.06 to 
0.40 and relative humidity from 0.44 to 0.77.  
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2. Using theoretical solutions, the source-drain method and the unsaturated water transfer model, 
where slots can be replaced by linear ones and the slots in the polymer screen – by point sources, it is 
shown how solutions can be obtained for non-stationary water transfer tasks under the screen, which are 
used in drip and subsoilwater irrigation. 

3. Specially performed calculations for the example show that the specific filtration flow from a 
polymer screen slot at partial saturation )( ωsq  decreases compared to full saturation (in the fraction 

denominator) depending on the width of the slot, the pressure in the slot 1h  increases from 2.27 to 2.43 m, 
and in the sub-screen base drops from 0.0615 to minus 0.105 m, which is due to the appearance of a 
vacuum, with the width of the spreading area of the filtration flow directly below the screen ωB  at in infinity 

ω∞B  increasing by approximately two times. 

4. The results of moisture permeability of bentomat in the presence of defects were also obtained. 
They show changes in flow rates and pressures at full and incomplete moisture saturation. 
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Abstract. The paper presents research results of heavy metal ions sorption from a model solution and 
wastewater of an electroplating enterprise under static conditions. The purpose of this work is to develop a 
technology of tertiary treatment of electroplating production wastewater from heavy metals to achieve MPC 
levels for fresh fishery water bodies using local powder sorption materials. The authors examined such 
sorbents as modified clay (MC) obtained by thermal modification of its natural components (montmorillonite, 
kaolinite, peat, dolomite), as well as certain primary components and their mixtures without thermal 
modification. The studies were conducted at low initial concentrations of heavy metals (from 0.002 to 
2.8 mg/l) characteristic of wastewater subjected to tertiary treatment. The concentration of heavy metals in 
wastewater was determined by inductively coupled plasma optical emission spectrometry on Avio™ 200. 
The research demonstrated that the contact time required to achieve the equilibrium of the treated 
wastewater and the modified clay sorbent varied from 60 to 120 minutes for the investigated heavy metals. 
Taking into account the time required to reach the MPCs of heavy metals for fresh fishery water bodies, 
the estimated contact duration of 90 minutes was recommended. The calculated dose of the modified clay 
sorbent, sufficient for tertiary treatment of acid-base wastewater of electroplating production to the MPC, 
was 1 g/l. Experiments with unmodified materials conducted on a multicomponent model solution showed 
that montmorillonite had the best sorption properties, ensuring the achievement of MPC for all metals, 
except aluminum, at doses from 0.1 to 0.9 g/l. Peat was the most effective in extracting nickel to MPC with 
its estimated dose being 0.1 g/l. Dolomite turned out to be the only material that provided the removal of 
aluminum to MPC at a dose of 1 g/l. The obtained results suggest that it is possible to increase the efficiency 
of heavy metals removal by selecting sorbent mixture without thermal modification and with mixed sorbent 
dose of 1–1.6 g/l. The authors recommend a technology of tertiary treatment of acid-base wastewater of 
electroplating production. This technology is to carry out the sorption process under static conditions using 
powder sorbents based on local natural materials, followed by separation of the spent sorbent with a 
precoat cartridge filter. 

1. Introduction 
Contamination of water resources by heavy metals is an enormous environmental problem. For 

example, the quality of the Kuibyshev reservoir waters in 2009–2018 varied from "polluted" to "dirty". In 
2018, compared to the period of 2008–2017, water pollution from copper compounds increased by 47 % in 
the area below Samara, the excess of contamination for manganese varied from 3 to 6 MPC values of 
heavy metals for fresh fishery water bodies, and the excess of cadmium reached up to 2 MPC values. The 
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main part of heavy metal pollution is caused by discharges from electroplating enterprises. Their 
wastewater is characterized not only by a diverse composition of pollutants, but also by the irregularity of 
the incoming wastewater. Paper [1] states that the wastewater of electroplating plants contains such 
elements as cadmium and lead, which are highly dangerous, while aluminum, iron, manganese, copper, 
nickel, chromium (VI) and zinc are referred to as moderately dangerous substances. Therefore, the degree 
of purification at local treatment facilities of industrial enterprises should be high, and the technologies used 
should provide the required efficiency.  

The choice of physical and chemical methods of wastewater treatment from heavy metals depends 
on such initial parameters, as the volume of wastewater, the concentration of metals to be removed, and 
the total salt content [2–4].  

Chemical precipitation is considered the most common method due to its simplicity and low capital 
costs. This method is widely used for the treatment of highly concentrated wastewater, including industrial 
wastewater subjected to tertiary treatment. The most frequently used reagents are slaked and quicklime, 
as well as soda ash. At the same time, even though the reagent method is used everywhere, it does not 
allow to achieve the required quality of purified water [2]. The purification process is complicated by the fact 
that each metal has its own pH range, at which the maximum precipitation of insoluble hydroxide occurs. 
Table 1 shows data on the efficiency of heavy metals precipitation from single- and multicomponent 
solutions at optimum pH values. 

Table 1. Efficiency of chemical precipitation of heavy metals at optimum pH values. 

Metals 
Initial 

concentratio
ns, mg/l 

Final 
concentrations 

after 
neutralization, 

mg/l 

MPCs of 
heavy metals 

for fresh 
fishery water 

bodies 

Reagents used Optimum pH Referenc
es 

Cr (III) 30 0.01 0.07 Ca(OH)2 8.7 [2] 

Cu (II)* 48.51 0.694 0.001 
aeration+ 

Ca(OH)2 or NaOH 
12  

Zn (II)** 32 0.22-0.32 0.01 CaO 9–10 [2] 

Cu (II), 
Zn (II), Cr 
(III), Pb 

(II) 

100 

0.14 
0.45 
0.08 
0.03 

0.001 
0.01 
0.07 

0.006 

CaO+ ash dust 7–11 [2] 

Fe (III)** 
Co (II) 
Ni (II) 
Cr (III) 
Cu (II) 
Zn (II)  
Cd (II)  
Pb (II) 

1.6  
1.8 
6.5 

101.6 
4.5 
6.9 
5.3 
1.7 

0.928 
0.11 
0.05 
2.12 

0.079 
0.102 
0.014 

0.1 

0.1 
0.01 
0.01 
0.07 

0.001 
0.01 

0.001 
0.006 

CaO 8 [5] 

Al 215.9 – 0.04  NaOH 5.5–7.5 [6] 
*Cuprammonium solution  
**Multi-component solution  
 

The disadvantages of this method are the large amount of precipitation generated, and, as Table 1 
shows, the concentrations after treatment are more than MPCs of heavy metals for fresh fishery water 
bodies. Thus, an additional wastewater treatment is required afterwards. 

The method of ion exchange makes it possible to achieve the MPCs of heavy metals for fresh fishery 
water bodies during wastewater treatment. The main disadvantages of ion exchange are the competition 
of metals in multicomponent solutions for active ion exchange centers, the interfering influence of Н+, К+, 
Na+, Ca2+, Mg2+ cations contained in the source water, the need to use chemical reagents for ionite 
regeneration, and the complexity of spent regenerating solutions treatment [3]. Due to high operating costs, 
ion exchange is economically feasible only when demineralized water is required. 

Membrane filtration technologies with different types of membranes show great promise for heavy 
metals removal for their high efficiency, easy operation and space saving. When using ultrafiltration, it is 
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necessary to bind heavy metals into compounds whose particle size exceeds the pore size of ultrafiltration 
membranes. Two methods of water pre-treatment are used for this purpose. The first method involves 
surfactant molecules able to aggregate into micelles that can bind metal ions to form large metal-surfactant 
structures. The second method is based on water-soluble polymers that combine with metal ions and form 
macromolecules having a higher molecular weight than the molecular weight cut off of the membrane [2]. 
In reverse osmosis and ultrafiltration, semi-permeable membranes are used to trap hydrated heavy metals. 
Electrodialysis is another membrane process for the separation of ions across ion-exchange membranes 
from one solution to another using an electric field as the driving force. However, such disadvantages as 
high cost, the need for pre-treatment, the large amount of concentrates produced and the cost of their 
purification, mineral deposits on the surface of the membranes and frequent regeneration with reagents 
limit their use for the removal of heavy metals [7]. 

Among electrochemical methods of wastewater treatment from heavy metals, electrocoagulation and 
electroflotation are most well-known. Electrocoagulation involves the generation of coagulants in situ by 
electrolytic dissolution of aluminum or iron electrodes. The metal ion generation takes place at the anode, 
and hydrogen gas is released produced at the cathode. The hydrogen gas can help to float the flocculated 
particles out of the water. Electroflotation is a solid/liquid separation process that floats pollutants to the 
water surface by tiny bubbles of hydrogen and oxygen gases generated from water electrolysis. 
Electrochemical methods of wastewater treatment from are highly effective, especially at high initial 
concentrations of heavy metals. They are tightly controlled and require fewer chemical substances. 
Besides, they provide high-quality purification of wastewater with little precipitation. However, high initial 
investment and significant energy consumption limit the widespread use of electrochemical methods [2, 7]. 

Over the last years, researchers considered various sorption materials for removal of heavy metals 
from wastewater. They made use of such sorbents as activated carbon [8, 9], peat [10], dolomite [11], 
paper-and-pulp industry wastes [12, 13], natural [14–16] and synthetic zeolites [17]. Activated carbons with 
their high cost are characterized by low efficiency in removing heavy metals [18]. 

The experiments on using natural and modified clays seem most interesting [18–27]. Clay-based 
sorbents demonstrated high binding capacity for ions of heavy metals. Clays are widely distributed and 
inexpensive, and when modified, their sorption capacity increases significantly [23, 24, 27]. Montmorillonite 
and its modified forms have a higher sorption capacity to metals than kaolinite [24]. Adsorption of heavy 
metals by clay minerals is explained by ion exchange mechanism, direct binding of metal cations to the 
surface of the sorbents, as well as surface complexation. Many researchers note an increase in the 
aluminum concentration in water after its interaction with sorbents containing clay. It is explained by the the 
ion-exchange nature of interaction and release of aluminum contained in clay during it [26, 32]. In the study 
of acid-modified clays, researchers note a high rate (within 5–10 minutes) of metal adsorption and the 
achievement of maximum recovery rates after 30 minutes. Thus, maximum values of the exchange capacity 
at pH = 5.5 for metal ions were as follows: 45 mg/g for iron; 50 mg/g for copper; 48 mg/g for zinc; 89 mg/g 
for lead [5]. The study of sorption properties was carried out at high initial concentrations, which makes it 
impossible its application in the calculation of tertiary treatment facilities for low-concentrated wastewater. 

This work continues a whole series of studies on the sorption properties of sorbents based on natural 
materials [29–31]. The purpose of this work is to develop a technology for tertiary treatment of pre-treated 
wastewater from electroplating production from heavy metals to the MPCs for fresh fishery water bodies 
using local sorption materials. To do this, the researchers aim to establish the contact time required to 
achieve the equilibrium between the treated wastewater and the sorbents used; to determine calculated 
doses of recommended sorbents; to find a solution for separating the suspension of the spent sorbent from 
the treated water; to develop a schematic diagram of treatment facilities. 

2. Methods 
The sorbents analyzed included a thermally modified mixture of natural materials, mainly clays. Other 

individual components that are part of this mixture (without thermal modification and binder) included 
montmorillonite, kaolinite, peat and dolomite as well as a sorbent agent consisting of a composition of these 
natural components. The composition of sorbents and the methods of their preparation are shown in  
Table 2. 

 

 

 

 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/complexation
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Table 2. Composition of sorbents and methods of their preparation and production. 

Sorbent Production method Composition, weight by dry 
mass Symbols 

Dolomite powder 

Drying to a constant weight at 
105 °C and grinding in a ball 

mill to a particle size less than 
0.1 microns 

– D 

Kaolinite The same method – K 
Montmorillonite The same method – M 

Peat The same method  – P 

Modified clay 

Preparation of the initial 
components, as indicated 
above, mixing with water, 

thermal modification at 
500 °C, grinding to a particle 
size of less than 0.1 microns 

10 parts montmorillonite, 10 
parts kaolinite, 10 part of 
peat, 1 part of dolomite 

MC 

Sorbent mixture 

A mixture of natural 
components prepared as 
described above without 

thermal modification 

5 parts of montmorillonite,  
4÷10 parts of dolomite, 

1 part of peat 
SM 

 

When studying the sorption kinetics in each experiment, a sorbent portion of 0.50±0.03 g was added 
to 200 ml of wastewater (a dose of 2.5 g/l) at a temperature of 20±1 °С, the mixture was mixed with a 
magnetic stirrer. A water sample was taken after a specified time (5-120 min) of "sorbent-solution" contact 
and filtered through a paper filter with a pore size of 2-3 microns. Then the concentration of heavy metal 
ions was determined. 

Experiments under static conditions were carried out at a temperature of 20±1 °С by contacting a 
sample of wastewater with sorbent doses of 0.1–1 g/l while mixing with a magnetic shaker and a contact 
duration of 90 minutes. Before determining the concentration of heavy metals in purified water, the sample 
was filtered through a paper filter with a pore size of 2-3 microns. 

The effect of coagulation and flocculation on the intensification of the process of sorbent separation 
from the purified water was studied by the test coagulation. To do this, the suspension of the sorbent after 
90 minutes of contact with the wastewater was poured into laboratory cylinders, a 1 % solution of the 
coagulant was injected into it with a dose of 10-50 mg/l of Al2O3 and rapid mixing was carried out at a speed 
of 500 min.- 1 for 20 seconds. Then the mixing speed was reduced to 120 min.- 1 and slow mixing was 
carried out for 2 minutes. If the experiment involved the use of flocculant, then after two minutes of slow 
mixing, a 0.05 % solution of flocculant was added with a dose of 0.4–2 mg/l and slow mixing continued for 
another 5 minutes. After mixing was completed, settling was carried out in the same cylinders, or the 
suspension was poured into a Lisenko vessel with a water layer height of 350 mm, in which the kinetics of 
precipitation and compaction of the suspension were observed. After 30 minutes of settling, samples of 
purified water were taken. 

The studies were carried out on model solution and on real wastewater. A model solution was 
prepared by dissolving salts CuSO4∙5Н2О, Cd(CH3СОО)2∙2H2O, FeCl3∙6H2O, NiCl2∙6H2O, ZnCl2, 
Pb(NO3)2иandAlCl3∙6H2O, chemical pure (CP) and analytically pure (AP) grades in distilled water. The 
concentrations of metals in the model solution with pH = 5.5 were, mg/l: copper – 0.0081; cadmium – 
0.0211; iron (III) – 1.023; nickel – 0.152; zinc – 0.098; lead – 0.0512; aluminum – 0.9971.  

Real wastewater of electroplating production was collected at one of the enterprises of the Samara 
region. At the existing treatment facilities of this enterprise, chromium (VI) is recovered with sodium sulfite 
in an acidic environment. After that, chromium-containing wastewater is mixed with acid-base wastewater 
and the mixture is alkalized with caustic soda, followed by the separation of the resulting chromium (III), 
copper, cadmium, iron, nickel, zinc, lead and aluminum hydroxides in the precipitation plant. The treated 
wastewater is disposed into the city sewer network. Since the existing treatment facilities did not always 
correctly fulfill wastewater neutralization, the samples of treated wastewater from electroplating production 
were alkalized to pH = 8 and then additionally settled for two hours. The resulting clarified water was used 
in experiments as the original real wastewater. The initial concentrations of metals during the experiment 
were (mg/l): copper 0.0036 – 0.0389; cadmium 0.0022–0.0561; iron (III) 0.154–3.31; nickel 0.011–0.529; 
zinc 0.059–0.121; lead 0.008–0.0521; aluminum 0.643–2.81. The total salt content of this wastewater was 
834–950 mg/l. 
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The concentration of heavy metals in wastewater was determined at all treatment stages by 
Inductively coupled plasma optical emission spectrometry on Avio™ 200 according to Environmental 
Federative Specification Document (EFSD = [PNDF] in Russian transcription) 14.1:2:4.135-98 "Methods 
for measuring mass concentration of elements in drinking water and wastewater samples by inductively 
coupled plasma atomic emission spectrometry". The measurement errors for each element are calculated 
in the tables depending on the initial concentration.  

3. Results and Discussion 
To study the kinetics of sorption and to determine the duration of contact sufficient to achieve 

equilibrium in the system “sorbent modified clay–solution”, two series of experiments were performed. The 
experiments were carried out on real wastewater from electroplating production, previously clarified and 
neutralized to pH = 8.0. The results of the experiments with MC are shown in Fig. 1. 

 
а) 

 
b) 

 
c) 

Figure 1. Kinetics of heavy metals sorption with MC sorbent at a temperature of 20±1°С:  
a) cadmium, copper; b) lead, zinc; c) aluminum, nickel, iron;  

Cin is initial heavy metals concentrations 

As the graphs in Fig. 1 show, MPC requirements were met in the "sorbent-solution" system after  
60–90 minutes of contact. MPC for lead was reached after 20–30 minutes, and it was the fastest time. It 
took 60 minutes for iron, nickel, copper and cadmium and 90 minutes for zinc to meet MPC requirements. 
The MPC values for aluminum were not reached; its final concentration after 120 minutes of stirring was 
0.051 mg/l. It turned out that the required duration of contact slightly exceeds the time given in Paper [5]. 
During the time period under study the equilibrium in the "sorbent – solution" system was reached for 
cadmium, zinc, copper, aluminum and nickel, and it was not reached for lead and iron. According to the 
results of the experiment, a contact time of 90 minutes was adopted for further experiments on wastewater 
from electroplating enterprises tertiary treatment.  
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In order to determine the sorption capacity and the calculated dose of the modified clay sorbent, 
which under static conditions ensure the achievement of an equilibrium concentration of heavy metals at 
the level of MPCs for fresh fishery water bodies, a series of experiments was conducted on real wastewater 
in accordance with the above methodology. For this purpose, a mixture of chromium-containing and acid-
base wastewater pre-treated under production conditions was neutralized to pH = 8 and then additionally 
settled. The results of experiments with different doses of the sorbent are shown in Fig. 2 and Table 3. 

 
                                                    а)                                                                 b) 

 
c) 

Figure 2. Dependence of the equilibrium concentration of heavy metals  
on the modified clay sorbent at a temperature of 20±1 °С: a) cadmium, lead;  

b) zinc, nickel; c) copper, aluminum; Cin is initial heavy metals concentrations 

Table 3. The values of the sorption capacity and the calculated dose of MC sorbent, which 
ensure the achievement of an equilibrium concentration of heavy metals at the level of the MPCs 
for fresh fishery water bodies under static conditions during tertiary treatment of wastewater from 
electroplating production, Т = 20 °С. 

Metal 
Series 1 Series 2 

Сin, mcg/l DMPC, 
g/l Сin, mcg/l DMPC, 

g/l Сin, mcg/l DMPC, 
g/l Сin, mcg/l DMPC, 

g/l 
Сd 56.1±13.5 0.5 56.1±13.5 0.5 56.1±13.5 0.5 56.1±13.5 0.5 
Pb 15.0±6.3 0.5 15.0±6.3 0.5 15.0±6.3 0.5 15.0±6.3 0.5 
Zn 121.0±29.0 0.75 121.0±29.0 0.75 121.0±29.0 0.75 121.0±29.0 0.75 
Cu 8.4±3.53 0.75 8.4±3.53 0.75 8.4±3.53 0.75 8.4±3.53 0.75 

Fetotal 3310.0±496.5 0.25 3310.0±496 0.25 3310.0±496.5 0.25 3310.0±496.5 0.25 
Al 6030.0±964.8 1.0 6030.0±964 1.0 6030.0±964.8 1.0 6030.0±964.8 1.0 
Ni 529±84.6 0.5 529±84.6 0.5 529±84.6 0.5 529±84.6 0.5 

Note: Sin is initial concentrations of heavy metals; DMPC is the sorbent dose required to achieve MPC; Cex is 
heavy metals equilibrium concentrations in purified water; a is sorption capacity 
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Most researchers who studied sorption properties of clays and clay-based sorbents, determined 
sorption capacity at high initial and equilibrium concentrations of heavy metals [19, 24, 26, 28]. Therefore, 
it is difficult to compare the results obtained in the experiments described with other research data. Still, a 
meaningful comparison can be made with the data obtained in Paper [18] when studying the sorption of 
heavy metals from biologically treated wastewater in Khabarovsk using natural zeolite as a sorbent. At 
close initial concentrations, the researchers obtained such sorption capacities that correspond to the 
achievement of the MPCs of heavy metals for fresh fishery water bodies, which are: 0.45 mg/g for 
aluminum; 0.1 mg/g for zinc and iron; 0.025 mg/g for manganese. We also note that the modified clay 
sorbent sorption capacity for aluminum and iron was significantly higher than that of zeolite; similar values 
were obtained for zinc. 

To find a more economical option for sorption tertiary treatment of wastewater from electroplating 
production, the following series of experiments was conducted. The sorption capacity and the calculated 
dose were determined for the initial unmodified components of sorbents such as montmorillonite, kaolinite, 
dolomite and peat without their thermal processing. The preliminary preparation of these materials is shown 
in Table 2. A model solution prepared by dissolving salts of seven heavy metals in distilled water was used 
as the source water, as indicated in the "Methods" section. In other respects, the method of the experiment 
was similar to the previous series. The dependences of heavy metals equilibrium concentrations on the 
sorbent dose are shown in Fig. 3. 

 
a) 

 
b) 

 
c) 
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d) 

 
e) 

 
f) 

 
g) 

Figure 3. The dependences of heavy metals equilibrium concentrations  
on the sorbent dose for the model solution at a temperature of 20±1 °С: a) cadmium; b) lead;  
c) zinc; d) copper; d) iron; e) nickel; g) aluminum; Cin is initial heavy metals concentrations 

The results of research in static conditions, presented in the form of graphs in Fig. 3, are summarized 
in Table 4. It specifies the doses of four sorbents sufficient to reduce heavy metals concentration from the 
initial to the MPCs. 
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Table 4. Doses of the initial non-modified sorption materials that ensure the achievement of 
the equilibrium concentration of heavy metals under static conditions at the level of the MPCs for 
fresh fishery water bodies during tertiary treatment of wastewater of electroplating production (on 
a model solution, T = 20 °С) 

Metal Initial concentration, 
mg/l 

The sorbent dose, g/l, required to achieve MPC 

montmorillonite kaolinite peat dolomite 

Сd 0.0211±0.0068 0.75 not registered not registered not registered 
Pb 0.0512±0.0164 0.4 not registered not registered not registered 

Fetotal 1.023±0.153 0.1 0.1 0.75 0.1 
Zn 0.098±0.024 0.9 not registered not registered not registered 
Ni 0.152±0.040 0.75 not registered 0.1 not registered 
Al 0.9971±0.1595 not registered not registered not registered 1 
Cu 0.0081±0.003 0.65 not registered 1 not registered 

 

Table 4 shows that montmorillonite has the best sorption properties among all local materials, 
ensuring the achievement of the MPCs for all metals, except aluminum, at doses varying from 0.1 to 0.9 g/l. 
These doses turned to be the lowest for cadmium, lead, zinc and copper as compared to other sorbents. 
The montmorillonite dose of 0.1 g/l needed to remove iron was the same as the doses of kaolinite and 
dolomite. Peat was most effective in extracting nickel with its estimated dose being 0.1 g/l. Dolomite was 
the only material that provided aluminum removal at a dose of 1 g/l. The use of kaolinite did not give any 
advantages for any of the examined heavy metals, which confirmed the data [24, 26] about the significantly 
higher sorption capacity of montmorillonite compared to kaolinite. 

The results obtained suggest that it is possible to increase the efficiency of heavy metals removal by 
selecting the mixture of natural sorbents. In this case, montmorillonite should make up the bulk of the 
composition. If there is nickel and aluminum in the composition it is advisable to add peat and dolomite, 
respectively. The verification of this assumption was carried out on treated wastewater from electroplating 
production, which was additionally neutralized and clarified, as indicated in the "Methods" section. 

Since the addition of sorbent mixture to the treated water formed a suspension, poorly separated by 
settling, the selection of doses of coagulant and flocculant was further performed to intensify this process. 
Considering the content of nickel (being 6.3 of MPC) and aluminum (93.3 of MPC) in the source water (see 
Table 5), a dose of sorbent mixture of 1 g/l was taken with the ratio of the components by weight being 
montmorillonite: dolomite: peat = 5:4:1. The corresponding sorbent sample was added to a 1.25l of 
wastewater sample. After 90 minutes of the wastewater and the sorbent mixing, the suspension was poured 
into five cylinders with a volume of 250 ml each and a trial coagulation was performed at doses of aluminum 
polyoxychloride 10; 20; 30; 40 and 50 mg/l for Al2O3 in accordance with the procedure presented in the 
"Methods" section. According to the minimum turbidity of the clarified water, the optimal dose of the 
coagulant was determined as 40 mg/l for Al2O3. Then the experiment was repeated under the same 
conditions, but with the same dose of aluminum polyoxychloride – 40 mg/l for Al2O3. Additionally, the 
flocculant MagnaflocLT20 with doses of 0.4; 0.8; 1.2; 1.6 and 2 mg/l were introduced. According to the 
minimum turbidity of the clarified water, the optimal dose of the flocculant was determined as 0.4 mg/l. 

The main experiment of this series was carried out in a glass cup with a volume of 1000 ml, a dose 
of sorbent mixture (SM) being 1 g/l, with the following ratio of components by weight – montmorillonite: 
dolomite: peat = 5:4:1. The final suspension was mixed with a magnetic stirrer at a temperature of 20 °С. 
After 90 minutes of contact, in accordance with the above-mentioned procedure, a coagulant – aluminum 
polyoxychloride with a dose of 40 mg/l for Al2O3 and a flocculant MagnaflocLT200 with a dose of 4 mg/l 
were successively introduced into the glass. After mixing was completed, the suspension was poured into 
a Lisenko vessel, in which the kinetics of precipitation and compaction of the suspension were observed. 
After 30 minutes of settling, the sediment settled down to 8.1 ml/l. The efficiency of heavy metals removal 
in this experiment was determined twice: after settling and after filtering the clarified water through a paper 
filter with pores of 2-3 microns. 

The experiment results are shown in Table 5. 

 

 

 



Magazine of Civil Engineering, 111(3), 2022 

Stepanov, S.V., Strelkov, A.K., Panfilova, O.N. 

Table 5. Efficiency of tertiary treatment of wastewater from electroplating production with 
sorbent mixture (sorbent dose – 1 g/l, aluminum polyoxychloride dose – 40 mg/l for Al2O3, flocculant 
Magnafloc LT20 dose – 0.4 mg/l, temperature 20 °С). 

Metal 

Concentration in wastewater, mg/l Efficiency, % 
Adsorption 

capacity, mg/g source 
purified the degree of 

sorption-
sedimentation 

gene
ral unfiltered filtered 

Сd 0.0014±0.0005 0.0007±0.0003 0.00048±0.0002 51.4 66.7 0.0010 
Pb 0.0064±0.0027 0.0018±0.0008 0.0008±0.0003 71.9 87.5 0.0056 

Fetotal 0.123±0.032 0.073±0.018 0.058±0.014 40.7 52.8 0.0650 
Zn 0.0326±0.014 0.0142±0.005 0.0101±0.003 56.4 69.0 0.0225 
Ni 0.0631±0.016 0.0075±0.003 0.0057±0.002 88.1 91.0 0.0574 
Cu 0.0028±0.0012 0.0017±0.0007 0.0016±0.0007 39.3 42.9 0.0012 
Al 3.73±0.597 0.643±0.103 0.313±0.075 82.8 91.6 3.4170 

 

The data given in Table 5 show that the assigned task of reducing the concentration of heavy metals 
to MPC was almost completed. Only copper and aluminum exceeded the permitted concentrations. At the 
same time, the efficiency of aluminum removal as well as its sorption capacity were both high (91.6 % and 
3.417 mg/g, respectively). The data given in Fig. 3d and 3g indicate that to meet the standards for copper 
and aluminum for a given concentration of heavy metals in the source wastewater, it is sufficient to increase 
the proportion of dolomite in sorbent mixture to the ratio of components being montmorillonite: dolomite:  
peat = 5:10:1 and take a 1.6 g/l dose of sorbent mixture. It is also important to note that the main part of 
heavy metals is removed from the treated wastewater at the settling stage, with the share of filtration in the 
overall cleaning effect varying from 3 to 15 %.  

The research results make it possible to recommend the described technology for the treatment of 
wastewater containing heavy metals as well as acid-base wastewater from electroplating production. This 
technology includes correction of the pH of water to the range corresponding to the lowest solubility of 
heavy metal hydroxides, depending on the composition of the initial wastewater in each specific case (see 
Table 1) and sorption tertiary treatment with the use of sorbents based on local natural materials.  

The authors elaborated two schemes of treatment plants that can be used to remove heavy metals 
from wastewater. The continuous operation scheme (see Fig. 4a) provides equalization of the source 
wastewater (1) in the equalization basin (2). Wastewater neutralization takes place in a flow reactor (4) 
equipped with a mixing device. The supply of the alkaline reagent solution is carried out from the alkali 
dosing unit (3) in accordance with the pH-meter signals. The resulting suspension of heavy metal 
hydroxides sediments in the settler (5). Clarified wastewater enters a flow sorption reactor with a mixing 
device (6). The sorbent is dosed into the adsorber in a dry form using a sorbent dispenser (7). At the exit 
from the reactor to the channel equipped with a mixing device, a coagulant solution is introduced into it 
from the coagulant dosing unit (8). The spent sorbent is separated in the tertiary settler (9), and the clarified 
water enters the transfer tank (10). The water supply for filtration is carried out by the feed pump (11). For 
final purification of wastewater from the residual amount of suspension, which is a spent sorbent, the 
installation with a precoat cartridge filter (12) is used. Treated wastewater (19) enters the clean water tank 
(13). A mixture of sediments containing heavy metal hydroxides and spent sorbent with removed heavy 
metals is collected in the sludge tank (14). To improve the dewatering process, a flocculant (18) is 
introduced before the mechanical dewatering unit (15). The drainage (16) obtained after dewatering is 
returned to the equalization basin, and the dewatered sludge (17) is taken to landfill sites for deposit.  

In the batch treatment plant (see Fig. 4b), the same processes are carried out, but the wastewater 
neutralization, settling and removing of metal hydroxides, contact with the sorbent and its settling are carried 
out in the batch reactor (20), alternating in time. Wastewater treated at these stages is collected in the 
transfer tank (10). The operation of the precoat filter and mechanical dewatering units is similar to the 
operation of the corresponding units of the continuous operation scheme.  

It is obvious that with an increase in capacity, the technical and economic advantages of continuous-
acting plants increase in comparison with batch treatment plants. The choice of the treatment scheme is 
recommended to be carried out on the basis of a technical and economic calculation. 
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а) 

 
b) 

Figure 4. Wastewater treatment plant from heavy metal ions: a) continuous operation;  
b) batch operation; 1 – source wastewater; 2 – equalization basin; 3 –alkali dosing unit;  

4 – reactor-neutralizer; 5 – settler; 6 – adsorber with mixer; 7 – sorbent dispenser;  
8 – coagulant dosing unit; 9 – tertiary settler ; 10 – transfer tank; 11 – feed pump of filtration unit; 
12 – precoat filtration unit; 13 – treated water tank; 14 – sludge tank; 15 – mechanical dewatering 
unit; 16 – drainage; 17 – dewatered sludge; 18 – flocculant dosing unit; 19 – treated wastewater; 

20 – batch reactor 

4. Conclusions 
This paper considers using sorbents based on natural materials for post-treatment of wastewater 

from electroplating production. The experiments were carried out on a model solution containing a mixture 
of cadmium, lead, iron, zinc, nickel, copper and aluminum salts, as well as on wastewater from Samara 
electroplating plant treated at existing facilities by neutralization and sedimentation methods. The authors 
used local natural materials (that it montmorillonite, kaolinite, dolomite, peat and their mixtures obtained by 
thermal modification and without thermal modification) as sorbents. The research yielded the following 
conclusions: 

1. Heavy metals initial concentrations in acid-base wastewater of electroplating production 
subjected to tertiary treatment after its neutralization to pH values corresponding to the minimum solubility 
of metal hydroxides, with account of the discrepancy between the optimal pH intervals, are 0.002–2.8 mg/l. 

2. The contact time required to achieve the equilibrium of the treated wastewater and the modified 
clay sorbent (MC) varied from 60 to 120 minutes for the investigated heavy metals. Considering the time 
required to reach the MPCs of heavy metals for fresh fishery water bodies, the estimated contact duration 
of 90 minutes is recommended. 

3. The calculated dose of the modified clay sorbent (MC), sufficient for tertiary treatment of pre-
neutralized and clarified acid-base wastewater of electroplating production to the MPCs of heavy metals 
for fresh fishery water bodies, is 1 g/l.  
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4. The experiments demonstrated that montmorillonite had the best sorption properties among the 
studied natural materials, non-modified with temperature exposure, ensuring the achievement of MPC for 
all metals, except aluminum, at doses varying from 0.1 to 0.9 g/l. Peat was most effective in extracting 
nickel with its estimated dose being 0.1 g/l. Dolomite was the only material that provided aluminum removal 
at a dose of 1 g/l. For additional treatment of wastewater of electroplating plants from heavy metals, it is 
proposed to use a sorbent mixture made up of an unmodified mixture of components by the following ratio: 
montmorillonite: dolomite: peat = 5:4÷10:1 with its dose being 1–1.6 g/l. 

5. The researchers put forward two schemes of tertiary treatment of pre-neutralized and clarified 
acid-base wastewater of electroplating production. The first scheme is based on a continuous treatment 
process and the second is based on a batch treatment process. They consist in carrying out the sorption 
process under static conditions using powder sorbents based on local natural materials, followed by 
separation of the spent sorbent suspension by coagulation, tertiary sedimentation and filtering it with a 
precoat cartridge filter. 
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Abstract. The process of Structural Health Monitoring aims to detect changes in material and/or geometric 
properties, boundary conditions or member connectivity of a structural system in time. However, the transfer 
of research results into engineering practice poses several challenges, especially for stiff structures with 
very diverse geometry that could not be well dynamically exited like low and medium-rise structures under 
ambient vibration conditions. Noise in modal parameters from output-only modal analysis due to variable 
environmental and operational conditions is considered one of the most problematic aspects of detecting 
structural damage using a vibration-based method. This research proposes a new way to reduce 
environmental noise in vibration data and dynamic parameters by merging dynamic response data from 
two similar shear wall buildings. The object of the study is a three-story reinforced concrete building. First, 
the damage features as natural frequencies and zero-order temporal moment of the vibration response are 
studied. Further, those feature changes are explored by means of modelling wall removal/opening 
introduction into the finite element models. It is established that the variation in the base excitation spectrum 
has more impact on dynamic response than introduced structural changes. Therefore, a time-domain 
feature like a zero-order temporal moment of the vibration response is not applicable for the proposed 
method. The appropriate damage sensitive feature vector for this approach is the difference of natural 
frequencies from two monitored buildings. The proposed method for fusion of vibration information from 
several buildings that share the same environmental and operational conditions filter out environmental 
noise effectively and give a clear advantage in reducing false alarm possibility during continuous and 
automated structural health monitoring process. 

1. Introduction 
Structural Health Monitoring (SHM) is a process of implementing a damage detection strategy that 

involves the observation of a structure over time using periodically spaced or continuous dynamic response 
measurements. The extraction of damage-sensitive features from those measurements and the statistical 
analysis of these features are used to determine the current state of the system health. One of the SHM 
strategies is to use the vibration-based monitoring (VBM) global method by extracting the information about 
lower vibrational modes of the structure. Although VBM damage identification techniques are suitable for 
global damage assessment of large and flexible structures [1], recent advances in various technology 
branches allow developing new cost-effective methodologies for low and medium-rise structures. These 
include sensing equipment, signal acquisition and transmission, data processing and analysis, as well as 
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numerical modelling. Examples of successful dynamic parameter identification for medium-rise buildings 
under ambient vibration excitation (AVT) can be found in the literature [2–4].  

One of the most problematic aspects of implementing an SHM system in practice is that real 
structures undergo the changing operational and environmental variables (EOV) [5]. The changes in natural 
frequency estimates due to environmental and operational variables are often of the same order of 
magnitude as those caused by damage [6]. Still, only a few researchers incorporate the consequences of 
these effects on their proposed SHM system. The most common environmental effects are temperature 
and moisture changes, but the operational effect changes mass and ambient loading conditions. These 
effects may disguise the changes in modal parameters from structural damage. In their seminal work in 
2007, Hoon Sohn provided an extensive review of the effects of environmental and operational variations 
on real structures [7]. Many structures exhibit daily and seasonal temperature variations that cause the 
expansion or contraction of structures and boundary conditions changes. These effects mostly investigated 
in bridge monitoring research (e.g. [8–11]) because bridge structures experience more severe conditions 
than insulated buildings.  

Realistic and direct modelling of the influence of environmental and operational variables on the 
structure’s response is an almost impossible task. Therefore, it is common to build mathematical models 
from experimentally measured environmental data. Vibration-based damage sensitive features of healthy 
structure [12–16] obtained using different techniques, e.g. from simplest linear regression models to neural 
networks and support vector machines. The limitation of those methods is the restricted use of only those 
structures on which model has been created. Also, a training period that covers the range of environmental 
changes is needed to filter their influence, e.g. it is about one year for temperature variations [17]. 

Rainieri et al. [6] presents the Second-Order Blind Identification technique and demonstrates that it 
can model the variability of natural frequency estimates in operational conditions and give a fundamental 
insight in determining the causes of such variability. 

Other techniques aim to obtain the variability of natural frequencies without measuring environmental 
or operational variables. These algorithms, e.g. principal component analysis (PCA) [5], Mahalanobis-
squared distance (MSD), auto-associative neural network (AANN), factor analysis (FA), singular value 
decomposition (SVD) [18] rely only on response time-series data acquired under changing operating 
conditions. Recently a novel distance-based anomaly detection method based on adaptive Mahalanobis-
squared distance and one-class kNN rule called AMSD-kNN has been proposed to detect early damage 
under the environmental variability conditions [19]. The authors of the paper performed comparative studies 
and concluded that the proposed AMSD-kNN method is superior to the conventional MSD, PCA, and AANN 
based anomaly detection techniques in detecting damage and distinguishing the damaged state from the 
normal condition properly. 

Sohn in [7] points out that data normalisation procedures need to be more focused on specific 
applications. For example, industries and research should focus more on tests of real structures in their 
operating environment than laboratory tests of representative structures. The structural monitoring case of 
the “Cardarelli” Hospital in Campobasso [20] is one of the rare cases of longitudinal research on frequency 
dependency on building temperature changes. It shows clear frequency dependency for all four closely 
spaced modes on daily temperature changes. The first two are transversal and longitudinal bending modes, 
but the other two are torsional modes. The estimates’ swing systematically recurs every day, with a sudden 
drop in the night and a gradual increase in the morning up to the maximum value reached in the afternoon.  

Yuen and Kuo [21] utilise a one-year daily measurement of a 22-storey reinforced concrete building 
to trace the variation of its modal frequencies, which is identified using the Bayesian spectral density 
approach with the ambient vibration data. Their work investigates the ambient temperature variation and 
fundamental frequency variation during the year, and the results of the research highlight that the relative 
humidity could be essential for long-term structural health monitoring. Coletta et al. [19] use cointegration 
theory to remove environmental effects from dynamic data of the Sanctuary of Vicoforte in Italy. Their 
investigation showed that the different nature of the effects imposed by operational and environmental 
variations on structural response requires an extension of cointegration theory.  

Gentile and Ruccolo [20] describe findings from one-year monitoring of EOV effects on the first six 
modes of Milan Cathedral. Authors conclude that the variations observed in the resonant frequencies are 
mainly driven by temperature, with the effect of thermal changes being very peculiar as the mode shapes 
in opposite do not exhibit appreciable fluctuations associated with the environmental changes.  

Compiling the results from case studies mentioned above, it follows that environmental effects for 
building structures may introduce a variation of first natural frequencies up to 8 % depending on building 
structure and exposure level to those effects. On the contrary, variations in mode shapes due to EOV’s 
seems to be less sensitive.  
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The recent development of the Internet of Things (IoT) rapidly expands the possibilities for the 
implementation of state-of-the-art SHM systems. IoT solutions for SHM purposes are commonly based on 
four principal components: sensor devices, gateway, Remote Control and Service Room, and Open 
Platform Communications server [19, 20, 22]. In the near future, low-cost sensor devices for sensor 
networks will be able to gather lots of vibration data remotely and aggregate it. After that, a critical analysis 
will be possible both for one structure and several buildings at once. Advancements of sensors with noise 
level as low as 60 ng/√Hz for the frequency band of interest [21] has already been reached. 

This paper investigates the ways to reduce environmental noise in vibration data and dynamic 
parameters by merging vibration data from two similar buildings under ambient vibration conditions with 
variable operational and environmental situations. This work presents an approach for data fusion and 
verifies it by FEM simulations of two three-story buildings with very similar but not identical structural 
parameters nor ambient excitation. Furthermore, damage sensitive feature changes due to EOV effects is 
investigated. 

It is found that the fusion of vibration information from several buildings that share the same 
environmental and operational conditions gives clear benefits in reducing false alarm possibility during 
continuous and automated structural health monitoring process. The advantage of the presented approach 
includes: filtering out damage sensitive feature variations due to EOV; potential reduction of training data 
required when machine algorithms applied for damage detection; no necessity for developing a reference 
model of a building, or gathering previous information on building dynamic response.  

2. Research methods 
There are four recognised paths to deal with EOV effects in SHM:  

1. Development of mathematical models from experimental measurements; 

2. Monitoring of structure in an undamaged state and extracting feature vectors that are later 
compared with damaged state feature vectors; 

3. Machine learning approaches trained on the undamaged state; 

4. Damage detection by using features that are insensitive to EOV effects.  

However, almost all of the approaches require gathering experimentally or via model simulations 
vast amounts of information before the actual in-service monitoring due to the well-known SHM axiom that 
states: 

“The assessment of damage requires a comparison between two system states” [23]. 

The authors also propose to use a reference state for damage detectionꟷnot the same building or 
its model in the undamaged state but rather a similar building nearby that generally share the same EOV 
conditions. An example of such structures might be mass housing. Fig. 1 shows three buildings with similar 
structural composition and materials are located near ambient vibration source – regular traffic. These kinds 
of buildings often have reached their intended design life. SHM system that could detect an illegal structural 
change like new openings in walls or entire wall removals would enhance such buildings’ structural safety. 

The basic underlying assumptions of the proposed method are: 

− Very unlikely that the exact damage occurs simultaneously at both buildings; 
− Both buildings have a similar structure and share the same environmental and operational 

conditions (e.g. temperature, moisture and vibration source);  
− The monitored feature vector changes due to the damage event; 
− Properties of the soil only slightly modify modal frequencies of the building; 
− The chosen monitoring system is capable of recording a time series of sensor network located in 

both buildings simultaneously and extract feature vectors with a precision higher than its value 
changes due to the damage event; 

− Preferably, at least one damage sensitive feature is extracted from the frequency domain and one 
from the time domain to cross-check the identified damage event to reduce false alarm situations. 
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Figure. 1. Example of mass house buildings that share the same EOV  
and ambient vibration conditions [24, 25]. 

To find out appropriate damage sensitive features of medium-rise shear wall structure 60 FEM 
simulation cases were performed. In all these simulations, the previously outlined method for structural 
damage identification was applied to filter out the effects of variable environmental and operational 
conditions. These simulations correspond to 30 experimental measurements per year per building. 

Generally, EOV effects might be sources of variations in the following structural elements and 
parameters: stiffness changes of the foundation base (cause: groundwater changes, freezing and 
defrosting of the soil); the variable inertial mass of the structure (cause: snow, rain, varying material 
densities, variable load etc.); the variable stiffness of the structure (cause: temperature, moisture, change 
in boundary conditions of elements). 

Stiffness changes in the foundation base affect natural frequency values, but this dynamic parameter 
change does not characterise the damage of the structure. Therefore, in performed simulations, building 
bases are taken as fixed.  

Other EOV effects are implemented in the model through variable elastic modulus and material 
density. A total change of natural frequencies due to EOV are in the range of 3 %. EOV deviations have a 
harmonic component and a stochastic component. Due to seasonal temperature fluctuations, changes 
represent a harmonic function of elastic modulus E (see Fig. 2), but the stochastic component of EOV 
effects considered by changes in material density (see Fig. 3).  

Variations in the excitation signal from building to building were realised through randomly generated 
signal following the Gaussian distribution in the frequency domain. In calculations, mean and standard 
deviation values of excitation frequencies variated but remained equal for both buildings per simulation. At 
the same time, randomly generated amplitudes of frequencies simulate discrepancies in the excitation 
spectrum per building. The range of those simulation parameters was chosen based on typical spectral 
characteristics of sites exited by regular traffic and reported in the literature [26, 27] Input parameters for 
FEM simulations are presented in Table 1, and the example of generated signal a(t) is shown in Fig. 4. 

 
Figure 2. Applied deviations in elastic modulus E in FEM simulations  

(Δf – change of natural frequency). 
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Figure 3. Applied deviations in material density in FEM simulations 

(Δf – change of natural frequency). 
Table 1. Input parameters for FEM simulation. 

Case* 

Gaussian kernel parameters of 
the excitation signal 
(frequency domain) 

Obtained RMS of the 
base excitation signal  
(time domain), m/s2 

Parameters for modelling of EOV effect 

(Max; min) of 
Standard 

deviation, Hz 

(Max; min) of 
Mean value, 

Hz 
Max Min 

Elastic modulus (for 
stiffness variation), 

kN/m2 

Density (for mass 
variation), kN/m3 

Max Min Max Min 

A + B (3.75; 2.03) (13.32; 8.13) 2.69∙10–4 1.81∙10–4 28 995 28 000 24.95 24.00 
A + C (3.91; 2.04) (13.69; 9.18) 2.76∙10–4 1.87∙10–4 28 866 27 257 25.00 24.11 
D + B (3.86; 2.42) (13.92; 8.43) 2.72∙10–4 1.88∙10–4 27 792 27 005 24.99 24.01 
* A+B is the case when Building #1 and Building #2 is undamaged; A+C is the case when Building #1 is undamaged, 
and Building #2 is damaged by damage case I; D+B is the case when Building #1 is damaged by damage case II and 
Building #2 is damaged before by Case I. 

 

 
Figure 4. Example of generated and applied base excitation signal to FEM model. 

Four FE models of three-story RC shear buildings were developed. Model A and B correspond to 
undamaged states of building. Model C corresponds to the damage state of building B, but model D 
corresponds to the damaged state of building A. Dimensions, stiffness of springs that models shear walls, 
and measurement point locations are presented in Fig. 5. Model B (Building #2) is not an exact copy of 
model A (Building #1) because to simulate differences in applied base excitation amplitudes, model B is 
turned by 15 degrees in the plane. It has shear walls in all directions for the middle axis of the building and 
has reduced stiffness due to different opening composition in one of the building’s outer walls. These 
structural differences from model to model are highlighted in the drawing of Fig. 5. 
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Figure 5. FE Models of buildings for the undamaged state with response measurement point 
notation (for model B highlighted only structural differences in the drawing). 

Structural damage generally causes changes in structural parameters, and it affects the dynamic 
behaviour of the building. Deviation from the structure’s original geometry and changes in element 
boundary conditions mostly affect the local/global stiffness of the structure. Therefore it introduces 
variations in natural frequencies of elements/structure. The deviations in material properties, such as 
cracks, may change all modal parameters: natural frequencies, mode shapes and damping. In this 
research, damage state assumed shear wall removal or shear wall stiffness reduction due to the new 
opening that does not cause changes in the damping parameter. All building models damping ratio is taken 
as 5 %. Introduced structural changes for Building #1 (FE Model A) and Building #2 (FE Model #B) is 
presented in Fig. 6. 

 
 

Figure 6. FE Models of buildings for damaged state  
(highlighted only introduced structural differences due to damage). 

The difference between first natural frequencies (first transverse, first longitudinal and torsional) 
between both buildings is proposed as the damage identification feature vector from the frequency domain 
analysis: 

{ } { } { }
{ }
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f f
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−

∆ = ⋅                                                              (1) 

if∆  is natural frequency difference for mode shape i; 2if  is natural frequency of monitored building for 

mode shape i; 1if  is natural frequency of reference building for mode shape i. 

As mentioned before, it is useful to have also a damage sensitive feature vector from the time-domain 
analysis. The output-only modal identification process’s errors could be identified if the statistic parameters 
of the response signal are used as the damage-sensitive features. An example of such metrics is the 
temporal statistics of signals developed by Smallwood [28]. One of the temporal statics’ metrics is temporal 



Magazine of Civil Engineering, 111(3), 2022 

Gaile, L., Pakrastins, L., Ratnika, L. 

moment ( )n sm t  of a time history ( )a t  about a time location st  and is defined as the square of a time 
history: 

( ) ( ) ( )2 , 0,1, 2,3,...,n
n s sm t t t a t dt n+∞

−∞= − =∫                                           (2) 

( )a t  is acceleration time series; st  is reference time; n  is order of the temporal moment. 

As the zero-order temporal moment is independent of the time shift st  and taking to account that all 
experimentally obtained data from sensors are discrete, the data equation (2) can be rewritten as: 

( )2 2
0 1

1

1
,

2 j j
k

i

tm a a +

−

=

∆
= +∑                                                        (3) 

ja  is data point j in acceleration time series; t∆  is time step in acceleration time series. 

The square of the time history is used to avoid the problem of negative amplitudes, and this definition 
allows it to relate it with an energy E. 

Ambient response time series are not unimodal, i.g., they have more than one maximum. Therefore, 
kurtosis obtained from 4th order central moment normalised by energy E is another potentially useful 
metrics. For further details, see reference [26]. Different mode shapes respond differently to the same 
structural change due to the discrepancies in generalised mass and generalised stiffness per mode shape. 
This property might also be utilised for damage detection purpose.  

Linear modal analysis based on the structure’s eigenvalues and mode shapes is used to decouple 
the system and obtain building response to simulated base excitation. It is appropriate because 
experimental research, e.g. [29], shows that buildings under ambient vibrations due to very small vibration 
amplitudes behave elastically.  

3. Results and Discussion 
Thirty data points are obtained for each of the building, which simulates 30 measurements during 

the year by recording acceleration time series with a sample rate of 100Hz under variable EOV, base 
excitation and two damage scenarios: Case I is damaged Building #2; Case II is damaged Building #1. 
Acceleration time series of transversal and longitudinal directions is obtained from seven points best-suited 
to represent the first translational, longitudinal, and torsional vibration modes. As these are results from 
simulations, no additional data processing is required. However, data detrending due to sensor 
inaccuracies, for example, sensitivity to temperature changes, should be performed in practice before the 
dynamic parameter identification process. 

It is found that for a three-story shear wall building with three bays in each direction is possible to 
identify changes in wall stiffnesses due to the wall removal or implementation of openings by analysing first 
frequency (transverse, longitudinal and torsional) changes. The fusion of modal information from two 
buildings gives a clear advantage to filter out frequency variations due to environmental and operational 
conditions when properties of the soil only slightly modify modal frequencies of the building. The building 
could behave as a dependent unit against ground response as one rigid mass for the soft-soil condition 
[30]. Then method could be used for the identification of changes in the building support conditions.  

Figure 7 represents the traditional way of showing the frequency changes where the negative effects 
of EOV can be easily identified. Similar graphs could be found in experimental works of other authors, e.g. 
Fig. 3 un [20] and Fig. 2 in [20]. Variations in natural frequencies of buildings due to these effects are 
presented in Table 2. In contrast, Fig. 8 has “flat” regions, and jumps occur only due to introduced building 
damage scenarios. Thus, variations due to EOV effects are successfully filtered out. 
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Figure 7. Building frequencies due to EOV  
and introduced damages. 

Figure 8. Building frequency difference plots 
due to EOV and introduced damages. 

By exploring three frequency difference plots together, partial damage localisation might be done. 
For example, in damage Case II structural changes do not affect the first transverse frequency. Therefore, 
it follows that structural changes are not introduced in this direction. Potentially characteristic frequency 
jumps could be mapped for typical shear wall building structures, and machine learning algorithms applied 
for further damage localisation.  

The required precision of dynamic parameter structural identification from the ambient response 
signal is dependent on the detection capability of a particular change point algorithm. This problem is not 
in the scope of the article but will be considered in further investigations.  

Table 2. Natural frequency changes due to change in EOV simulation parameters. 

Case 

Frequency changes due to EOV  

max min max(( ) / ) 100f f f− ⋅  

Transverse 
mode (f1) 

Longitudinal 
mode (f2) 

Torsional 

Mode (f3) 

Non damaged case 
(measurement # 1-10)  

Building #1 1.85 % 1.93 % 1.63 % 
Building #2 1.89 % 1.78 % 1.44 % 

Damage case I  
measurement # 11-20) 

Building #1 2.01 % 2.18 % 1.60 % 
Building #2 1.97 % 1.92 % 1.10 % 

Damage case II  
(measurement # 21-30) 

Building #1 2.08 % 2.15 % 2.19 % 
Building #2 1.98 % 2.03 % 1.41 % 

 

While performing result analysis, all variable and first mode frequency pairwise Pearson correlations 
were found. The main results are presented in Table 3. The results indicate that frequency domain damage 
sensitive feature i.g., mode frequency, are more sensitive to elastic modulus changes than mass changes.  
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Table 3. Correlations between 1st frequencies of buildings and EOV simulation parameters. 

EOV parameter 
Building #1 natural frequencies Building #2 natural frequencies 
Transv. Long. Torsion Transv. Long. Torsion 

Elastic modulus E +0.905 +0.921 +0.854 +0.913 +0.896 +0.774 

Material density, γ –0.486 –0.450 –0.577 –0.536 –0.568 –0.738 
 

Time-domain feature for cross-checking of damage identification is also explored, namely change of 
vibration energy amplitude (first temporal moment) at sensor locations that measures the overall building 
dynamic response strength. It is found that the first temporal moment (energy) of each measurement time 
series may represent the distinct dynamic behaviour of each building due to the variable excitation and 
EOV (see Fig. 9). 

 

 
Figure 9. Energy changes due to variations of base excitation and EOV. 

However, for damage detection, this is not an appropriate feature. Visually some disparities in energy 
difference for various damage situations might be spotted (see Fig. 10). Still, there is not simulated 
additional sensor self-noise in this research that could reduce the possibility of identifying damages from 
this feature. 

 
Figure 10. The energy difference between the response  

of buildings to the base excitation variations. 
The steady linear growth in the cumulative sum plot (Fig. 11) of functions presented in Fig. 10 

confirms that damage identification using pure statistics of time series is not feasible. For both buildings, 
variations of the base excitation spectrum have more impact on dynamic response than structural changes 
due to introduced damage scenarios.  
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Figure 11. The energy difference between the response  

of buildings to the base excitation variations (cumulative sum plot). 

4. Conclusion 
This research proposed a new approach to reduce environmental noise in experimentally obtained 

vibration data and dynamic parameters by data fusion of dynamic response of two similar buildings under 
ambient vibration and variable operational and environmental conditions referred to as EOV’s. Data fusion 
capabilities are investigated by using FEM simulations of two three-story shear wall buildings with very 
similar but not exact structural parameters or ambient excitation. 

By utilising one of the buildings as a reference state instead of the same building, it is possible to 
identify shear wall removal or new opening implementation from the damage sensitive feature vector taken 
as natural frequency differences of both buildings. In this way, successfully filtered out natural frequency 
variations due to EOV effects, leaving the jumps in a data which cause is a damage introduction in one of 
the structures. Implementation of natural frequencies differences series for damage detection potentially 
significantly reduce training data required when machine learning analysis is used on data which is one of 
the distinctive advantages of this data fusion approach. Also, outliers from erroneous output-only modal 
identifications might be easily spotted, and different novelty detection algorithms can be applied for damage 
recognition. 

The required accuracy of the dynamic parameter structural identification from ambient vibration 
testing depends on the effectiveness of the chosen change-point algorithm for the damage state detection. 
Investigation of the time-series data statistics showed that the approach is not effective for the time-domain 
analysis. Variations in base excitation signal influence more the dynamic response of building than 
structural changes due to introduced damage scenarios for medium-rise buildings. 

The fusion of building dynamic response data from several buildings that share the same 
environmental and operational conditions give a clear advantage in reducing false alarm possibility during 
continuous and automated structural health monitoring process. Further full-scale experimental 
investigations are planned to assess the proposed approach’s effectiveness for real structures in their 
operating environment.  
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Abstract. Existing offshore areas require development and mining using floating structures. The article 
presents design issues and settings of anchor mooring systems for marine floating structures. Improving 
and optimization methods for mooring systems, presented in publications of Russian and foreign authors, 
are discussed. The parameters influencing the safety of floating marine structures operation are identified. 
The parameters that are advisable to take as criteria are discussed. The restrictions imposed on non-criteria 
parameters are considered. The optimization criterion of the marine floating structures mooring systems in 
extreme operating modes is formulated. An optimization method for mooring systems is suggested in 
accordance with the proposed criterion. The study gives an example of mooring system optimization in the 
storm mode for a platform operated in ice-free seas. A similar methodology can be used for mobile ice-
resistant platforms, conceptual variants of which are being developed for operation in Arctic conditions.  
Research results were obtained by the method of mathematical modeling. 

1. Introduction 
The development tasks of the global ocean resources lead to the need of the construction and 

operation of various structures that have been functioning for a long time in offshore waters. Many of these 
structures have ability to move in offshore waters and positioning in the targeted water area using an anchor 
mooring system. Such floating objects include semisubmersible drilling platforms, floating cranes, floating 
berths, floating power structures, offshore pipelay vessels, submerged floating tunnels, etc. [1]. 

Operation of offshore structures is always associated with the risk of serious accidents due to 
extreme environmental loads. Often such structures operate in offshore waters, where the impact of wind 
loads and extreme storm waves can lead to irreversible effects. High cost of structures, their isolated 
location from coastal bases and the availability of operating personnel constantly working at these 
structures determines highest requirements for reliability and structure safety. 

One of the most important factor determining safety of the considered floating structures is mooring 
system failure-free operation. It must ensure the upholding of all restrictions due to the continuation of 
normal operation or survival preservation of the marine structure under any environmental loads [2, 3]. 

At the design phase of an offshore floating structures or at the design phase of positioning it in 
offshore waters, it is always necessary to solve the issues of the composition and configuration of its 
mooring system, the azimuthal orientation of the floating anchored structure, the selection of the lengths 
and tension of mooring lines, influence of mooring angle, etc. This task leads to different solutions 
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depending on the floating structure characteristics, the intensity of the expected environmental loads, the 
depth of the marine waters, etc. 

Searching for the best decision for the mooring system parameters presume the ensure of the highest 
level of the structure safety within the prescribed operating conditions. 

1.1. Problems of mooring systems design and floating structures positioning 
The problems that appear at the design stage of the mooring system for the floating structure are 

associated with the uncertainty of the environmental conditions for its practical use. The offshore floating 
mooring structures are mobile. In prospect they can be used in different seas, at different depths, in water 
areas where the parameter of wind-wave conditions differs very significantly. Designing of a newly created 
mooring system requires parametrization: number of lines of the mooring system, their maximum length, 
caliber of the chains or cables of these lines, location of the hawser hole on the structural body, linear 
weight and elasticity-strength characteristics of the elements of the mooring line, mooring line type, mass 
and the holding force of the anchors. 

Selection of parameters usually depends on the maximum permissible values of wind velocity, height 
and wave period, sea depth due to the uncertainty of the environmental conditions in the water area of the 
structure position. This ensures the safety of structure positioning during usage of the mooring systems. In 
any case the process of creating a mooring system is associated with ranging the values of numerous 
parameters and searching for such combinations of these parameters at which the structure is capable of 
safely functioning under extreme environmental loads. 

The problems that appear at the stage of structure positioning in certain water area look more 
precise. In this case the external conditions, the number and configuration of the mooring lines, their elastic-
weight characteristics, the parameters of the floating structure anchors are already known. It is necessary 
to determine the best orientation of the structure, mooring lines layouts, their length and tension to ensure 
the unconditional safety of the structure during the period of extreme storms expected in a certain water 
area. It is also necessary to find the best combination of the listed characteristics that ensure the highest 
safety level of the structure's functioning under the worst external conditions. 

Commonly it is possible to change the tension of the lines of the structure with an already deployed 
mooring system during its operation. This ensures that the conditions for the operability of the structure are 
met. In this mode it is necessary to select the tension of the lines to fulfill the constraints of the structure's 
operability (more severe than in the storm mode) or to select the extreme external conditions under which 
the operation of the structure is permissible. 

The problem of optimization of the mooring systems for keeping floating anchored structures in a 
storm (survival) mode is considered in this article. This task is wider in comparison with the task of 
optimization in operation mode. At the same time, this task is one of the main elements of the optimization 
of the mooring systems at the stage of its initial design. 

1.2. Mooring systems design experience 
The experience of designing mooring systems and methods for determining the parameters of these 

systems are presented in a number of Russian and foreign publications. 

In particular, the regulatory document of the Russian Maritime Register of Shipping ND 2-020201-
015 “Rules for the classification, construction and equipment of mobile offshore drilling units and fixed 
offshore platforms” for floating drilling units contains recommendations on the choice of mooring lines for 
use at the stage of driving the platforms to the positioning point: estimating the length of mooring lines 
method, their caliber and mass of anchors based on the given displacement of floating structures and its 
surface exposed to the wind. This method is very approximate, applicable for a limited range of wave and 
wind velocity. It does not take into account the mooring lines position, so its application to the analysis of 
the platform mooring system in operation or storm modes is problematic. In the same regulatory document, 
it is proposed to study behavior of the mooring systems in various modes of operation to select their 
parameters, to determine the extreme forces in the elements of the mooring system, to compare them with 
safety criteria and, on this basis, to improve the configuration of the mooring system. However, the 
organization procedure for improving the parameters of the mooring system, parameter determination 
procedure of this system is not stated in the regulatory document. 

Nevertheless, the engineering practice of Russian design organizations in the design of the offshore 
anchored structures complies with the provisions of the regulatory document of the Register of Shipping. 
For example, in [4], the authors show the mooring system design, performed using the “POSITION” 
software package in accordance with ND 2-020201-015 “Rules for the classification, construction and 
equipment of mobile offshore drilling units and fixed offshore platforms”. The results of the work make it 
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possible to determine the main parameters of the mooring system and to make a conclusion that the 
mooring system provides a reliable position of the platform with a permissible displacement. 

The influence of various loads on the movement of a floating structure and on the mooring system 
was studied in [5]. The authors also consider the horizontal stiffness of the system as the main parameter 
characterizing the operational safety. But during the preliminary design of the mooring system the following 
safety criterion is taken into account: the maximum tension of the mooring line should not exceed the 
allowed values. Dynamic analysis for three different depths was performed in time domain using Simo-
Riflex-AeroDyn software packages. 

Similar criteria are discussed in article [6]. The authors presented the results of the mooring analysis 
of semisubmersible platform Scarabeo 7 according to the rules of two classification societies: American 
Petroleum Institute (API) and Det Norske Veritas (DNV). The aim of the study was to compare the obtained 
results. During positioning of an offshore object the main criteria must be observed. The authors also 
include maximum displacement of the object limited to avoid damage or breaking of riser and the maximum 
tension in lines, determined by the safety factor. 

The requirements for the safety factor as a criterion for assessing the positioning system are also 
considered by the authors in [7]. Safety factors represent the ratio of breaking load to maximum force in 
the most loaded mooring line. Numerical modeling was carried out in software package “Anchored 
Structures”. The calculation analysis had given a high convergence of the results with real processes. 

Similarly, the requirements of the “Rules for the classification, construction and equipment of mobile 
offshore drilling units and fixed offshore platforms” are taken as the main criteria for determining the 
parameters of mooring lines in article [8]. The authors performed a series of preliminary calculations to 
determine the effective length of the mooring line and chose the length of the line at which the vertical force 
transmitted to the anchor equals zero. Mooring parameters were assessed using the POSITION and 
“Anchored Structures” software packages. 

The study of a floating structure movement and the selection of a suitable mooring system are 
discussed in [9, 10]. Seven symmetrical mooring systems were modeled, consisting of four or eight mooring 
lines to find the best mooring system. The results of the analysis show that the optimal mooring system is 
a variant with eight lines and 60° angle between two adjacent lines (the criterion for comparison is the 
smallest horizontal displacements). Second variant is the one with eight lines and 30° angle between two 
adjacent lines (the criterion is the lowest tension values). 

The authors of the listed articles perform the design and analysis of the mooring systems operation, 
choosing various parameters of the system as an evaluation criterion. Mainly mooring systems selected for 
the calculation are not further optimized because they are sufficient for the normal operation of the structure. 
Due to the high computational efforts associated with modeling of the mooring systems, optimization 
algorithms are not used in the design cycle. Without the use of formal optimization approaches the design 
of mooring systems is limited to an iterative engineering and design approach based on experience and 
search for an acceptable engineering solution. 

In a number of foreign articles, the authors approach the issue of optimization in more detail using 
heuristic methods [11–15]. One such method is the genetic algorithm. A genetic algorithm is a type of 
evolutionary computation that solves optimization problems using natural evolution methods. The algorithm 
is an incomplete enumeration of mooring systems variants, which improves the value of the objective 
function. For example, in [16] the goal of optimization is to minimize the displacement of the structure. The 
minimum value of the objective function is calculated using an iterative genetic algorithm. The result is 
optimized anchor positions. In this case the set of environmental conditions (waves, winds loads and sea 
currents) is converted into equivalent external static force acting on the floating structure. Dynamic analysis 
of the floating structure behavior is not used in the calculation of mooring systems. 

The genetic algorithm is used in the article [17], which describes the procedure of developing the 
code aimed at solving the problems of optimization of the mooring pattern. The author defines the optimal 
mooring system as the one that minimizes the constraint force of the floating structure (platform) itself. In 
this case, the author, in addition to the displacement of the structure, takes into account the following 
aspects affecting the choice of the optimal system: angle of the structure position, the platform mooring 
system, distribution of external loads; the length and tension of each line for selection of materials and 
sizes. The objective function which takes into account the displacement of the structure, is calculated in the 
MIMOSA software package, while the genetic algorithm is executed using the MatLab language. The 
genetic algorithm is also successfully applied in works [18–20].  

Adequate results of the optimization process can be shown by the particle swarm method. It 
considers calculating a large number of mooring system variations to create a point cloud, within which it 
is possible to search for the best value of the objective function. This approach is used to solve the problem 
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of floating platforms positions in [21, 22]. In [21] modeling was carried out for deep-water systems in the 
PROSIM software for the operating mode, taking into account the maximum allowable offset of the structure 
in order to avoid riser breakdown, as well as taking into account the safety factor. This algorithm has already 
been successfully used by the authors for another OtimRiser software package in [23]. 

A review of existing works by Russian authors suggests that most of the modeling and calculation 
methods allow calculating pre-selected mooring lines, but the issue of choosing the optimal position system 
and its adjustment is not solved. Because of this an engineer has to select a mooring system based on 
design experience, model and calculate its parameters. Then it’s necessary to iteratively improve the 
parameters to values satisfying the safety criteria. 

As for foreign studies, works with the use of fuzzy logic are presented on the issue of optimization of 
mooring systems. The approaches make it possible to form a fuzzy set, and the optimization problem 
implies the choice of the «middle» variant that satisfies the given constraints. The result is not an optimal 
solution, but a close to optimal one. In addition, in the considered solutions modeling the behavior of an 
anchored structure and the operation of its mooring system are considered separately from the optimization 
procedure. Processes are executed in different software environments. This approach excludes the 
possibility of obtaining an exact optimal solution. 

It is therefore possible to conclude that the development of methods that allow obtaining an accurate 
optimal solution for the parameters of the mooring system for marine floating anchored structures is a logical 
completion of the ideology of Russian regulatory documents (for example, ND 2-020201-015 “Rules for the 
classification, construction and equipment of mobile offshore drilling units and fixed offshore platforms”), 
develops methods for finding optimal solutions based on planning numerical experiments [24, 25] and 
allows to abandon approximate solutions of fuzzy logic in a number of practical problems. 

1.3. Problem definition 
In the scope of this article the following tasks are set:  

• Identify the parameters affecting the floating structure safety in general and mooring system in 
particular.  

• Determine a parameter that can be accepted as a criterion value.  
• Identify constraints in the design of mooring systems.  
• Formulate an optimality criterion for the survival mode.  
• Develop a method for optimization of the mooring system of a floating anchored structure in survival 

mode. 
There are a number of parameters characterizing the behavior of an anchored structure under the 

influence of static and dynamic environmental loads, which affect its safety:  

1. The mooring lines tension, which must not exceed the ultimate breaking load at any time. 

2. Horizontal displacement of the structure, which must not lead to damage to its structural elements.  

3. Vertical displacement of the structure, which must not lead to the climb of waves on the deck of 
the structure.  

4. Angular displacement of the structure, which must not obstruct the functioning of the structure 
and the crew life.  

5. Lack of the anchors movement, which guarantees the preservation of the initial characteristics of 
the structure mooring system. 

To solve the optimization problem, it is necessary to determine which of the listed parameters have 
the greatest impact on the behavior and operation of the entire structure. To do this it is necessary to take 
into account the consequences to which they can lead:  

1. Lines break can certainly lead to emergency situations.  

2. Horizontal movements during operation mode can lead to riser break. This could be the cause of 
the oil spill. However, the risers are usually detached in survival mode (extreme storm) and this parameter 
becomes insignificant. 

3. Vertical movements of the structure, which can lead to the climb of waves on the deck, are an 
undesirable event. But it does not necessarily lead to emergency consequences.  

4. Large angular displacements of the structure are usually undesirable, but do not lead to 
emergency consequences.  
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5. Due to the anchors movements, the floating structure may have displaced and the properties of 
the mooring system may change. Movements of anchors are usually not allowed in the operating mode of 
an anchored structure. However, in survival mode, when there are no restrictions on the linear movement 
of the structure, the movement of the anchors will not lead to an accident. After the storm is over, the 
mooring lines tension and the settings of the mooring system can be reset.  

Thus, the lines tension can be taken as the criterion that mostly determines the safety of a floating 
structure. The remaining parameters can be considered as constraints that will be taken into account during 
mooring system optimization according to the selected criterion. 

2. Methods 
2.1. Formulating of the criterion for the mooring system optimization  

in survival mode 
Floating structure must be positioned in the water area and must be held by an anchor mooring 

system in survival mode. In this case, the orientation of the structure, which is characterized by the azimuth 
angle ,β  is the subject of research in the optimization process. 

The mooring lines of the floating structure have a known maximum possible length, and their elastic-
weight characteristics are presented in the technical passport. The length of the lines can be calculated 
during the optimization process and it is limited by the following formula: 

,maxH L L≤ ≤                                                                    (1) 

where L  is the line length used in the mooring system, H  is the sea depth, maxL  is the maximum possible 
line length. 

The number of mooring lines N is known; the inclination angles are selected during the optimization 
process. 

The initial lines tension including the margin of safety should not exceed the breaking force. This 
safety factor is determined by ND 2-020201-015 and depends on the selection mode (survival, operation, 
emergency mode), as well as on the method of analyzing the behavior of the structure (quasi-static or 
dynamic). Thus, the formal constraint on the initial tension is: 

0 ,0 b nF F k< <                                                                (2) 

where nk  is the standard safety factor for the mooring lines tension, bF  is the breaking force of the mooring 

lines, 0F  is the initial tension of the mooring lines. 

Commonly a floating anchored structure which is positioned in the offshore waters is exposed to 
wind, currents and waves. These external loads are time-dependent and can impact in different 
combinations and from different directions. Usually, combinations of loads are taken during the analysis of 
extreme impacts. These loads combinations are typical for each force direction taking into account the wind 
rose, currents and waves. In prospect, the force direction will be designated by the index k (for example, 

1,  2 8k = … ). 

Formalizing the idea of the greatest safety of a structure from the point of view of the tension margin, 
the best variant will be: such a variant of the mooring system when the most tension margin in the most 
tensioned anchor line is retained (on the worst combination of external loads (the worst load direction) in 
extreme storm). The mathematical formulating of this criterion is presented below: 

( )
max min

, 00

,
max , , ,, , ,

b

i k i ii i i

F
F F LkF L

 
 
 β αβ α  

                                             (3) 

where 0F  is the initial tension of the mooring lines, iL  is the length of the line with the number 

( ) 1, 2, ... ,i i n=  iα  is the plan inclination angle of the line, β  is the azimuth angle of the structure. 

The proposed criterion assumes that certain parameters of the lines are defined. The line tension 
and the azimuth angle of the structure are known, line length and the plan inclination angle of the line are 
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defined. Further, the behavior of the structure under storms from different directions (k) should be modeled. 

The maximum tension ( ), 0m x ,,a ,i k
i

F F L β α 
 

 calculated in any line is determined for each direction. 

The safety factor for this “worst” line is calculated. The safety factor for the “worst” line under the external 

loads from the “worst” direction ( )min
k

 is determined as the result of such numerical experiment. Then, 

changing the parameters 0, , ,F L β α  it is necessary to find such combinations for which the “worst” safety 
factor will be the maximum possible. 

2.2. Solution procedure 
Mathematically the task solution is minimizing the functional J subject to series of restrictions: 
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where 0Δ  и  Δk  are the minimum permissible clearance of the floating structure and the minimum 

clearance recorded during modeling an extreme storm from the “ k ” direction; ,x kϕ  and   xmaxϕ  are the 

maximum angle of roll of the structure during modeling an extreme storm from the “ k ” direction and the 
maximum permissible angle of roll; ,y kϕ  and  ymaxϕ  are the maximum trim angle of the structure during 

modeling an extreme storm from the “ k ” direction and the maximum permissible trim angle; ,i kF  is 

maximum line tension with number i  under the impact of a storm from the “ k ” direction. 

The initial values of the optimized parameters are determined as follows. The initial tension of all 
mooring lines is equal in value within the limits (2). The tension of all lines changes during implementing 
the optimization procedure, but it also remains equal in all lines to ensure a symmetric constraint force from 
the multidirectional loads. 

The azimuth angle of the structure varies within ( )0,  π in the process of optimization because of the 
symmetrical form of floating structures about the direct axis. The initial angle value is arbitrary within the 
definition limits. 

The plan inclination angles of the lines are set and changed for each line with the number i  

( )1,  2,... .i n=  To start the optimization process, the initial values of the lines plan inclination angles  iα  

can be presented as follows: 1 0 ,   1   2 ,i i Nα =α α + =α + π  where 0α  is an arbitrarily assigned angle, 
index i  determines the number of the line, N  is the number of mooring lines. To keep the symmetric 
constraint reactions of the mooring system, the plan inclination angles of the lines that are in the first 
quadrant are considered as independent. The remaining plan inclination angles are determined by 
symmetry about the X-axis and Y-axis. The initial values of independent angles are set in the range 
( )0, / 2π  so that the plan inclination angle of every next line will be greater than the previous one. 
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The initial line lengths are set the equal based on constraint (1). The lengths of the lines located in 
the first quadrant are considered as independent to ensure the equal constraint force in mooring lines under 
the multidirectional loads during further optimization. The remaining lengths are taken equal to them by 
symmetry about X-axis and Y-axis. 

Thus, to solve the problem it is necessary to perform a multiparameter optimization of functional (4) 
with known initial values of the variables and with a number of constraints. 

First, it is necessary to discuss the nature of the functional J. The functional must be convex, 
continuously differentiable and must have continuous first and second derivatives to apply most of the 
methods for finding an extremum. Unfortunately, this functional is specified implicitly and it cannot be 
investigated formally (analytically) from the point of view of the indicated requirements. However, from 
physical considerations, it can be assumed that it is convex. The formal accounting of existing constraints 
written in the form of inequalities is a separate issue. Unfortunately, these constraints also have no 
analytical form and specified implicitly. In this regard, it is difficult to use, for example, gradient methods 
with a gradient projection onto the constraint zone [26], because the zone of constraints is unknown in 
advance and it is update during the research. 

In prospect it is proposed to form a functional that would include all constraints by using the penalty 
function [26] taking into account the features of the functional and constraints (4): 

( ) ( )0
0

, , , 0,
, , , max min

ma
,

x , , ,ii

b
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where qS  is the penalty function generated for each constraint from (4). 

In functional (5) compared to (4) all constraints are presented in the form of penalty functions qS ,. 

Each of them is responsible for the penalty for constraint violation with number q. If all constraints are met, 
we will get the same functional (4). 

The penalty function for an arbitrary parameter ( ) x a x b< <  is proposed to be entered by following 
formulas: 

  ,

 .

a x a x
S p

a
x b x b

S p
b

− + −
=

− + −
=

                                                                   (6) 

The penalty function in the form (6) takes zero value in the zone where the constraint is fulfilled. It 
has a positive numerical value in the zone where the constraint is violated. The p factor is used to scale the 
penalty function. 

To find the extremum of the functional (5), the method of sequential optimization of the functional 
with respect to each of the arguments is used. In this case, optimization (5) for the parameters 0,  , , i iF Lβ α  
is sequentially carried out until the value of the objective function stabilizes in the zone of the extreme value. 
The problem is deemed to be solved if the extremal value of functional (5) is found, and the formula 

0 qS =∑ is satisfied. 

The procedure is implemented for one current variable 0  , ,  iF β α  or iL  at each step of the 
coordinatewise optimization. For optimization (5), the method of dividing the interval is used. At the first 
step of the optimization procedure the initial interval is divided into three parts by two new control points 
insertion. Then the values of the functional at these new points are calculated. And then, for further 
research, the interval is left where the control point with the extreme value of the functional is located. The 
procedure is repeated cyclically. The interval where the extremum is located is reduced at each step. The 
procedure stops when the size of the uncertainty interval becomes comparable to the permissible error. 

There are three similar approaches that implement this idea. These are the half-interval method, the 
Fibonacci method and the golden section search method [26]. All of them differ only in the way the interval 
is divided into parts. The errors of these methods are comparable, but the golden section method and 
Fibonacci method have a noticeable advantage. This is due to the special method of dividing the interval, 
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when one of the two control points that divide the interval is used in the next iteration. In this research the 
golden section method has found practical application. It requires “ M ” numerical experiments 
( )  4.82 logМ =− ε  (relative result error ε  of the extremum search).The “ M ” value in practical tasks was 
within limits of 10 ones. 

3. Results and Discussion 
The stated methodology was implemented in software package [27], which allows modeling in the 

time domain the behavior of offshore floating anchored structures under the loads of wind, current, waves 
and ice. The software implementation of the methodology and the capabilities of the software package 
made it possible to perform parallel modeling of the behavior of anchored structure on a personal computer 
while simultaneously solving eight problems in the time domain associated with the storm loads from 
different directions. The researched works mainly propose the use of foreign software systems to model 
the behavior of anchored structures, such as Simo, Riflex [5], MIMOSA [17], MOSES [18], ANSYS Aqwa 
[28] and next working with optimizing program to select an anchor mooring system. It is difficult to find a 
rigorous solution to the optimization problem with such division of functions. An integrated optimization 
procedure, an element of which is a comprehensive mathematical modeling of the behavior of the 
investigated object, is proposed in this work. 

Mooring system optimization for a semisubmersible floating platform MOSS CS50 MK2, installed at 
a depth of 90 m in the area of the Kirinskoye gas condensate field to the East of the Sakhalin Island is 
considered as an example. 

The platform is positioned at the drilling location by mooring system that includes 8 mooring lines. 
The mooring system is represented by 84 mm chains with a total length of 2130 m; the studded chain with 
NV P5 category with a breaking load of 8381 kN. The linear weight of the chain is 1.6 kN/m, Young's 
modulus is 0.58×108 kN/m. 3D geometrical model of the platform was prepared for the numerical modeling 
in software package “Anchored Structures”. It is shown in Fig. 1. 

The external loads typical for a storm with 100-year return period were taken from Reference data 
on the regime of wind and waves of the Barents, Okhotsk and Caspian seas (The Russian Maritime 
Register of Shipping) to study the behavior of the platform in survival mode. The external conditions were 
accepted for extreme load mode in accordance with ND 2-020201-015 “Rules for the classification, 
construction and equipment of mobile offshore drilling units and fixed offshore platforms”. The rose of 
external loads has an asymmetry. Hull resistance coefficients were taken from the platform technical 
passport. Next, multiple time domain modeling of an extreme storm duration of 6 hours and from 8 different 
directions was performed. The behavior of the platform and extreme tensions in the mooring lines were 
investigated based on the modeling. On this basis, the mooring system was optimized using criterion (5). 

In the initial position it was assumed that the azimuth angle of platform was 45°, the length of all 
mooring chains had maximum possible value of 2100 m. The mooring lines on the plan had the similar 
degree step of 45° and the first line has an angle of 22.5° with the longitudinal axis of the platform. 

 
Figure 1. General view of platform geometrical model. 

The first optimization step, associated with the search for the best tension of the lines (Fig. 2), showed 
that in the initial position the initial tension of 500 kN is the best value. The safety factor of the mooring lines 
with the initial configuration is on the edge of the permissible value ( nK  = 1.5) according to ND 2-020201-
015. The second optimization step (Fig. 3) showed that the maximum possible length of mooring lines is 
the minimum allowable one. Negative values in Fig. 2 and Fig. 3 appear when any of the restrictions from 
(4) are violated, which reduces the functional fJ  so much that its value cannot pretend to be an extremum. 
The 135° azimuth angle of the platform was found to be the best based on the comparison of storms from 
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different directions. Next the search for the best plan inclination angle of the line was performed. Only the 
first two angles are independent that is why the best values of the first two angles were determined: 

1α  = 10.5, 2α  = 77.5 (other ones are determined on the basis of symmetry). The mooring system 
parameters which provide the safety factors for the tension of the mooring lines were obtained after the first 
cycle of the optimization procedure.  

 
Figure 2. The value of the functional Jf at the first step of the initial tension optimization. 

 
Figure 3. The value of the functional Jf at the first step of the line length optimization. 

The initial values of the parameters obtained in the previous cycle were used in the second cycle of 
optimization. The newly obtained parameters of the platform positioning were determined by the following 
parameter values: the platform azimuth angle from 0° or 180° (the azimuth angle had little effect on the 

Jf 
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value of the optimality criterion: the worst safety factor for the lines tension varied within 1 % in the range 
of azimuth angles variation). The optimal initial tension is 450 kN, the length of the lines is 2100 m, the 
values of the independent plan inclination angles of the lines are 1α  = 10.5, 2α  = 87.5. Fig. 4 presents the 
comparison between the initial location of mooring lines and optimized one. 

 
Figure 4. Location of mooring lines: a) — initial case; b) — optimized case. 

According to the results of the second optimization cycle, the safety factors for the lines tension were 
obtained. Comparison of safety factors values are shown in Table 1. 

Table 1. The lowest safety factor for tension in anchor lines. 

Direction Initial safety factors Safety factors at the first 
optimization step 

Safety factors at the second 
optimization step 

N 1.46 1.66 1.66 
E 1.53 1.68 1.67 
S 1.50 1.68 1.80 
W 1.62 1.75 1.79 
NE 1.68 1.74 1.82 
SE 1.75 1.64 1.82 
SW 1.90 1.96 2.10 
NW 1.70 1.62 1.81 

 

Thus the optimization procedure in this example made it possible to determine the characteristics of 
the mooring system, when the initial value of the criterion safety parameter is improved by 10 % on the 
average, as well as made it possible to leave the boundary of the minimum permissible values of the safety 
factors for the tension of the mooring lines. The performed test calculation also confirmed the convexity of 
functional (5) and the convergence of the optimization procedure. The performed optimization procedure 
based on numerical experiments in the time domain, implemented in software package, makes it possible 
to abandon the fuzzy logic tasks presented in a number of works [14–17]. 

4. Conclusions 
The problem of choosing the parameters of the mooring system that ensure the highest safety of the 

structure in operation is always emerge at the design phase of an offshore floating anchored structures or 
at the design phase of positioning it in offshore waters. 

The problem of choosing the best parameters of mooring systems can be formulated in various ways, 
which can lead to multicriteria and multiparameter optimization problems. The solution of the problems of 
choosing the mooring systems parameters in the most complex formulation is possible using the methods 
of fuzzy logic, which allows finding acceptable solutions. 

A variant of the formulation of mooring system optimization problem for floating anchored structure 
in survival mode is proposed in this article. This allows to find an exact optimal solution for the main 
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parameters of the mooring system. A method for solving the problem of multiparameter optimization of the 
mooring system characteristics is proposed, which is implemented using existing software products that 
modeling the dynamics of offshore floating structures under the environmental loads. 
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Abstract. Introduction. The purpose of the research was to explore the possibility of making PC400–D20 
Portland cement, as the gypsum stone was replaced with fluorogypsum during the milling process. The 
study deals with physical and mechanical properties of Portland cement obtained by mixing milled Portland 
cement clinker, fly ash (consisting of nanosized particles of SiO2 and Al2O3) and sulphate additives (gypsum 
stone or fluorogypsum). Methods. In accordance with the quality indicators set by Russian State Standard 
GOST 4913–82 (EN 13279–2), Angarsk Electrolysis Chemical Plant (JSC AECP) fluorogypsum is 
significantly superior to the gypsum stone mined in the Nukutsky Gypsum Quarry (Irkutsk Region). The use 
of high-quality fluorite concentrate in the production of the hydrofluoric acid can be accounted for 
exceptional characteristics of fluorogypsum found at the sludge fields of JSC AECP. Results and 
Discussion. The composition of sludge fields of Angarsk Electrolysis Chemical Plant has been investigated. 
The quality of its main component, fluorogypsum, has been determined with accredited classification. The 
studies of chemical composition and physical properties of fluorogypsum deposited at the sludge fields of 
JSC AECP proved that it can serve as a first-grade raw material in accordance with Russian State Standard 
GOST4913–82 for the production of high-grade gypsum. Laboratory tests confirmed the practicability of 
using fluorogypsum as a substitute for natural gypsum stone in cement production process (when grinding 
cement clinker). A technology and parameters for the production of high-grade gypsum production from the 
fluorogypsum have been developed. Conclusions. Laboratory tests confirmed the possibility of using 
fluorogypsum as a setting regulator in cement production when grinding cement clinker. The exact quantity 
of fluorogypsum when grinding cement clinker was determined, which ensures the production of high-
quality cement in compliance with Russian State Standard GOST 10187–85. The prospects of using 
fluorogypsum as a raw material for the production of high-quality gypsum as well as a wide range of building 
mixtures based on it has been identified. 
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1. Introduction 
Millions of tons of solid by-product materials are produced every year by chemical industries all over 

the world. The accumulation of these materials causes substantial societal costs for containment and 
disposal, including environmental pollution and related economic losses [1]. Therefore, finding new 
beneficial applications for these large reserves of unused and/or underutilized materials is of great interest 
and provides important opportunities for sustainable economic development. At the same time, the 
construction industry is always searching for alternative supplies of usable materials in order to curb its 
carbon footprint, reduce the cost of new projects, and ensure long term sustainability of the industry itself. 

Gypsum binders have increasingly been used in the construction industry due to their relatively low 
production energy intensity as well as such important properties as short curing time, which, in turn, reduces 
the duration of technological operations and ensures good formability and workability of the material, 
volume stability, and no necessity for compaction. Gypsum chemical composition is non-toxic, so its 
processing does not cause carbon dioxide emissions into the environment [1–3].  

Gypsum raw materials are extracted predominantly from open pit mines. Gypsum mining enterprises 
are mainly large, highly mechanized industries whose production volume reaches 2 million tons of stone 
per year. The stone is usually shipped to the consumer after primary crushing and grading into 0–300,  
0–60, and 60–300 mm fractions. Unfortunately, gypsum deposits in quarries and mines are not subjected 
to enrichment.  

Gypsum-containing waste, including phosphogypsum, borogypsum, fluorogypsum, as well as 
wastes resulted from citric acid production in chemical, food and other manufacturing, represents an 
important part of the raw material base in the gypsum industry of the country. 

Hydrofluoric acid was a key product of Angarsk Electrolysis Chemical Plant (JSC AECP). The 
production process was commenced in the fifties of the last century and had successfully been conducted 
up until 2015. However, due to the logistical concerns, the line for hydrofluoric acid production was closed 
by the top-management of Rosatom State Atomic Energy Corporation.  

 Hydrofluoric acid was produced by treating fluorite CaF2 with sulfuric acid in an externally heated 
rotary kiln at temperature of 450–500 °C (CaF2 + H2SO4 → CaSO4 + 2HF). This way, fluorogypsum or 
industrial gypsum (CaSO4) was formed as a by-product. Upon undergoing the lime neutralization, 
fluorogypsum was stored in the form of calcium sulphate dihydrate CaSO4·2H2O in the sludge dumps on 
the territory of JSC “AIECP”. The diffractogram of the fluorogypsum sample taken from the sludge dumps 
shows peaks indicative of calcium sulphate (Fig. 1). The peaks pointing at fluorite are represented in fewer 
numbers (2θ = 27.3°; 55.2; 61.3; 68.8°) and are characterized by low intensity.  

 
Figure 1. The diffractogram of the fluorogypsum sample taken from the sludge dumps  

of JSC AECP (G – gypsum CaSO4·2H2O; F – fluorite CaF2). 
During the production process, up to a total millions of cubic meters of the material was accumulated. 

It remained discarded of a long time (Fig. 2) owing to a misconception that fluorogypsum might be 
radioactive (due to the activity of the enterprise). Therefore, the first stage of the studies was the 
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assessment of radioactivity of the sludge fields. During the course of the research, several samples were 
collected from the different points of the mass.  

 
Figure 2. Sludge Dumps of JSC AECP. 

According to the results of the radiation safety monitoring, administered in the certified laboratory 
pursuant to the existing standards and specifications, including Russian State Standard GOST 30108–94, 
fluorogypsum was recognized as a first class radiation-proof material (SA = 88 < Bq/kg) suitable for all 
types of construction (certificate 31/10; dd. October 14, 2010). 

In respect of the quality indicators set by Russian State Standard GOST 4913–82 (EN 13279–2), 
JSC AECP fluorogypsum is significantly superior to the gypsum stone mined in the Nukutsky Gypsum 
Quarry (Irkutsk Region). The gypsum stone, however, enjoys wide application due to the perceived lack of 
alternatives (as there exist only one gypsum stone quarry in the Eastern Siberia). The use of high-quality 
fluorite concentrate in the production of the hydrofluoric acid can be accounted for exceptional 
characteristics of fluorogypsum found at the slurry fields of JSC AECP. 

Fluorogypsum has already been considered a raw material for the production of mineral binders and, 
when fused with cement, a component of dry building mixes [16]. In addition, fluorogypsum treated with 
sulfuric acid was viewed as an initial product for manufacturing mineral fertilizers [7].  

Along with fluorogypsum, there exist the materials exhibiting similar chemical properties and physical 
characteristics [8–25]: 

− phosphogypsum, a by-product of phosphoric acid production; 
− borogypsum, a by-product of boric acid production. 
Some attempts were made to produce gypsum-cement-pozzolana binders with phosphogypsum [3, 

4, 7]. Investigations revealed that a gypsum binder made of a phosphogypsum anhydrite and blast furnace 
slag mixture 70–24 % with appropriate activators achieved 23 MPa strength after 28 d curing at 27 °С under 
high humidity and a mixture composed of 75 % gypsum, 20 % OPC and 5 % microsilica as cementitious 
binder developed a strength of up to 17 MPa after 200 days under water [17]. 

Addition of wastes containing boron in cement based materials causes mostly decrease in strength 
parameters and increase in setting times. Researchers agree that impurities and B2O3 in the wastes are 
the most influencing parameters effecting strength reduction and retardation of setting time [18]. 

Fluorogypsum can be used as: 

1. a set-controlling admixture for the clinker milling [2–5];  

2. a raw material in production of high-quality gypsum [11, 16]. 

The purpose of the research is to explore the chemical composition and physical properties of 
fluorogypsum (the waste of hydrofluoric acid production) as well as the possibility of making PC400–D20 
Portland cement (according to Russian State Standard GOST10178–85), as the gypsum stone was 
replaced with fluorogypsum during the milling process. 

2. Material and Methods 
Fluorogypsum is a light gray paste where the particle size does not exceed 0.08 mm, and the true 

density equals 2.35 g/cm3. The range of water content of the average sample taken from the settled sludge 
is 15–20 %. The dried sample is a powder with a specific surface area of 480 m2/kg. The chemical 
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composition of the samples was determined by the flame atomic absorption spectrophotometry: the method 
was finalized by the bulletins № 61 and № 172–S issued by the Scientific Committee on Analytical Research 
Methods in 2016 and October 27, 2015 respectively, approved by The Federal Methodical Center for 
Laboratory Research and Certification of Mineral Raw Materials of the Ministry of Natural Resources and 
Environment of the Russian Federation, and revised by the Federal State Unitary Enterprise “All-Russian 
Research Institute of the Mineral Raw Materials named after N.M. Fedorovsky”.  

A flame photometer based on a DFS–12 spectrometer and the PerkinElmer 403 atomic absorption 
spectrophotometer were used for the chemical analysis of the fluorogypsum which is presented in Table 1. 

Table 1. Chemical analysis of fluorogypsum. 

Content, % SiO2 Al2O3 Fe2O3 CaO МgО K2O SO3 
Other 
vapor 

impurities 

Max. 2.07 0.64 0.429 31.88 0.768 0.073 44.25 21.29 

Min. 1.93 0.58 0.422 31.56 0.731 0.071 44.13 22.25 

Average 
(based on 3 

samples)  
1.97 0.61 0.426 36.63 0.745 0.072 44.19 21.76 

Note: Chemical analysis of the fluorogypsum was conducted in the analytical department of Vinogradov Institute of 
Geochemistry SB RAS. 

Based on the acquired data, the fluorogypsum can be classified as the premium grade material as 
set by Russian State Standard GOST 4013–82. In the course of establishing the quantitative composition 
of the trace elements, the absence of harmful and dangerous impurities was determined as well. 

This makes it possible to organize a production of high-quality gypsum, as the deposits of the slurry 
fields of JSC AECP can be used to create gypsum of grades G 10 and higher according to Russian State 
Standard GOST 12579. Likewise, the material can be referred to as the first category in terms of whiteness 
– a factor proven to be especially valuable for the producers of dry construction mixtures.  

Currently there is no production of high-quality gypsum in Irkutsk region. The established fields of 
high-quality raw materials used to manufacture gypsum are mainly located in European part of Russia, but 
the reserves are limited and do not satisfy the needs of the entire country. This shortage is fulfilled by 
means of external supply. Angarsk Gypsum Plant produces gypsum that does not exceed G5, as the plant's 
production lines are designed to process the raw materials of the Nukutsky Gypsum Quarry. 

Processing fluorogypsum of the slurry fields of JSC AECP relies on the removal of hygroscopic 
moisture from the material before converting calcium sulphate dihydrate into its end product – hemihydrate. 
At the temperatures of 100–140 °С, the process of transformation of calcium sulphate dihydrate into 
hemihydrate takes places according to the following reaction: 

CaSO 2H O CaSO 0.5H O 1.5H O.4 2 4 2 2⋅ → ⋅ +  

Despite its simplicity, the production of high-quality gypsum requires special conditions. There are 
two structurally different modifications of calcium sulphate hemihydrate, namely, α- and β-modifications. 
Alpha-hemihydrate, which is formed at a temperature slightly above the initial boiling point under the 
increased pressure of water vapor, is considered the most valuable. The production process is carried out 
in the autoclave under certain pressure, so that the removal of internal water from the gypsum does not 
cause loosening and destruction of the grains (particles). Dense hemihydrate smooth surfaced crystals are 
formed. In this case, the compliance with such technological parameters as vapor pressure, temperature, 
and processing time serves as a prerequisite. 

The second form, β-hemihydrate, is produced under the atmospheric pressure: during the 
dehydration process, the water comes out in the form of the steam which results in strong mechanical 
dispersion of grains and the formation of a rough surface, “pitted” with a large number of cracks and 
capillaries. The higher the temperature and the lower the water vapor pressure, the finer the surface of the 
crystals are. 

Structural differences determine the properties of α- and β-modifications of calcium sulphate 
hemihydrate. β-hemihydrate is distinguished by its increased solubility and higher hydration rate; however, 
to obtain a so-called rolling gypsum paste, it requires more water (50–70 wt. % of gypsum compared to  
30–45 % for the α-hemihydrate). A result, it possesses less strength.  
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The production of high-quality gypsum opens up the prospects for the manufacturing a wide range 
of building mixtures. Currently, the construction market is 80 % filled with materials of the foreign origin 
represented by a wide range of products for all types of work and of various complexity. Upon conducting 
an in-depth study, it can be concluded that the production technology of the imported building mixtures sold 
on the Russian market is quite simple and based upon:  

− strict selection of inert aggregate grain-size distribution 
− high-quality binder; 
− optimum input of special additives. 

Special additives are classified into plasticizing, hydrophobic, air-retraining, as well as organic and 
non-organic substances. 

All things considered, given the availability of high-quality gypsum of our own production, it becomes 
possible to manufacture building mixtures of the enhanced properties. This will secure the share on the 
market of construction materials. 

3. Results and Discussion 
3.1. The use of fluorogypsum as a set-controlling admixture  

for the clinker milling 
The process applied in large-scale cement production based on the traditional technology of burning 

cement clinker in tubular rotary kilns at the grinding stage. In this case, calcium sulphate dihydrate serves 
a regulator of the setting time and is added in the amount of 3–5 % of the clinker weight during the grinding 
process (in accordance with the adopted technology).  

During the study, the raw materials used by Angarsk Cement Plant (i.e. the gypsum stone mined at 
the Nukutsky Gypsum Quarry) were replaced with the fluorogypsum deposited in the sludge dumps of JSC 
AECP. The needs of the cement plant for this type of the raw materials amounted to 3000 tons per month. 

The purpose of the research was to explore the possibility of making PC400–D20 Portland cement 
(according to Russian State Standard GOST 10178–85 (EN 197–1), as the gypsum stone was replaced 
with fluorogypsum during the milling process. The object of the study dealt with physical and mechanical 
properties of Portland cement obtained by mixing milled Portland cement clinker, active mineral additives 
(fly ash) and sulphate additives (gypsum stone or fluorogypsum). 

Properties of the test materials: 

a) Portland cement clinker (PCC) of the specified mineral composition manufactured by the Cement 
Factory “Angarsk Cement” in the form of the dark gray particles of 3 to 40 mm each;  

b) fly ash (FA) of Irkutsk Thermal Power Plant – 1 in the form of light gray powder (density of  
2.3–2.4 g/cm3, bulk density of 780–820 kg/m3 CaO absorption activity 40–50 mg);  

c) gypsum stone (GS) in the form of white crushed gypsum stone of particles of 20 mm each, used 
as a sulphate-containing additive in the production of the Portland cement (according to Russian State 
Standard GOST 4013); 

d) fluorogypsum (FG), waste deposits in the form of suspension (mass humidity 12–15 %) containing 
solid particles not exceeding 0.08 mm and possessing true density of 2.35 g/cm3; 

e) standard quartz uniformly graded sand used to prepare cement mortar according to Russian State 
Standard GOST 310–4 (ENG 196–1).  

All the materials with the exception of the clinker were dried in order to obtain constant weight [18, 
21]. The drying of fly ash and sand was carried out at the temperature of 105±5 °С. Gypsum stone and 
fluorogypsum were dried at the temperature of 68±2 °C to avoid dehydration.  

Upon the drying, all the materials with the exception of fluorogypsum were ground in the ball mill to 
the required particle size (residue on sieve No. 008 not exceeding 15 wt. %) and then subjected to drying 
for one more hour before being placed in hermetically sealed containers. The containers then were stored 
in the chamber with low relative air humidity as ensured by calcium chloride placed on the tin. The materials 
were stored that way up until being used in the experiment. 

The materials were used to determine the quality indicators of two compositions of cement, where 
either gypsum stone or the fluorogypsum of JSC AECP slurry fields were used as set regulators. The 
qualitative composition of such types of the cement conforms to the standards accepted at “Angarsk 
Cement” plant, namely:  
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− Portland cement clinker (PCC); 
− active mineral additive fly ash: 18 % of the total clinker mass; 
− gypsum additive (GS or FG): 5.2 % of the total clinker mass. 

The components of each type of the cement in the quantities required for the experiments in 
accordance with Russian State Standard GOST 310.2–76 and Russian State Standard GOST 25328 (EN 
2061) were mixed in a laboratory mill for two hours as the metal balls were replaced with rubber and plastic 
“grinding elements”. The property values of two composition of the cement (PCC = 1.0 + FA = 0.18 + GS = 
= 0.052 and PCC =1 + FA =0.10 + FG = 0.052) are summarized in the Table 2.  

Table 2. Property values of cement produced with addition of either the gypsum stone or the 
fluorogypsum. 

No. Properties 

Property values 

Cement:  
PCC + FA+ GS 

Cement: 
PCC+FA+ FG 

According to 
Russian State 

Standard GOST 
10178–85 

1 Density, g/cm3 3.05 3.02 2.9–3.1 
2 Fineness: residue on sieve № 008, wt. % 13.5 14.2 ≤ 15.0 
3 Fineness: surface area, m²/kg 371 356 ≥ 250 
4 Consistency, wt. % 26 27 25–30 
5 Initial Setting  3 hours 05min 3 hours10 min ≥ 45 min  
6 Final Setting  7 hours 25 min 7 hours 50 min ≤ 10 hours 

7 

Strength of the 1-day steam-cured 
samples, MPa:  

a) bending strength; 
b) compression strength 

 
 

3.72 
20.20 

 
 

3.97 
23.13 

1st group > 27.0 
2nd group: 24–27 

3d group ≤ 24 

8 

Strength of the 7-day water-cured 
samples, MPa:  

а) bending strength; 
б) compression strength 

 
 

3.83 
23.19 

 
 

4.02 
24.18 

 
 

not standardized 

9 

Strength of the 28-day water-cured 
samples, MPa:  

а) bending strength; 
б) compression strength 

 
 
 

6.15 
41.20 

 
 
 

6.31 
42.2 

 
 
 

> 5.9  
> 39.2  

10 Bulk density, kg/m3 1100 1080  

11 Bleeding, vol. %  32 30 

According to 
Russian State 

Standard GOST 
25328–82 ≤ 30 

 

The results of the study demonstrate that physical and mechanical properties of the produced cement 
samples satisfy the technical requirements set by Russian State Standard GOST 10187–85 (EN197–1). 
Thus, the samples can be classified as PC400–D20 cement brand. 

Substitution of a gypsum additive from natural gypsum stone to the one of fluorogypsum did not 
present to have any significant effect on the quality of the cement. However, adding fluorogypsum to 
Portland cement resulted in a slight increase in the water requirement for the material. This is reflected both 
in the consistency and in the reduction of water release (a positive effect from the increased dispersity of 
fluorogypsum). 

Increase in the setting time of the cement paste is one of the potential positive impacts of using the 
fluorogypsum. This, in turn, makes the cement more effective in concrete to be subjected to electrical 
heating in winter. As a result, this phenomenon allows for reclassifying Portland cement from group 3 to 
group 2 (with regard to the curing).  

However, replacing the Nukut gypsum [18, 19] with fluorogypsum may prove complicated due to the 
increased hygroscopic moisture in the latter (15–25 %). The moisture removal procedure conducted in the 
usual manner is not cost-effective. According to the conservative estimate, the energy cost of the water 
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removal is 156.4 kWh per ton of fluorogypsum, and with the usual 50 % efficiency of using thermal units, 
these costs would double. 

In this regard, an original and economical method of water removal was designed and then tested 
under the laboratory conditions. The method is a combination of chemical absorption of hygroscopic 
moisture by the hemihydrate, with the subsequent transformation of the latter into the dihydrate of normative 
humidity. This technology allows to reduce the cost of bringing fluorogypsum to the normalized humidity by 
25 %. 

Another requirement to be met for the use of fluorogypsum in the cement industry deals with the 
loading and transportation of the material as it should not create dust areas. Hence, the process of moisture 
removal must be combined with the refining the fluorogypsum through the rotary drum granulator or the 
roller press. The particles (granules or pellets) formed this way will possess the necessary strength to retain 
their shape during loading and transportation. 

The nature of incorporating fluorogypsum additives in the structure of the cement stone is revealed 
by crystal-optical examination. Filamentous contact points between the fluorogypsum and the cementing 
mass are clearly defined (Fig. 3). 

  
Figure 3. Cement with fluorogypsum as an additive: general layout 

(a – transmitted light, b – polarized light). 
Fig. 4 demonstrates the processes of ettringite particles thin shells formation. Contact points between 

the grain and the cementing material are clearly defined. 

  
Figure 4. The processes within an ettringite grain (1)  

(a – transmitted light, b and c – polarized light). 
Fig. 5 shows a crystallographic image of a fluorogypsum grain, as well as the processes of ettringite 

shells formation between the clinker grains. It should be noted that replacements are observed only within 
a given grain. Fig. 6 shows a cementing mass, in individual grains of which recrystallization of the shell is 
observed (1), and needle-shaped formations bind cement particles into a monolith. 
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Figure 5. Fluorogypsum grain (1)  

a – transmitted light, b – polarized light. 

 
Figure 6. Element from Fig. 3. Cementing mass: recrystallization  

of the shell is observed in individual grains (1). 
This study corroborates a classical scheme of cement stone formation as fluorogypsum is used to 

prevent false setting [3–4]. 

When mixing cement containing fluorogypsum and water, film-like ettringite  
Ca₆Al₂(SO₄) ₃(OH)₁₂·26H₂O is formed on the surface of the clinker grains. The ettringite inhibits the 
interaction of cement and water which leads to a so-called induction period, or a dormant period. 
Subsequently, the shielding shells are gradually destroyed and the dormant period ends after 3–6 hours. 
Cement starts interacting with water, and the structural strength of the system increases.  

Within a few hours after mixing cement containing fluorogypsum and water, ettringite particles 
recrystallize on the clinker grains of the shell to form elongated crystals that gradually bind the cement 
particles to each other. This creates a setting effect. Due to recrystallization, the shells become more 
permeable to water, which leads to its increased interaction with cement and further strengthening of the 
structure. 

4. Conclusions 
1. The in-depth studies of chemical composition and physical properties of fluorogypsum deposited 

at the slurry fields of JSC AECP proved that it can serve as a first-grade raw material in accordance with 
Russian State Standard GOST 4913–82 for the production of high-grade gypsum. 

2. Laboratory tests confirmed the possibility of using fluorogypsum as a setting regulator in cement 
production when grinding cement clinker. Crystal-optical studies have proved the classical scheme of the 
behavior of gypsum during the formation of cement stone as well as its role in the setting of cement paste. 
The exact quantity of fluorogypsum when grinding cement clinker was determined, which ensures the 
production of high-quality cement the corresponding to the requirements set by Russian State Standard 
GOST 1018785 (EN 197–1).  

3. The prospects of using fluorogypsum as a raw material for the production of high-quality gypsum 
as well as a wide range of building mixtures based on it has been identified. That, in turn, makes it possible 
to firmly gain a foothold in the market of high-quality dry building mixtures. 
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Abstract. A statically determinate truss of a beam type with a triple lattice with short descending and long 
ascending braces is considered. The mass of a truss is modeled by concentrated loads at its nodes. For 
the first natural frequency, the Dunkerley’s method derives a formula for the dependence of its lower 
boundary on the number of panels. The calculation of the efforts in the truss required to obtain the stiffness 
value according to the Maxwell-Mohr formula is performed in the Maple computer mathematics system by 
cutting out the nodes. It is shown that for a certain number of panels the proposed scheme of the truss has 
the property of kinematic variability. For admissible numbers of panels, by induction, the sequence of 
solutions for trusses with different numbers of panels is generalized to an arbitrary case. The coefficients 
of the required dependence are obtained as solutions of linear homogeneous recurrent equations. To obtain 
and solve recurrent equations, the operators of the Maple system are used. The found solution is compared 
with the minimum frequency of the spectrum obtained numerically. It is shown that the accuracy of the 
analytical assessment monotonically increases with the increase in the number of panels. Multiple 
frequencies and the independence of several higher frequencies from the number of panels were found in 
the frequency spectrum. 

1. Introduction 
Although one of the most important characteristics of a structure for practice is its lowest natural 

frequency, for many engineering problems it is also necessary to know the entire frequency spectrum of 
the structure. Such tasks, in particular, include the tasks of seismic resistance of structures [1–3]. In most 
cases, the frequency spectrum is calculated numerically in a linear [4, 5] or nonlinear [6–10] setting. In rare 
cases, the first frequency is determined analytically [11–16]. Particularly effective are formulas for the 
vibration frequencies of regular structures, depending on their order (the number of periodicity elements, 
for example, panels). General questions of the existence of statically determinate regular rod systems were 
studied in [17–19]. Formulas for the deflection of planar regular trusses for various types of lattices and 
supports are obtained in handbooks [20, 21], and [22–24]. The formulas for deflection make it possible to 
calculate the stiffness of the truss and calculate the natural frequencies based on it. Methods for calculating 
natural frequencies are reviewed in [25, 26]. 

In this paper, we derive the analytical dependence of the lower boundary of the first natural vibration 
frequency of a regular truss and analyze its spectrum. In contrast to the known similar problems, the 
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proposed truss scheme has a special feature. For some values of the number of panels, the design allows 
kinematic variability. This complicates the derivation of the formula for the desired dependency. In addition, 
this study takes into account both degrees of freedom of each mass in the truss node. The solution is 
compared with the numerical one obtained for a refined (non-uniform) distribution of masses over nodes. 

2. Methods 
2.1. Calculation of forces. Kinematic analysis 

The symmetric truss of a beam type with a triple diagonal lattice is considered (Fig. 1). Ascending 
and descending braces have different angles of inclination. The inertial properties of the structure are 
modeled by the same masses concentrated in all hinges. In this case, the rods themselves are assumed 
to be devoid of masses. The truss has 2n panels, length a and 2h high. The truss consists of ( )8 1en n= +  
elements, including three rods, simulating a movable left and fixed right hinge support. 

 
Figure 1. Truss, n = 6. 

To calculate the forces in the structural members, the program [27], written in the language of 
symbolic mathematics Maple [28], is used. The algorithm used in this program also allows you to use other 
similar systems: Mathematica, Maxima, Reduce, etc. The coordinates of the hinges are entered into the 
program, assuming that the origin is located in the left support: 

( )
( ) ( ) ( ) ( )

2 2 2 2

2 1 4 2 2 1 4 1

1 , 0, 2 , 1,.., 2 1,
0, 2 , .

i i n i i n

n n n n

x x a i y y h i n
x x na y y h
+ + + +

+ + + +

= = − = = = +

= = = =
 

The lattice structure is defined by ordered lists of the vertices of the rods , 1,..., .i eT i n=  For the rods 
of the lower belt, for example, we have: 

[ ], 1 , 1,..., 2 .iT i i i n= + =  

The equilibrium equations of all nodes of the truss constitute a system, the solution of which gives 
the values of the forces in symbolic form, depending on the given number of panels. The matrix of the 
system of equations consists of the direction cosines of the forces, determined by the values of the 
coordinates of the nodes of the rods. The matrix is filled in a cycle along all the bars of the truss 1,..., ei n=   

[ ] [ ] [ ] [ ]

[ ]
[ ]

1 2,2 ,1 ,2 ,1

2 2
1 2

, ,

,

, 2 , 2 2 ,

, 2 ,1 2 , 1,2.

T i T i T i T i

i

j j i e

j j i e

L x x L y y

l L L

G L l T i j n

G L l T i j n j
α

α

= − = −

= +

= − α = + − ≤

= α = + − ≤ =

 

The system of equilibrium equations is written in matrix form =GS P , where S  is the vector of 
unknown forces in the rods and supports, P  is the vector of loads. 

Trial calculations of the forces in the rods from the action of arbitrary loads have shown that for some 
numbers of panels, for example 2,5,8,11,...,n =  or 3 1, 1,2,3...,n k k= − =  the determinant of the 
system of equilibrium equations vanishes. This is possible in the case of instantaneous change of the 
design, which, of course, is completely unacceptable here. This fact is confirmed by the diagram of possible 
velocities (Fig. 2). This is not the only scheme of possible velocities. Its asymmetric variants are also 
admissible when all nodes in one of the truss halves are stationary or the directions of the velocities are 
asymmetric. There is a connection between the values of the velocities .v h u a=  
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Figure 2. Scheme of possible velocities of truss nodes, n = 5. 

Eliminating the unacceptable values of n from the calculations, we set the following sequence of 
panel numbers used to display the dependence of the vibration frequency on the number of panels: 

( )( )6 5 1 4, 1,2,... .kn k k= + − − =                                            (1) 

In what follows, by the order of the truss, we mean the number k. The dependence of the deflection 
of this truss on the number of panels at various loads is given in the handbook [21]. 

2.2. First frequency. The analytical solution according to the Dunkerley’s method 
Since each node endowed with mass has two degrees of freedom, the number of degrees of freedom 

of the considered truss is equal to 2 ,sN N=  where 4 2N n= +  is the number of masses. The formula 
for determining the lower (first) frequency by the Dunkerley’s method [29, 30], which gives an estimate of 
this value from below, has the form 

1 2
2 2

, ,
1
1 1 ,D h j v j

N

j

−

=

 
ω = ω + ω  

 
∑                                                    (2) 

where , , 1,..,h j j Nω =  is partial frequencies of horizontal vibrations, and ,v jω  is partial frequencies of 

vertical ones. Partial frequencies are calculated from the analysis of the differential equation of motion of 
one mass fixed at node j of the truss 

0,j j jmu D u+ =  

where ju  is the vertical displacement of the mass, ju  is the acceleration, kD  is the stiffness coefficient (j 

is the mass number). The frequency of vibration of the load is .j jD mω =  The stiffness coefficient is 

calculated using the Maxwell – Mohr formula under the assumption that the stiffness of all the rods are the 
same 

( )( ) ( )
23

1
1 .j

j j

ne
D S l EFα α

−

α=
δ = = ∑  

Here it is indicated ( )jSα  is the forces in the element number α  from the action of a unit vertical or 
horizontal force applied to the node where the mass numbered k is located. According to (2) we have 

( )2

1
.D h vj

Ns

j
m m−

=
ω = δ = ∆ + ∆∑                                                 (3) 

Sequential calculation of trusses with an increasing number of panels shows that the expression for 
the coefficient v∆  has a constant form 

( ) ( )3 3 3 3 2
1 2 3 4 ,v C a C c C d C h h nEF∆ = + + +                                  (4) 
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where 2 2 2 2, 4c a h d a h= + = +  are the lengths of the braces. 

The coefficients 1 4, ..., ,C C  as functions of the number k, related to the number of panels n in half 
the span by formula (1), are found by the induction method with the involvement of the Maple system 
operators. 

Using the operator rgf_findrecur, we make sure that the sequence of coefficients 1C  satisfies the 
linear homogeneous recurrent equation of the ninth order 

1, 1, 1 1, 2 1, 3 1, 4

1, 5 1, 6 1, 7 1, 8 1, 9

4 4 6
6 4 4 .

k k k k k

k k k k k

C C C C C
C C C C C

− − − −

− − − − −

= + − − +

+ + − − +
 

The rsolve operator solves this equation 

( ) ( )( ) ( )( )(
( )( ) ( ) )

4 3 2
1 1 54 9 19 5 1 3 123 35 1

3 92 45 1 40 1 50 40.

k k

k k

C k k k k

k

= + + − − + − − +

+ − − − − +
 

The remaining coefficients are found as solutions to similar equations of the sixth and seventh orders: 

( ) ( )( ) ( )( )
( )( ) ( )( ) ( )( )

( )( ) ( )( ) ( )( )

2
2

3 2
3

2
4

1 78 3 27 11 1 14 1 14 12,

78 3 77 17 1 233 101 1 53 1 77 96,

9 5 1 12 11 3 1 35 1 83 6.

k k

k k k

k k k

C k k k

C k k k

C k k

= + + − − − − +

= + − − + − − − − +

= − − + − − − − +  

Similarly, we obtain the sum related to the partial frequencies of horizontal vibrations: 

( ) ( )3 3 3 3 2 2
5 6 7 8 ,h C a C c C d C h a n EF∆ = + + +                                       (5) 

where 

( )( ) ( )( )(
( )( ) ( ) )

( )( ) ( )( ) ( )( )
( ) ( )( ) ( )( )

( )( ) ( )( )

4 3 2
5

3 2
6

2
7

2
8

648 54 47 8 1 9 425 157 1

3 893 505 1 547 1 731 32,

36 6 19 2 1 4 29 10 1 29 1 37 4,

1 18 15 1 57 8 1 52 16,

18 12 5 3 1 47 1 55 4.

k k

k k

k k k

k k

k k

C k k k

k

C k k k

C k k k

C k k

= + − − + − − +

+ − − − − +

= + − − + − − − − +

= + − − − − − +

= + − − − − +

 

As a result, we obtain the desired lower estimate of the first frequency in analytical form 

( ) ( ) ( )( )3 3 3 3 2 3 3 3 3 2
1 2 3 4 5 6 7 8

.D
nEF

m C a C c C d C h h C a C c C d C h na
ω =

+ + + + + + +
     (6) 

If we do not take into account the horizontal fluctuations of loads, then the solution turns out to be 
much simpler 

( )3 3 3 3
1 2 3 4

.D
nEFh

m C a C c C d C h
ω =

+ + +
                                              (7) 
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3. Results and Discussion 
3.1. Numerical calculation of the spectrum of natural frequencies 

Let us estimate the accuracy of the obtained dependence by comparing it with the result of the 
numerical solution. To calculate the forces in the rods, which are used to calculate the stiffness of the 
structure, you can use the same program used to calculate the estimate (6). 

The system of differential equations for the movement of loads has the form 

0,N N+ =M U D U                                                               (8) 

where [ ]1 1, ..., , , ..., T
N Nx x y y=U  is the displacement of the masses, ND  is the stiffness matrix, NM  

is the diagonal inertia matrix of size N×N, and U  is the acceleration vector. Multiplying (8) by the 
compliance matrix ,NB  we reduce the problem of finding natural frequencies to the problem of the 

eigenvalues of the matrix .N N N=Φ B M  Indeed, taking into account the ratio 2 ,= −ωU U  where ω  is 

the natural frequency of oscillations, we obtain ,N = λΦ U U  where 21λ = ω  is the eigenvalue of the 

matrix .NΦ  Maple has an Eigenvalues operator from the LinearAlgebra package for calculating 
eigenvalues and vectors of matrices.  

Example. The elastic modulus of steel 52 10 MPa.E = ⋅  The rods have a cross-section of 
240.5 smF =  and a linear mass of 31.8kg/mρ =  (channel-shaped cross-section No. 30). Dimensions

3 m, 1 ma h= = are accepted. The mass of each node in the analytical solution (6) is calculated by the 

formula 0m L N= ρ  where ( ) ( )0 4 4 1 2 1 6L an n c n d h+ − + − +=  is total length of all truss rods. In the 
numerical solution, the masses of the nodes depend on the lengths of the rods connected to the nodes. 
The mass of each rod is divided in half between the nodes at its ends. For the assumed cross-section of 
the rods and the dimensions of the truss at 3,n =  the corresponding mass distribution is given in Fig. 3. In 
an analytical solution designed for equal masses, each node has a mass in this case 203 kg.m =  

 
Figure 3. Mass distribution over the truss nodes in the numerical solution of the problem (kg). 

Graph 4 compares the analytical estimate (6) and the lowest frequency of the spectrum of the truss, 
obtained numerically. 

With an increase in the number of panels, the vibration frequency decreases, and the degree of 
approximation of the analytical estimate also increases. More precisely, you can trace the dependence of 
the error on the number of panels, if you enter the value ( )1 1Dε = ω −ω ω  of the relative discrepancy. 

For 12,k >  the discrepancy of solution (5) decreases to a quite acceptable value of several percent 
(Fig. 4). An increase in the accuracy of the solution with a decrease in the height h of the structure is also 
noticeable. 

With an increase in the number of panels, the vibration frequency decreases, and the degree of 
approximation of the analytical estimate increases. More precisely, you can trace the dependence of the 
error on the number of panels, if it corresponds to the relative discrepancy ( )1 1 .Dε = ω −ω ω  For 

12,k >  the discrepancy of solution (5) decreases to a quite acceptable value of several percent (Fig. 5). 
An increase in the accuracy of the solution with a decrease in the height of the structure is also noticeable. 



Magazine of Civil Engineering, 111(3), 2022 

Kirsanov, M.N., Safronov, V.S. 

 

Figure 4. Dependence of the lower Dunkerley’s estimate Dω  and the first frequency 1ω  obtained 
numerically on the number of panels. 

 
Figure 5. Solution (6) discrepancy depending on the number of panels  

and the height of the truss; I – h = 1 m; II – h = 2 m. 

Increasing analytical accuracy with the increasing number of panels is of fundamental importance to 
practice. The "curse of dimension" is known, according to which with an increase in the complexity of the 
design, associated, for example, with an increase in the number of panels, the accuracy of solving a system 
of algebraic equations inevitably decreases, and the calculation time increases. Of course, the high bit 
depth and power of modern computing technology overcome this difficulty to some extent, but there can 
always be a design of such complexity that the power of the computing system and the amount of memory 
may not be enough. An analytical solution gives a simple solution and an increase in the order of the 
calculated system only goes to increase its accuracy. Note, however, that the effect of increasing the 
accuracy of the lower Dunkerley’s estimate is not valid for all structures. For spatial systems, for example, 
the error grows with an increase in the number of panels, asymptotically approaching a value of the order 
of 30–40 %. 

Note that without taking into account the horizontal fluctuations in the Dunkerley’s formula (3), the 
result does not change much.  

The corresponding frequency ratio according to the formula (6) and (7) decreases with an increase 
in the number of panels and a decrease in the height of the truss (Fig. 6). 
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Figure 6. Comparison of frequencies obtained by formulas (6) and (7). 

3.2. Natural frequency spectrum 
An analysis of the entire frequency spectrum of the truss revealed interesting features. In Fig. 7, with 

the same data as for Fig. 3, the spectra of trusses with k = 1,2, ..., 8 are plotted. Horizontal mass fluctuations 
are not taken into account here. Each broken curve corresponds to a truss of order k, the abscissa shows 
the numbers of frequencies in the spectrum. The characteristic independence of the last five higher 
frequencies in each spectrum from the order of the system is noticeable. Here, the equality of frequencies 

is taken within the framework of a certain accuracy. Let us denote ( )k
jω  is frequencies with number j in the 

spectrum of a truss of the order of k, ordered in ascending order. According to (1), the number of degrees 

of freedom of a truss of the order of k is equal to ( ) ,6 7 1 1,2,... .kN k k= + − − =  The higher frequencies 

in the spectra of the truss under consideration are multiples of pairs and do not depend on accuracy ωδ  
on the order of k. For example, for h = 1 m, we have higher frequencies 
( ) ( )8 1119.138 c , 6 7 1 ,j

kN kj− = = + − −ω =  that are multiple and equal to each other for different k with 

a relative accuracy of ( ) ( )( ) ( )8 1 8 51.26 10 ,j j j
−

ωδ = ω −ω ω = ⋅  and for h = 2 m the frequency and error of 

equality of conditionally multiple frequencies are less: ( )8 188.885 s ,j
−ω =  50.643 10 .−

ωδ = ⋅  

The same pattern also applies to the second and third frequencies from the end of the spectrum: 
2, 3.j jN N= − = −  The lowest frequencies in the spectra are located more chaotically. 

 
Figure 7. Spectra of natural frequencies of trusses of orders 1-8. 
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4. Conclusion 
1. For the considered planar truss, an analytical lower estimate of the first frequency is obtained for 

an arbitrary number of panels. The coefficients of the resulting formula have the form of polynomials no 
higher than the fifth order in the number of panels. 

2. It is noted that for a certain number of panels, the truss allows instantaneous kinematic variability. 
This is confirmed by the distribution pattern of possible node velocities.  

3. A comparison of the analytical estimate with the numerical result shows that with an increase in 
the number of panels, the accuracy of the estimate increases. 

4. It is shown that the highest frequency in the truss spectrum and several higher frequencies do not 
depend on the order of the truss. Multiple frequencies are found. 
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Abstract. This paper presents the rheological and hardened properties of novel 3D-printable materials 
imitating structures of marble. The effects of mixed proportion on rheological behavior, kind of texture, 
setting time, density, compressive strength, water absorption, drying shrinkage, frost resistance are 
presented together. Two kinds of squeezing tests were used to evaluate the extrusion ability and shape 
stability of the fresh mixture. A high compression speed test using constant plate speed of 5 mm/s was 
implemented to simulate the behavior of the system in the process of extrusion. The squeezing test was 
conducted with a constant strain rate of 0.5 N/s as to model the behavior of the system in the process of 
multi-layer casting. Properties of the 3D-printable artificial marble were determined by Russian standards. 
The fresh mixtures of 3D-printable artificial marbles had plastic yield value of 1.2–3.5 kPa, structural 
strength of 1.2–3.3 kPa, the value of plastic deformations was 0.05–0.06 mm/mm. This defined the ability 
of these mixtures to plastically deform without structure destruction and hold their form, resist the 
deformation under compressions load during multi-layer casting. The received specimens of artificial 
marble resemble six kinds of textures of white and color marble. The 3D-printable artificial marble had high 
compressive strength (36–48 MPa and 55–68 MPa at 1 day and 28 days after production respectively), low 
water absorption (0.75 %), drying shrinkage (1.3–1.9 mm/m), high frost resistance and short setting time 
that determine the effectiveness of 3D-printed structures life cycle. 

1. Introduction 
The idea of scaling up additive manufacturing techniques for automated building construction has 

been a topic of research for several years [1–8]. Research to date can be classified into the next groups: 

− pumpability, extrusion ability, printability, buildability, open time of 3D-printable mixture [9–14]; 

− component design, properties, and durability of 3D-printed composite materials [15–19]; 

− modeling, mechanics, and control of the 3D-printing process [10, 11, 20–22]; 

− demonstrating the viability of 3D-printed structures [23–26]. 

According to review [18, 19], the component design is the interdependent factor affecting mechanics 
and control of the 3D-printing process and viability of 3D-printed structures. The material is typically a high 
cement content mortar, which contents a different kind оf aggregates with a maximum particle size in the 
order of 2 mm to 3 mm, plasticizer, viscosity modifying additive, fiber.  

At the same time, the typical viable 3D-printed structures are printed shells watch that have a function 
of permanent formwork. All known and used compositions of 3D-printed materials are produced by using 
grey cement and plain, monochrome aggregates. As a result, 3D-printed structures are grey and plain too 
and need finishing and painting in order to provide their architectural expressiveness. It is obvious that the 

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-8800-2657
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finishing requires a lot of handwork that would discredit the idea of robotic 3D-printing technology. The 
solution to this problem can be the usage of decorative concrete, whose properties would be adapted to 
the printing process.  

However, all known kind of color decorative concretes are used in traditional concrete casting 
technology [27–30]. Therefore, the development of 3D-printable decorative concrete would allow the 3D-
printed structures to obtain architectural expressiveness without additional costs for their finishing. 

This paper aims to contribute to this promising line of research, and reports on outcomes of a 
research program aimed to develop a novel 3D-printable decorative concrete. 

2. Materials and Methods 
Six types of 3D-printable cement pastes were studied (Table 1). The initial components were used 

of the system: 

− white Portland cement CEM I 52.5 R (EN 197 − 1: 2011), 

− the plasticizer of Sika trademark based on polycarboxylate ethers,  

− complex viscosity modifying additive,  
− three kinds of aggregates, limestone filler (CaCO3 content ∼ 95%; a particle size distribution ranging 

from 1 to 75 µm), 

− polypropylene fiber (l = 12 mm, d = 0.022 – 0.034 mm), 

− pigments (Fe2O3 content ∼ 80%). 

Table 1. Tested cement paste composition and specimen identification. 

Specim
en ID 

Components/ mass cement (%) W/C kind of 
aggregates plasticizer complex viscosity 

modifying additive 
polypropyl
ene fiber 

aggreg
ates 

limestone 
filler 

pigment  

Т1  1.2 0.4 0.5 125 - - 0.32 sand  
Т2  1.2 0.4 0.5 125 - - 0.35 granite 
Т3 1.2 0.4 0.5 100 25 - 0.39 slate 

Т4 1.2 0.4 0.5 125 - 0.2 (red) 0.35 granite  + 
slate 

Т5 1.2 0.4 0.5 125 - 0.2 
(green) 0.35 granite + 

serpentine 

Т6  1.2 0.4 0.5 100 25 - 0.38 granite  + 
slate 

 

The aggregates had a particle size distribution ranging from 0 to 5 mm (Table 2). The white Portland 
cement and aggregates with different colors and particle sizes have been used to achieve the imitation 
structure of marble. W/C- ratio, concentration, and the particle size range of aggregates, the concentration 
of limestone filler was assumed as the main factors for the change of rheological behaviour of the 3D-
printable cement pastes. Content of plasticizer, complex viscosity modifying additives, polypropylene fiber 
were assumed as a fixed factor for the experiments. 

Table 2. The particle size distribution of limestone filler. 

kind of aggregates color 
particle size range 

volume of particles, % size (d), µm 

sand white 
13.2 630 
49.3 315 
37.5 160 

granite yellow 
67.0  

13.0 1250 
20.0 630 

slate terracotta ~ 98 2500 

serpentine green 
65.4 5000 
34.6 2500 
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To evaluate the extrusion ability and firm stability of fresh mixture, the different kinds of squeezing 
tests were used following the methodology developed in the works [10, 20–22, 31, 32].  

Cylindrical samples of fresh cement paste with radius R equal to their height h0 = 25 mm were used 
for the implementation of the experiment. For the squeezing test, the sample was put between two smooth 
plates diameter of which corresponded to the size of the sample and was loaded into the testing system 
“INSTRON Sates 1500 HDS”. The test was conducted on a fresh sample for all mixtures directly after their 
molding. 

High compression speed test using constant plate speed ν = 5 mm/s was implemented as the 
behaviour of the system in the process of extrusion is most adequately modeled with this speed. The curves 
“compression force N is displacement Δplˮ were obtained during the experiments were interpreted as 
influence curves of reduced compression load F* from a relative change of height of the sample hi/R: 

*
2
i

i
PhF
R

=
π

,                                                             (1) 

where hi = (h0 – Δ), h0 is the initial height of the sample, Δ is transferred in the point of time, value R was 
taken as constant and equal to the radius of the sample at the beginning of the experiment. 

According to the results of the analysis of the received experimental curves for the studied system's 
values Ki, called plastic yield value by N. Roussel and C. Lanos [20, 21], was calculated at the inflection 
point of the F*(hi/R) curves (hi/R = 0.9): 

3 *
2

i
i

FhK R
  = 
 

                                                  (2) 

The squeezing test was conducted with a constant strain rate ν = 0.5 N/s was implemented as the 
behaviour of the system in the process of multi-layer casting [32]. The strain rate conforms to the average 
speed of load increase during multi-layer casting of building sites by industrial printers. The methodology 
of its implementation corresponds to the approaches of A. Perrot [10, 22] to the evaluation of the buildability 
of the 3D printable mixtures. Squeezing was conducted until the rupture of the samples. The curves 
“displacement Δpl − time τ”, “displacement Δ is compression force Nˮ were recorded as the result of the 
experiments. Based on the obtained experimental curves, structural strength (σ0) of fresh mixtures was 
calculated for the moments corresponding to the start of deformation (Δpl = 0.1 mm), and plastic strength 
(σpl) was calculated at the beginning of cracking. The value of plastic deformations Δpl at the start of 
cracking was determined as a ratio of the displacement Δ of the plates in the squeezing test to the initial 
height of the sample h0. 

Properties of the 3D-printable artificial marble were determined by Russian standards: 

- water absorption according to Russian State Standard GOST 12730.3 “Concretes. Method of 
determination of water absorption”; 

- setting time according to Vicat method (Russian State Standard GOST 310.3 “Cements. Methods 
for determination of standard consistency, times of setting and soundness”); 

- compressive strength according to Russian State Standard GOST 10180 – 12 “Concretes. Methods 
for strength determination using reference specimens” using the universal 4-column static hydraulic testing 
system “INSTRON Sates 1500 HDS”, 

- frost resistance according to Russian State Standard GOST 10060-2012 “Concretes. Methods for 
determination of frost-resistance” (the first basic method for repeated freezing and thawing), 

- drying shrinkage according to Russian State Standard GOST 24544-2020 “Concretes. Methods of 
shrinkage and creep flow determination”. 

3. Results and Discussion 
3.1. Rheological behaviour 

The rheological properties of fresh mixtures for 3D-printable artificial marble are listed in Table 3. 
Results of two kind of squeezing tests are shown in Figure 1, 2. 
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Table 3. Rheological properties of 3D-printable artificial mixtures. 
Specimen ID Plastic yield value Ki, kPa Strength, kPa Value of plastic 

deformations Δpl, mm/mm structural σ0 plastic σpl 
Т1  2.38 0.74 45.78 0.06 
Т2  1.23 1.42 42.25 0.08 
Т3 4.70 0.41 51.41 0.06 
Т4 3.49 1.95 40.71 0.05 
Т5 1.72 3.29 35.13 0.05 
Т6  2.35 1.19 28.54 0.06 

 
As a result of the interpretation of the squeezing test with constant plate speed, we received 

experimental curves F* = f(hi/R) (Fig. 1) which correspond to the similar curves of N. Roussel [21]. 
Analysis of experimental curves F* = f(hi/R) for the description of rheological behavior of fresh artificial 
marble paste during squeezing was conducted based on approaches of fundamental structural rheology of 
disperse systems [31].  

 
Figure 1. Tested artificial marble F*(hi/R) curves. 

Under the action of low compression stress on the first section of the curve within deformation range 
∼ 0.9 < hi/R < 1 the structure maintains stability (“placing phaseˮ according to N. Roussel’s terminology). 
According to point of view structural rheology of disperse systems, the “placing phaseˮ can be characterized 
as a viscoplastic fluid with undisturbed structure. When the stress on the second section increases with  
0.8 < hi/R < 0.9, the system is plastically deformed while its structure loses its stability (“perfect plastic 
response phaseˮ according to N. Roussel). This section can be correlated with a viscoplastic fluid with 
intensively damaged structure in conformity with the structural rheology approach. 

The experimental results show similar kinds of F*( hi/R) curves for 5 studied systems (T1, T2, T4, 
T5, T6). They have expressed a horizontal section of plastic deformation. For the systems transfer from 
stable condition to plastic flow is estimated by load F* for ∼ 2.0 ÷ 3.0 kPa, transfer into the condition of the 
flow with damaged structure happens with F* > 5.0 kPa. These mixtures can be extruded through an 
extruder nozzle with low squeezing force. The system T3 does not have the horizontal section of plastic 
deformation, transfer from stable condition to plastic flow is estimated by load F* for ∼ 6.0 kPa.  

The systems T1, T2, T4, T5, T6 have rational values plastic yield value Ki = 1.2 -3.5 kPa (Table 3), 
which is determined at the beginning of the viscoplastic fluid of disperse system with undisturbed structure. 



Magazine of Civil Engineering, 111(3), 2022 

Slavcheva, G.S., Britvina, E.A. 

These values Ki ensure the best extrability due to their sufficient plasticity and capacity for viscoplastic flow 
without the structure damage under the influence of extrusion stress [32]. At the same time, the system T3 
having the highest plastic yield value (Ki = 4.5 kPa) can not have a capacity for viscoplastic flow in the 
extrusion process due to high rigidity.  

Analysis of the received experimental data of the curves “displacement Δ − time τ”, “displacement Δ 
− compression force Nˮ (Fig. 2) shows three typical zones of rheological behavior. 

The first one is the zone of phase stability. The structural strength σ0 is calculated based on the 
quantity load N at the beginning of deformation of viscoplastic mixtures can be considered as the main 
criterion of their buildability. The structural strength σ0 characterizes the ability of the system to maintain 
stability without deformation during loading. The second one is the zone of the plastic phase. The 
system’s ability to deform without destruction is evaluated by the quantity of plastic strength σpl 
calculated based on the quantity load N at the beginning of cracking. To characterize buildability, it seems 
reasonable to evaluate the number of plastic deformations on this section Δpl, which have to be minimized 
for 3D printable materials. The third one is the cracking phase and intensively destruction of the structure. 
The curves “Δ − τ ” shows that all studied system displays the similar phase stability and plastic phase 
zone. However, the structural strength for system T3 is less in ∼2 – 3 times comparing with the systems 
T1, T2, T4, T5, T6 (see Table 3). 

 

Figure 2. Tested artificial marble “displacement Δ − time τ” (a)  
and “displacement Δ − compression force Nˮ (b) experimental results. 

The transition between plastic yield value Ki, the value of structural σ0 and plastic σpl strength, 
plastic deformations Δpl is linked to the concentration and a particle size distribution of the aggregates and 
filler. At the same time, the inclusion of pigments does not have a significant influence on the rheological 
properties of mixtures. 

a) 

b) 
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Change of rheological characteristics of mixture depends on kind of distribution of particle size. If 
aggregates have different particle sizes, their particles rationally locate between cement particles. As a 
result, dense spatial packing of solid particles into cement paste structure is ensured. Such structuring of 
the mixture solid-phase ensures the increase of their firm stability and consequently buildability. By contrast, 
aggregates having equal particle size loosen fresh mixture structure. This effect of decreasing plasticity 
and firm stability of mixtures is logically related to the influence of aggregates. Introduction of aggregates 
into dispersing system “cement + water” as a regulating factor of solid-phase properties changes packing 
density and molecular interactions between solid particles. As a result, flow under stress becomes difficult 
for coarser systems containing aggregates. For systems T1, T2, T4, T5, T6 (aggregates with different 
particle sizes (see Table 2)) plastic yield value Ki, corresponding to the beginning of the plastic flow, is in 
the range from 1.23 to 2.49 kPa. At the same time, these systems have enough firm stability  
(σ0 = 1.2 – 3.3 kPa, Δpl = 0.05 – 0.06). The system T3 (aggregates with equal particle size) is characterized 
by the highest rigidity (Ki = 4.70 kPa) and the least firm stability (σ0 = 0.41 kPa, Δpl = 0.06). Therefore, 
usage of aggregates with different particle sizes allows the fresh mixture to obtain plasticity and firm stability 
but usage of aggregates with equal particle size would not be possible to ensure that.  

3.2. Properties of 3D-printable artificial marble 
As shown in Figure 3, all the specimens of received 3D-printable composites resemble the structures 

of marble. System T1 imitates the structure of white marble; the systems T2 – T6 imitate the different 
structures of color marble. 

Table 4 shows the properties of specimens of received 3D-printable artificial marble. The average 
density of all the specimens is 2150 kg/m3, the average water absorption is 0.75 %, frost resistance 200 
cycles, drying shrinkage 1.3–1.9 mm/m. The compressive strength of 3D-printable artificial marble 
specimens is in the range from 36.5 to 47.7 MPa at 1 day after production; from 54.5 to 67.9 MPa at 28 
days after production. In 1 day of hardening 3D-printable artificial marble occurs the most intensive growth 
of the strength. It is important to emphasize that in this period the strength receives 75 -80 % from 28 days 
strength. 

   

   
Figure 3. The structures of 3D-printable artificial marble. 

 
Table 4. Properties of 3D-printable artificial marble. 

Specimen 
ID 

Density, 
kg/m3 

Water 
absorption, 

% 
 

Setting 
time, min 

Compressive strength, 
MPa 

Frost 
resistance, 

cycle   

Drying 
shrinkage, 

mm/m  
1 day 28 days 

Т1 2250 0.2 105 47.7 67.9 200 ≤ 1.6 
Т2 2200 0.3 105 44.8 60.9 200 ≤ 1.4 
Т3 2150 1.7 120 47.5 66.6 200 ≤ 1.7 
Т4 2250 0.8 75 41.6 63.8 200 ≤ 1.4 
Т5 2150 0.9 60 36.5 54.5 200 ≤ 1.3 
Т6 2150 0.6 120 42.2 63.6 200 ≤ 1.9 
 

T1 T2 T3 

T4 T5 T6 
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These results indicate that changing the kind of aggregates, the inclusion of pigments does not have 
a significant influence on the properties of materials. On the other hand, the inclusion of pigments has a 
positive influence on the setting time of mixtures. The systems without pigments (T1, T2, T3, T6) are 
characterized by setting time 105–120 min, the systems with pigments (T4, T5) are characterized by setting 
time 60–75 min. That is due to the pigment content directly related to the hydration process despite the 
aggregates kind and ratio varies. 

The high early-age strength, short setting time, low water absorption and drying shrinkage, high frost 
resistance are very impotent attributes to 3D-printable materials because they determine the effectiveness 
of building technology and durability of 3D-printed structures. 

4. Conclusion 
Six kinds of structures of 3D-printable artificial marbles have been received using white Portland 

cement, pigments, and aggregates with different colors and particle sizes.  

The fresh mixtures of 3D-printable artificial marbles had plastic yield value Ki ≅ 1.2 – 3.5 kPa that is 
defined the ability of these mixtures to plastically deform without structure destruction and maintain stability 
during extrusion. At the same time, these systems had enough firm stability (structural strength σ0 = 1.2 – 
3.3 kPa, the value of plastic deformations Δpl = 0.05– 0.06 mm/mm) that is characterized the system’s 
ability to hold its form, resist the deformation under compressions load during multi-layer casting.  

The optimal rheological characteristics of fresh mixtures can be achieved with the usage of 
aggregates with different particle sizes. The fresh mixtures having aggregate’s particle size range from 0.15 
to 5 mm are characterized by the optimal plasticity, structural strength, and deformability under the load. 
Using aggregates with equal particle size impairs these characteristics of mixtures. 

The 3D-printable artificial marble had high compressive strength (36–48 MPa and 55–68 MPa at 
1 day and 28 days after production respectively), low water absorption (0.75 %) and drying shrinkage  
(1.3–1.9 mm/m), high frost resistance and short setting time that determine the effectiveness of 3D-printed 
structures life cycle. 
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