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Abstract. The article discusses the contact interaction of deformable building constructions or their parts.
Such interaction is realized for example at: hydraulic structures; suspension pile foundations, girder, raft, sheet
piling; friction bearings and kinematic bearings of seismically insulated buildings, etc. The subject of the study
is the formulation of the contact interaction problem as a linear complementarity problem. Such formulation of
the problem allows the use of effective step-by-step algorithms and provides minimum qualification
requirements to user. Expansion of existing formulations of the problems of frictionless contact and contact
with the known friction bound in the form of linear complementarity problem to the formulation of the frictional
contact is offered. Eventually, a heuristic formulation of the contact problem with friction is obtained in the form
of a linear complementarity problem. The problem is solved by the Lemke step-type algorithm in the form of a
displacement method. The results of the solutions obtained on test problems and on the Ansys software almost
coincide with the results obtained by the proposed algorithm.

1. Introduction
The object of this study is the contact interaction of deformable building constructions or their parts
(suspension pile foundations; girder; raft; sheet piling; friction bearings and kinematic bearings of seismically
insulated buildings; pipelines with frictional contact on supports). One of the important problems of strength
analysis in the calculation of buildings is the problem of determining the contact interaction forces between
deformable bodies [1–9]. The new formulation of the frictional contact problem is proposed in the form of a
linear complementarity problem. In the case of solving contact problems with Coulomb friction, three main
statements can be distinguished:
1. Frictionless contact when contact zone and separation zone of the contacting parts of the structure
are unknown. The problem is formulated as a conditional minimization of a differentiable functional [10–13].
2. A problem with known friction bound, when the contact zone is known, but the cohering zone and
the slippage zone are unknown. In this case, the problem is posed as a variational inequality, which can be
reduced to unconditional minimization of a non-differentiable functional [1, 2, 7, 14–18].
3. The general case is when the contact zone, and inside it is the zone of cohering and slip are unknown
in advance. In this case, the problem is also put in the form of a variational inequality, but there is no formulation
of the problem as a minimum of the energy functional.
In civil engineering the most commonly used numerical methods for solving contact problems in the
form of variational inequalities are method of Lagrange Multipliers, the Penalty Function Method and their
modifications [10, 11, 19–23]. These methods are implemented in most software tools for calculating buildings
that can solve contact problems [24–26]. It is also important to mention alternative methods for solving contact
problems: 1) group of methods using contact finite elements [27–30]; 2) group using algorithms
[14, 15, 31–34] of linear complementarily problem (LCP); 3) other methods [8, 35, 36].
The purpose of this work is to set new formulation of the frictional contact problem of deformable bodies
in the LCP form. The tasks can be divided:
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1. To expand the formulations of frictionless contact and contract with friction bound obtained by the
authors of this article for the general case of frictional contact;
2. To propose a method (algorithm) for calculating such problems;
3. Test Algorithm;
4. To compare solutions obtained using known and proposed algorithms.

2. Methods
In the following formulation of the calculation of contact problems with friction – contact “node to node”
is used. These nodes will be referred to as the contact pair. It is assumed that in each contact pair the points
are connected by unilateral joints. Joint, normal to the contact zone is turned on when these points are in
contact and turned off otherwise. It is supposed that unilateral joints work only in compression in the normal
direction. Joint, tangential to the contact zone is turned on if the interaction forces are less than the friction
bound and turned off if the interaction forces are equal to the friction bound. That is, when the joint is turned
on, the slipping of the points of the contact pair is impossible, and when it is off, it is possible.
The following signs` rule is accepted:
 For forces and displacements normal to the contact surface: the compressive force of interaction of
points of a contact pair x  0 ; mutual removal of points of a contact pair z  0 (Fig. 1, a).
ni

ni

 For forces and displacements tangentially to the contact surface: if the points of the contact pair
conditionally spread apart by normal to the contact zone, then interaction forces x  0 will create
τi
a couple of forces with the moment in the clockwise direction; mutual displacement zτi  0 , if it
coincides in direction with xτi  0 (Fig. 1, b).

Figure 1. Unilateral constraints. The signs` rule for the interaction forces x
and mutual displacements z.
In [14], cases of frictionless contact and contact with known friction bound are reduced to linear
complementarity problems, and the displacement method (stiffness method) of their solution have been
developed.
To implement the displacement method, it is necessary to form a contact stiffness matrix (CSM) and a
contact load vector (CLV) in the main system of mentioned method. The main system of the displacement
method is obtained from a given system by transformation of all unilateral joints (along the normal and
tangential to the contact zone in each contact pair) into bilateral joints (Fig. 2, nodes are spaced for visibility).
The component

Ri, j

of the CSM is the effort in the main system of the displacement method in the entered

joint i from a unit dislocation in the direction of the entered joint j. Component

RFi

of the СSM is an effort in

the entered constraint i from external load.

Figure 2. Constraints in the main system of the displacement method.
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Frictionless contact. In this case, it is not necessary to enter joints tangentially to the contact zone.
Thus, to form the main system, you should enter bilateral joints only normal to the contact zone in each contact
pair. Therefore, to describe the stress-strain state (SSS) of the contact pair i of a given system, two nonnegative variables are enough xni , zni . LCP for the unilateral frictionless contact has the form:

xn  Rnn  zn  RFn ;
zn  0; xn  0; zTn  xn  0,

(1)

where R nn is CSM  m  m for joints in contact pairs along the normal to the contact zone from a unit
dislocation of the nodes of contact pairs along the normal to the expected contact zone

L (Fig. 3); xn , z n

are vectors  m1 of interaction forces and mutual displacements of contact pairs along the normal to the

contact zone; R Fn is CLV  m1 for constraints normal to the contact zone; m is total number of contact
pairs.
Frictional contact with known friction bound. In the works [16–18] the cases are considered for which
contact with the known friction bound is realized. The calculation of such systems is reduced to the problem
of unconditional optimization of a non-differentiable functional. In [14, 37], such problems, in turn, are reduced
to the conditional optimization of a differentiable functional, conditions of Kuhn-Tucker which lead to LCP of
the form:

 x τ   R ττ
 
 x τ   R ττ

R ττ   z τ   R Fτ  rf 
  

;
R ττ   z    R Fτ  rf 
 τ

(2)

x τ  0; x τ  0; z τ  0; z τ  0; z τ T  x τ  0; z τ T  x τ  0;
where R ττ is CSM  m  m for joints entered in contact pairs tangentially to the contact zone from a unit
dislocation of contact pairs tangential to the contact zone. R Fτ is CLV for the joints tangential to the contact
zone; xτ



 xτ  xτ

 2 is vector m1 of efforts of interaction of contact pairs tangentially to the contact

q '', q ' are external loads); z τ  z τ  z τ is vector  m1 of mutual displacements of
contact pairs tangentially to the contact zone; rf  f  xn is vector of friction bound; f is coefficient of friction
between contact pairs; xn is pressing force vector.
zone (Fig. 3, where

Figure 3. Contact of deformable bodies after deformation.
Separation of i-1 contact pair and touch of i contact pair.
Note that to describe the SSS of a contact pair i of a given system, four non-negative variables are
 


needed: xτi , xτi , zτi , zτi , since mutual displacements zτi and forces xτi have no sign limitation.
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Figure 4. The dependence of the interaction forces and mutual displacements of the contact pair i: a)
in a given system; b) in the main system.
The variable

xτi

can be understood as the “cohering reserve” of the contact pair i with the tendency

(attempt) to shift from the catenation state in the direction zτi  0 (see sign` rule in Fig. 1). This case is shown
in Fig. 4.
Fig. 4, a point 1. The variable

xτi is the “cohering reserve” of the contact pair i when attempting to shift




from the catenation state towards zτi  0 . The variables zτi and zτi in turn are the mutual displacements of
the points of the contact pair i in the positive and negative directions, respectively. That is, with a positive






mutual displacement of zτi  0 , we have z τi  0 , zτi  0 and z τi  z τi , and with a negative zτi  0 we
have

zτi  0 , zτi  0 and zτi   zτi .
In this way, with exhaustion of the reserve

bound

xτi  rfi

xτi  0

friction force in the contact pair is equal to friction


and slippage occurs in the direction zτi  0 , i.e. variable zτi  0 (point 2 on Fig. 4).


Fig. 4, a: when reserve xτi is exhausted the situation is similar (point 3 on Fig. 4).

Let us turn further to the main system of the displacement method for the problem under consideration.
It is not required to enter constraints normal to the contact zone. The main displacement method system is
obtained by converting all unilateral friction constraints into bilateral. Thus, the slipping of points of a contact
pair in the main system is excluded.
Vectors

xτ , z τ

in the main system are connected by the ratio

xτ  R ττ  z τ (taking into

accepted signs` rule Fig. 1, b and Fig. 1, c). Similar ratios are connecting the vectors

account

xτ , xτ , z τ , z τ .






Figure 4, b, when zτi is increasing: xτi is decreasing and xτi is increasing; when zτi is increasing: xτi

is increasing and xτi is decreasing):

x τ  (R ττ  z τ )  (R ττ  z τ )   R ττ  z τ  R ττ  z τ ;
x τ  (R ττ  z τ )  (R ττ  z τ )  R ττ  z τ  R ττ  z τ .
If we also take into account external load and friction bound, then:

x τ  R ττ  z τ R ττ  z τ  R Fτ  rf ,
x τ  R ττ  z τ  R ττ  z τ R Fτ  rf ,

(3)

which coincides with the system of equations in (2).
Thus, in both cases considered above, the LCP can be formed directly using the main system of the
displacement method. It is further proposed to use this approach.
Popov, A.N., Lovtsov, A.D.
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General case of frictional contact. In the general case of friction contact, the formulation of the
problem in form of conditional extremum of some functional is not gotten. Therefore, based on “plausible”
reasoning, we propose further setting up a general case of friction contact in the form of a LCP, written for a
discretized system. In this case, for the formation of the main system, you should enter bilateral joints along
the normal and tangential to the contact zone for each contact pair.
In this case, for the formation of the main system, it is needed to enter bilateral joints along the normal
and tangential to the contact zone for each contact pair. To describe the SSS of the contact pair i of a given
 


system, we use six non-negative variables xni , zni , xτi , xτi , zτi , zτi . It is clear that in such a main system,
the force xn depends not only on z n , but also on z τ :

xn  Rnn  zn  Rnτ  z τ  R Fn ,
where R nτ is CSM  m  m for normal joints from unit dislocations tangential to the contact zone.




Or, given that: z τ  z τ  z τ :

xn  Rnn  zn  Rnτ  z τ Rnτ  z τ RFn ,
In addition to (3), we take into account the dependence on

x τ , x τ

(4)

and on z n :

x τ  R τn  zn  R ττ  z τ R ττ  z τ  R Fτ  rf ,
x τ  R τn  z n  R ττ  z τ  R ττ  z τ R Fτ  rf ,

(5)

where R τn is CSM  m  m for tangential joints from unit dislocations normal to the contact zone (note that

R τn  RTnτ ), rf is friction bound depends on contact compressive interaction forces (4):

rf  f  xn  f  (Rnn  zn  Rnτ  z τ  Rnτ  z τ RFn ) .

(6)

As a result of combining (4) and (5), taking into account (6), we have:

xn  R nn  z n  R nτ  z τ  R nτ  z τ  R Fn ;
x τ  R τn  z n  R ττ  z τ  R ττ  z τ  R Fτ  f  (R nn  z n  R nτ  z τ  R nτ  z τ R Fn );

(7)

x τ  R τn  z n  R ττ  z τ  R ττ  z τ R Fτ  f  (R nn  z n  R nτ  z τ  R nτ  z τ R Fn ).
Adding to the system of equations (7) the conditions of non-negativity and complementarity non-rigidity
from (1) and (2) we come to the LCP for frictional contact:

R nn
 xn  
  
 x τ    R τn  f  R nn
  
 x τ   R τn  f  R nn

Rnτ
R ττ  f  Rnτ
R ττ  f  Rnτ

  zn  
R Fn

   
R ττ  f  R nτ    z τ    R Fτ  f  R Fn 
  
R ττ  f  R nτ   z τ   R Fτ  f  R Fn 
R nτ

z n  0; xn  0; zTn  xn  0;

(8)

x τ  0; x τ  0; z τ  0; z τ  0; z τ T  x τ  0; z τ T  x τ  0,
There are many methods for solving LCP. They can be divided into 2 groups: iterative methods
(including using machine learning [38, 39]); step methods, that can obtain a solution in a finite number of steps.
Lemke's algorithm and its modifications are step methods and allow you to physically interpret each step of
the algorithm. And this interpretation does not contradict the physical nature of the problem.
To solve the LCP (7), we use the Lemke method with the extension parameter of the problem p [40,
41], which in our case takes on the physical meaning of an additional “tightening weight” (force bringing
together nodes) of the contact pair [14, 42]. The steps of the Lemke algorithm are a change of work schemes
with a sequential decrease in the “tightening weight”. Three types of LCP solutions are possible:
1. a trivial solution is a case when separation and slipping do not occur along the supposed contact
zone (the main system is the solution to the problem);
Popov, A.N., Lovtsov, A.D.
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2. a normal solution is when the value of the artificially entered “tightening weight” p becomes equal
to zero;
3. a ray solution for which there are two interpretations:


p  0 means that the given system is substatic structure (when the “tightening weight” is fully
removed, the displacements become uncertain).

 the p value is close to zero and small in comparison with the friction bound. This can be interpreted
as a normal solution.

3. Results and Discussion
There are plenty of problems in in the construction of buildings and structures that are connected with
frictional unilateral contact, for example: contact seams [28]; kinematic foundations; constructions under the
soil which interacting with that soil with separation and slippage [31, 33], multilayer structures; crack opening
in concrete elements; slope stability [32], frictional supports of seismically insulated building. We show the
features of the solution with a few simple examples. All results were rounded to 3 decimal places.
Example 1. We consider a freely supported multi-span beam on unilateral supports with friction (Fig. 5).
The beam is approximated by frame rod elements with three degrees of freedom in the node. It is loaded with
forces F that do not change during deformation, which ensures the constant friction bound f  F on
supports. The solution to this problem is obvious:
1. with F2  f  F the cohering of the beam with all the supports is realized;
2. with f  F  F2  6 f  F , slippage is realized on the part of the supports, and on the other part –
cohesion;
3. with F2  6 f  F , slippage is realized on all six supports and the beam displacements become
undefined;
4. when F2  6 f  F , the friction bound is realized on all supports, while the displacements on the
extreme left support are zero, and on all other supports – slippage. This case is the most difficult for the
algorithms.
In the first case, according to the algorithm, we obtain a trivial solution (see (7)):

zn  0, z τ  0, z τ  0 , xn  RFn , x τ  RFτ  f  RFn , x τ  RFτ  f  RFn ,
here: x τ 

 xτ  xτ  2  RFτ and z

τ

 z τ  z τ  0 .

In the second case, using the algorithm, we obtain a normal solution in which at least one support is
cohering with the beam, or the beam is slipping on at least one support. The results of solving the LCP, with
F2  F  100Н , for tangential mutual displacements (increased scale) and interaction forces (friction forces)
on unilateral supports are presented in Fig. 5, a (in a black frame the values for the interaction forces are
shown, and in grey frames – mutual displacements).
In the third case, as a result of using the algorithm, we obtain a “ray solution” with the parameter p  0.
This is interpreted as the destruction of the system: a further decrease in the “tightening weight” p will lead
to undefined displacements. In the fourth case, the result of using the algorithm can be both specific interaction
forces and mutual displacements in the contact area ( p  0 , “normal solution”), as well as the “ray solution”,

p  f  F (this situation should also be
interpreted as a “normal solution”). The results of solving the LCP, with F2  6  f  F  100 Н , for tangential
which is due to rounding errors, the “tightening weight” parameter is

mutual displacements (increased scale) and interaction forces (friction forces) on unilateral supports are
presented in Fig. 5, b. In this case, the ratio of the applied external load to the “tightening weight” turned out:
F p  1013 .
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Figure 5. Scheme of the beam and LCP calculation results.
Example 2. The second problem is a frame rigidly pinched from the left end, supported on frictional
unilateral supports (Fig. 6). The frame is approximated by frame rod elements with three degrees of freedom
in the node. Two variants of this problem are considered: with frictional unilateral supports directed vertically
(Fig. 6, a-c) and with third support rotated 45 degrees to the horizontal axis (Fig. 6, d-f).
For scheme with vertical supports:
 the results of solving the LCP for tangential mutual displacements (increased scale) and interaction
forces (friction forces) on unilateral supports are presented in Fig. 6, a;
 the results of solving the LCP for normal mutual displacements (increased scale) and interaction
forces on unilateral supports are presented in Fig. 5, b.
For scheme with third (from left) rotated support in Fig. 6, d and Fig. 6, e respectively. Using the results
of the LCP we get a working scheme. Next, we solve the linear problem and get the SSS of the system with
unilateral constraints. The corresponding deformable schemes for the frame (S40000:1) as a result of the final
calculation of the frame, taking into account unilateral constraints, are shown in Fig. 6, c and Fig. 6, f.

Popov, A.N., Lovtsov, A.D.
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Figure 6. Scheme of the frame and calculation results: a-c) the frame with vertical supports,
d-f) the frame with the third rotated support.
Example 3. The plane deformation problem for plates 0.1 m thick and 8m by 4m size (Fig. 7). For the
plate approximation four-node finite element with two degrees of freedom in the node was used. Dimensions
of square four-node finite elements 0.5×0.5 m. The expected contact zone considered to be fixed [26]. Two
cases of support conditions of the left boundary with a rigidly pinched lower plate at the base are considered.

Figure 7. The design scheme of the plates for the calculation of the contact problem:
a) with hinge support on the left, b) without supports on the left.
Use of CSM and CLV for a problem (at Fig. 7, a) with the total number of unknowns equal to 612, the
contact problem (8) is formed using only 48 unknowns, and in [12], [26–29] and others the size of the problem
is determined by the total number of degrees of freedom. The results of solving LCP for frictional unilateral
contact of the plates with hinge supports on the left and deformation of the contact zone (S50:1) are shown in
Fig. 8 (note that results are shown from the second node from left, because first one is fixed in horizontal
direction and it is connecting plates). The results of solving LCP for plates without supports on the left (free
boundary) with additional horizontal load and frictional unilateral contact along all bottom of the upper body (it
can move as a rigid whole) are shown in Fig. 9. Note, that friction bound occurred on the leftmost contact pair,
this case similar with situation 4 in example 1.
Popov, A.N., Lovtsov, A.D.
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Figure 8. Plates calculation results of LCP with hinge supports on the left.

Figure 9. Plates calculation results of LCP with the free left boundary.
The problem (case with hinged left side Fig. 7, a) was calculated on Ansys 18.2 Academic. It's turned
out that contact parameters that most strongly affecting the result are: Penetration Tolerance and Elastic Slip
Tolerance. A decrease in the values of these parameters brought the Ansys solution closer to the solution
obtained using the algorithm described in this paper. Getting a more precise solution in Ansys requires
(thorough) fine-tuning the program. The second case showed on Fig. 7, b can’t be solved strictly without adding
boundary conditions (it have to be fixed from moving as a rigid whole) to the upper body in Ansys. Allowance
of the penetration [26], [30] and requiring of fine-turning [25], [29], [36] is normal to the existing most
widespread unilateral contact solvers.
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4. Conclusions
1. A heuristic formulation of the contact problem with friction is obtained in the form of a linear
complementarity problem
2. To solve this problem, the displacement method has been developed as a modification of the Lemke
step by step algorithm. For discretized problems, this method ensures the fulfillment of the non-interpenetration
condition; does not use the artificial concept of “stiffness of contact joints”; is step by step, which removes the
question of the user assigning parameters to exit the iterative process.
3. The algorithm has been tested on a large number of problems. The algorithm has proven its
effectiveness by coinciding with exact solutions or solutions obtained by other algorithms.
4. Comparison of the results of solutions obtained using the proposed algorithm and the Ansys 18.2
Academic software showed their almost complete match. Adjustment of the contact parameters in Ansys
brought the solution closer to the solution obtained using the proposed displacement method. Getting a more
precise solution in Ansys requires (thorough) fine-tuning the program.
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Abstract. In this paper, the free vibration of axially-loaded, multi-cracked Timoshenko beams with differing
boundary conditions, namely, hinged-hinged, fixed-fixed, fixed-hinged, and fixed-free is studied. The cracked
beam system is represented as several beam segments connected by massless rotational springs with
sectional flexibility. Each segment is assumed to obey the Timoshenko beam theory. A simple transfer matrix
method is used to derive the characteristic equation of the axially-loaded, multi-cracked beam with differing
boundary conditions. The characteristic equation and corresponding mode shapes are a function of natural
frequency, crack size and location, and physical parameters of the beam. In this paper, the effects of crack
depth, number of cracks, position of cracks, axial load, shear deformation and rotary inertia on the dynamic
behavior of multi-cracked beams are studied in detail. It is found that there is good agreement between the
results obtained in this study and results available in the literature. Additionally, interesting observations
overlooked by other researchers are obtained.

1. Introduction
Many engineering structures suffer from mechanical vibrations, environmental effects, corrosion,
extended service and cyclic loading, etc. that create structural defects, including cracks. These cracks change
the dynamic properties of the structure, such as natural frequency and mode shape. A crack in a beam element
introduces local flexibility due to strain energy concentrations in the vicinity of the crack tip under load. This
flexibility changes the dynamic behavior of the structural member.
There has been much experimental and analytical research performed on the effects of cracking and
damage on the safety of structures [1–5]. In this paper, the local flexibility method is used, which considers
the cracked beam as several beam segments with the same properties connected by massless rotational
springs. Local flexibility is used by [6] to estimate the crack stress intensity factor. The authors of [7–9] used
Castigliano's theorem and fracture mechanics to compute the flexibility of the cracked region of a uniform
beam with a transverse surface crack, which is a function of the ratio of crack depth to the height of the crosssection. The function was obtained experimentally, according to the measurements provided by [10]. This
factor can also be obtained from [11]. Many researchers studied the free vibration of cracked Euler-Bernoulli
and Timoshenko beams, both analytically and experimentally, [12–19]. The free vibration of cracked
Timoshenko beams with various boundary conditions is studied by [20] using ultraspherical polynomials. The
authors of [21] analyzed the free vibration of Euler-Bernoulli and Timoshenko beams resting on Pasternak and
generalized elastic foundations. The free and forced vibration of cracked beams is investigated by [22–24].
Other researchers have studied the free vibration of cracked, functionally-graded Euler-Bernoulli and
Timoshenko beams [25–29]. A dynamic stiffness method is used by the authors of [30] to study the free and
forced vibration of multi-cracked, continuous, functionally-graded beams. An analytical solution of the forced
vibration of cracked Timoshenko beams with damping is obtained by [31]. The free vibration of
functionally-graded cracked Timoshenko beams is studied by [32–33]. A differential quadrature method is
used by [34] to study the free and forced vibration of multi-cracked Timoshenko beams carrying a moving
mass. A method is proposed by [35] which is based on the measurements of natural frequencies to detect a
single crack in functionally-graded Timoshenko beam. In this paper, the transfer matrix method (TMM) is used
Al Rjoub, Y.S., Hamad, A.G. Free vibration of axially loaded multi-cracked Timoshenko beams. Magazine of Civil
Engineering. 2020. 100(8). Article No. 10002. DOI: 10.18720/MCE.100.2
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to study the free vibration of axially-loaded, cracked beams. This method was first introduced by [36], and
used by other researchers [37–41] to study the free vibration of cracked beams. Other researchers solved the
problem using the finite element method, [42–44].
According to the authors' knowledge, the effects of four cracks on the dynamic behavior of axially-loaded
Timoshenko beams have not been studied in detail in the existing literature. In this paper, the dynamic behavior
of a multi-cracked beam under axial loading including the shear deformation and rotary inertia and their
coupling effects with differing boundary conditions with an arbitrary number of transverse cracks is
investigated. The simple transfer matrix method is used to ascertain the natural frequencies and corresponding
mode shapes of the beam. Some results obtained in this paper are compared to those results available in
literature.

2. Methods
2.1. Theoretical model
Consider a multi-cracked beam with length l, cross-sectional area of width b and height h, and a number
of single-sided, open cracks located at points xc1, xc2 , …, xci with sizes ac,1, ac,2, …, ac,i, respectively, as
shown in Fig. 1.

K R1

K R2

a c1
x c1

a c2

a c3

x c2

a ci

b

x c3

P

P

x ci

K1

K2
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Figure 1. A multi-cracked, axially loaded beam with i edge open cracks,
restrained by linear and rotational springs at both ends.
The boundary conditions are represented with linear and rotational springs at both ends (K1, KR1, K2,
and KR2). Timoshenko (1921) proposed a beam theory which adds the effects of shear and rotation to the
governing equation of motion of an Euler- Bernoulli beam. The total slope
bending slope  ( x, t ) and the shear slope

 xy ( x, t)

y  x, t 
x
where

y ( x, t )
is a combination of the
x

[46], which can be written as:

   x, t   

xy

 x, t 

(1)

 ( x, t ) ,  xy ( x, t) ,and t are the bending slope, the shear slope, and the time parameter, respectively.

In [47], it was assumed that the component of axial load P on the cross section is acting on the plane
of the total slope. Accordingly, the shear force can be written as:

V  x, t   P

y  x, t 
x

 y  x, t 


  x, t  k '
 x


(2)

where V is the shear force (along the y-axis), A is the area of beam cross section, G is the shear modulus
and k' is the shear correction factor (assumed equal to 5/6 in this paper). The dynamic equilibrium equations
for the free-body diagram shown in Fig. 2.b becomes:

V  x, t  
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And,

V  x, t 
x



 2 y  x, t 

(4)

t 2

where M is the bending moment (about the z-axis), ρ is the material density, and I is the moment of inertia.
Using Eqns. (3) and (4), one can obtain the governing equation for the transverse vibration of a uniform
Timoshenko beam subjected to constant axial force as:
4
4
 2 y  x, t 
 k GA  P   y  x, t 
2  k GA  P   y  x, t 
EI 

m

P

mr




x 2
 k GA  x 4
 k GA  x 2t 2
4
4
mEI  y  x, t  m 2 r 2  y  x, t 

0
k GA x 2t 2
k GA t 4

(5a)

In a similar manner, Eqn. (5a) can be written in terms of the deflection slope alone as:
4
4
 2  x, t 
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2  k GA  P     x, t 
EI 

m
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mr


 

x 2
 k GA  x 4
 k GA  x 2t 2
4
4
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0
k GA x 2t 2
k GA
t 4

(5b)

where m is the mass per unit length, r is the radius of gyration; 𝐾 ′ A is the effective shear area of the cross
section.
It is clear that Eqn. (5a) reduces to Euler beam theory (EBT) when the shear deformation and rotary
inertia are equal to zero. Then Eqn. (5a) become:

EI

 4  y, t 
x 4

m

 2  y, t 
x 2

P

 2  y, t 
x 2

0

A simple transfer matrix method is used to get the general form of the characteristic equation for the
axially-loaded cracked beam, which is a function of frequency, axial load, the locations and sizes of the cracks,
boundary conditions, and the geometrical and physical parameters of the beam. It is assumed that a beam
with n segments is joined by massless, rotational springs, as shown in Fig. 2.

Figure 2. Beam elements joined by massless, rotational spring.
The free vibration solution for a Timoshenko beam (TBT) subjected to axial load can be found using the
method of separation of variables as:

where, Y(x),  ( x ) ,

y ( x, t )  Y ( x)eit

(6a)

 ( x, t )   ( x)eit

(6b)

 , i, and x are the normal function of y ( x, t ) , the normal function of  ( x, t ) , the circular

frequency, the imaginary number, and the spatial position on the x-axis, respectively.
Substituting Eqn. (6a) into Eqn. (5a) leads to:
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And, substituting Eqn. (6b) into Eqn. (5b) yields:
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The general-form solutions of Eqn. (7a) and (7b) are:

Y ( x)  A1 cos( x)  A2 sin( x)  A3 cosh(  x)  A4 sinh(  x)

(8a)

 ( x)  m1 A1 cos( x)  m1 A2 sin( x)  m2 A3 cosh( x)  m2 A4 sinh( x)

(8b)
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  and A1 to A4 are unknown constants.
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The slope  ( x) , bending moment M(x), and shear force V(x) can be obtained as:

 ( x) 

Y ( x)
 m1   A1 sin( x)  A2 cos( x)   m2   A3 sinh(  x)  A4 cosh(  x) 
x

M ( x)  n1   A1 cos( x)  A2 sin( x)  n2  A3 cosh( x)  A4 sinh(  x)

(9b)

V ( x)  b1  A1 sin( x)  A2 cos( x)  b2  A3 sinh( x)  A4 cosh( x)

(9c)

where n1  E Im1  , n2   E Im2  , b1  E Im1   m1 I  , b2   E Im2   m2  I  .
2

2

The  S ( x) matrix can be obtained from Eqn. (8a) and (9a-c) as:
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sin( x)
cosh(  x)
sinh(  x) 
 cos( x)
 m sin( x) m cos( x) -m sinh(  x) -m cosh(  x) 
 S ( x)   n 1cos( x) n1 sin( x) n 2cosh( x) n 2sinh( x) 
1
1
2
2


b
sin(

x
)

b
cos(

x
)
b
sinh(

x
)
b
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The compatibility requirements at the crack position, xc, which are the continuity of the deflection,
bending moment, shear force, and the discontinuity of slopes for segments i and i+1, can be written in matrix
form as:

 Yi 1 ( xc )  1
  ( x )  0
 i 1 c  


 M i 1 ( xc )  0
 Vi 1 ( xc )  0

0 0
1 Ci
0 1
0 0

0   Yi ( xc ) 
0   i ( xc ) 


0   M i ( xc ) 

1   Vi ( xc ) 

(11)

where Ci is the flexibility coefficient at the ith crack, and depend on the load case of the cracked element.

2.2. Local flexibility due to a crack
An open crack on an elastic structure can be considered a source of local flexibility due to the strain
energy concentration at the surrounding area of the crack tip. The idea of replacing a crack with a massless
spring is presented to establish the relation between the strain energy concentration and applied loads. The
flexibility coefficients are expressed in terms of stress intensity factors, utilizing Castigliano’s theorem.
Generalized loading conditions for abeam element of circular or rectangular cross section with a transverse
surface crack are shown in Fig. 3.

Figure 3. Model of the cracked element.
The crack has a tip line parallel to the z-axis and the bar is loaded by shear forces P2, P3, P8, and P9;
bending moments P4, P5, P11, and P12; axial forces P1 and P7; and torsional moments P4 and P10. According
to Castigliano’s theorem, the additional displacement caused by the crack is given as:

ui 


U
 

  JdA
Pi Pi  Ac


(12)

where U, Ac, and J are the strain energy due to the crack, the crack section, and strain energy density function,
respectively.
The strain energy density function can be expressed according to [14] for plane stress as: 1
2
2
2
 1  v 2   6
 6

6
 

J 
K Ii     K IIi   (1  v)   K IIIi  
 E   i
  i 1

 i 1
 

  1

(13)

where,  is Poisson's ratio and KIi, KIIi, KIIIi are the crack stress intensity factors for opening mode, shearing
mode, and tearing mode, respectively; I = 1,2,…,6.
Stress intensity factors can be calculated following [14] as:
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K I 1  1

P
 aF1 (a / h), 1  1
bh

K I 5   5  aF1 (a / h),  5 

12P 5 z

K I 6   6  aF2 (a / h),  6 

b3h

6P 6
bh2

KI 2  KI 3  KI 4  0

K II 2   2  aFII (a / h),  2 
K II 4   4  aFII (a / h),  4 

kP 2
bh

(14)

P4
bh

K II 1  K II 3  K II 5  K II 6  0

K III 3   3  aFIII (a / h),  3 

kP 3
bh

K III 4   4 III  aFIII (a / h),  4 III 

P4
bh

K III1  K III 2  K III 5  K III 6  0
where
3


a
 a 
0.752  2.02    0.37 1  sin 

2h
a 
h
 2h  
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a
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 2h 
cos 

 2h 


  a 
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2h
a 
 2h  

F2 (a / h) 
tan 

a
a 
 2h 
cos 

 2h 
2

a
a
a
1.122  0.561   0.085    0.18  
h
h
h
FII (a / h) 
a
1  
h

FIII (a / h) 

4

3

2h
a 
tan 
 a  2h 

From Eqns. (12), (14) and (15), the flexibility coefficients can be calculated as:

C11  (1  2 )
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C15  C51  (1  2 )
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[
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b /2

b /2
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[
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[
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b /2
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b /2

[  F22 ( )d ]  dz
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a
and k is a shape coefficient for a rectangular cross section.
h

In this study, the flexural vibration of the beam is the only significant load in the equations above.
Therefore, the contribution of the axial load component to the strain energy of the system is very small. Hence,
the only component in the flexibility matrix is C66 .

2.3. Transfer matrix method
Equation (11) can be written as:

Qi1( xi )  Ci Qi ( xi )

(17)

At the location of open edge crack, the two beam segments i and i+1 are connected by a massless,
rotational springs, as shown in Fig. 2. Equation (6a) and Eqn. (8a) and Eqns. (9a) to (9c) can be written in
matrix form for both segments i, and i+1, respectively, as:
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 A1,i 
 Yi ( x) 
A 
  ( x) 
 i

 2,i 

   S ( x)  

 M i ( x) 
 A3,i 

 A4,i 

 Vi ( x) 



 A1,i 1 
 Yi 1 ( x) 
A

  ( x) 
 i 1

 2,i 1 

   S ( x)  

 M i 1 ( x) 
 A3,i 1 

 A4,i 1 
 Vi 1 ( x) 




(18a)

(18b)

Equation (18a) can be rewritten for a segment, xi-1 < x < xi, as:

Qi ( x)   S ( x) Ai 

(19)

where,

 A1,i 
 Yi 1 ( xc ) 
A 
  (x ) 
 i 1 c 
,
and
Qi ( x)  
 Ai    A2,i 

 M i 1 ( xc ) 
 3,i 
 Vi 1 ( xc ) 
 A4,i 
The boundary conditions of the beam using equilibrium equations can be expressed as:

M (0)  K R1 (0)

(20a)

V (0)   K1Y (0)

(20b)

M (l )   K R 2 (l )

(20c)

V (l )  K2Y (l )

(20d)

In order to calculate the natural frequencies and corresponding mode shapes, the characteristic
equation can be derived as in [48].
The continuity conditions of the deflection, slope, moment, and shear at x = 0 and x  l leads to:

T11
T
21
where T   
T31

T41

T12 T13
T22 T23
T32 T33
T42 T43

 Yi 1 (l ) 
 Y1 (0) 
  (l ) 




 1 (0) 
i 1

T






 K R 2i 1 (l ) 
 K R11 (0) 
 K 2Yi 1 (l ) 
 K1Y1 (0) 

(21)

Yi 1 (l )   T11  K1T14 T12  K R1T13  Y1 (0) 




i 1 (l )  T 21  K1T24 T22  K R1T23  1 (0) 

(22a)

T14 
T24 
T34 

T44 

Rewriting equation (21) as:
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 K R 2i 1 (l )  T31  K1T34 T32  K R1T33  Y1 (0) 




 K2Yi 1 (l )  T 41  K1T44 T42  K R1T43  1 (0) 

(22b)

The characteristic equation can be obtained by substitution of Equation (22a) into Equation (22b).

F1F4  F2 F3  0

(23)

where,

F1   K R 2T21  K1K R 2T24  T31  K1T34
F2   K R 2T22  K R1K R 2T23  T32  K R1T33
F3  K2T11  K1K2T14  T41  K1T44

F4  K2T12  K2 K R1T13  T42  K R1T43
Characteristic Eqn. (23) can be derived for different boundary conditions as:
a. For fixed-free boundaries  K1  K R1    ,

T34T43  T33T44  0
b. For pinned-pinned boundaries  K1  K2    ,

T34T12  T32T14  0
c. For fixed-pinned boundaries,

 K1  K2  K R1    ,
T34T13  T33T14  0





d. For fixed-fixed boundaries, K1  K 2  K R1  K R   ,
2

T24T13  T23T14  0
e. For free-free boundaries,

T31T42  T32T41  0
2.4. The corresponding mode shapes

 Ai 

In order to obtain the mode shape of the axially-loaded, cracked Euler beam, the unknown constants
for each sub-segment of the cracked beam can be determined. At first, the unknown coefficients for the

first segment,  A1 , are determined. Then, the unknown coefficients for the other segments may be obtained,
using the following procedure.
1. At x = 0, Eqn. (19) can be written as:

 Y1 (0)   1
  (0)   0
 1
 


2
K

(0)
R
1
1

   EI
 K1Y1 (0)   0

Eqn. (24) can be rewritten as:
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1
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( EI 3  P )
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  A1,1 



  A2,1 
A 
0
  3,1 
3
( EI   P   A4,1 
0

(24)
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 A1,1 


1 0   A2,1 


0    A3,1 
A 
 4,1 

Y1 (0)  1 0


1 (0)  0 

 K11 (0)    EI


 K R1Y1 (0)   0

0

EI 

( EI - P )

0

2

3

(25a)

 A1,1 


0
 A2,1 


( EI  3  P )   A3,1 

 A4,1 


2

(25b)

Substituting Eqn. (25a) into Eqn. (25b) yields:

 Q11 Q12
Q
 21 Q22

Q13
Q23

 A1,1 


Q14   A2,1 

0
Q24   A3,1 

 A4,1 


(26)

where,

Q11  n1 , Q12  K R1m1 , Q13  n2 , Q14   K R1m2 ,
(27)

Q21   K1 Q22  b1 , Q23   K1 , Q24  b2
2. At x  l , substituting Eqns. (10), (20c), (20d), and (19) into Eqn. (21) yields:
2
Yi 1 (l )   T11  EI T13


i 1 (l )  T21  EIT23 2

(T12  T14 ( EI - P ))
3

3

(T22  T24 ( EI - P )) T21  EIT23  2
3

 K R 2i 1 (l )  T31  EI T33


 K 2Yi 1 (l )  T41  EIT43 2
2

T11  EIT13 

 A1,1 



(T12   T14 ( EI   P ))  A2,1  (28a)


(T22   T24 ( EI  3  P ))   A3,1 

 A4,1 


2

(T32  T34 ( EI - P )) T31  EIT33 
3

2

(T42  T44 ( EI 3 - P )) T41  EIT43  2

 A1,1 


(T32   T34 ( EI   P ))   A2,1  (28b)


(T42   T44 ( EI  3  P ))   A3,1 

 A4,1 

3

Substituting Eqn. (38a) into Eqn. (38b) leads to:

Q31 Q32 Q33
Q
 41 Q42 Q43
where,

 A1,1 


Q34   A2,1 

0
Q44   A3,1 

 A4,1 


(29)

Q31   K R 2 (T21  n1T23 )  T31  n1T33
Q32   K R 2 (m1T22  b1T24 )  (m1T32  b1T34 )

Q33   K R 2 (T21  n2T23 )  T31  n2T33

Q34   K R 2 (m2T22  b2T24 )  (m2T32  b2T34 )
Q41  K2 (T11  n1T13 )  T41  n1T43

Q42  K2 (m1T12  b1T14 )  (m1T42  b1T4 )
Q43  K2 (T11  n2T13 )  T41  n2T43

Q44  K2 (m2T12  b2T14 )  (m2T42  b2T44 )
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Combining Eqn. (26) and Eqn. (29) yields:

 Q11 Q12
Q
 21 Q22
Q31 Q32

Q41 Q42

Q13 Q14   A1,1 


Q23 Q24   A2,1 

0
Q33 Q34   A3,1 

Q43 Q44  
 A4,1 


(31)

The unknown coefficients of Eqn. (31) correspond to the mode shapes of the first crack position, i.e. at

x = xc1. For other crack locations, the unknown coefficients can be obtained using the coefficients of the
previous crack as:

 Ai    S ( xi1)1 Ci1  S ( xi1) Ai1

(32)

3. Results and Discussion
3.1. Validation of results
The present results obtained are compared with those found by [45]. Three different boundary
conditions are used, namely, hinged-hinged, fixed-hinged, and fixed-fixed. Also, two different values of P/Pcr

PE
P
1 E
k `GA
, where PE is the Euler buckling load. Values of l = 1 m, b = 0.1 m, h = 0.2 m, E = 200 GPa,   7850kg / m3 ,
and   0.3 are used as the geometrical and material properties of the intact beam.
Fig. 4 a-c show the first non-dimensional natural frequency ratio cr / in obtained in this study versus the
are used, which are 0.2 and -0.2. Pcr is the critical buckling load of the intact beam and it is equal to

non-dimensional crack location x/l for a beam with a/h = 0.1, a/h = 0.3, and a/h = 0.5, for hinged-hinged, fixedhinged, and fixed-fixed beams, respectively, compared with those obtained by [45]. As you can see, the
obtained results agree well with those reported by [45].

Figure 4. The first non-dimensional natural frequencies of a) hinged-hinged beam with single crack
with a/h = 0.1, b) fixed-fixed beam with single crack with a/h = 0.3, and c) fixed-hinged beam with
single crack with a/h = 0.5. The curves are obtained for P / Pcr values of -0.2, and 0.2
(from top to bottom).

3.2. Effects of One Crack and Axial Load on Natural Frequencies
In all subsequent sections, the geometrical and material properties of the intact beam are the same as
those used in validation section, unless otherwise noted. The first three non-dimensional natural frequencies
of a beam with a single crack versus crack location, for hinged-hinged, fixed-fixed, fixed-hinged, and fixed-free
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boundary conditions, respectively, are shown in Fig. 5, 6, 7, and 8. In all figures, figure a) represents P/Pcr = 0,
figure b) represents P/Pcr = -0.3, and figure c) represents P/Pcr = 0.3. Also, in all figures, eight values of
aspect ratio a/h are used, 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7. It is clear that the natural frequencies do not
change with differing values of aspect ratio (a/h) at the location of zero-crossing of the mode shape and at
critical points for a given frequency but do vary with differing boundary conditions. As an example, the zerocrossing points for hinged-hinged boundary conditions are located at 0.33l, and 0.66l for the third, nondimensional natural frequency. The critical points are located at 0.11l and 0.89l for fixed-fixed boundary
conditions and at 0.12l for fixed-hinged boundary conditions for the second, non-dimensional natural
frequency. An interesting observation overlooked by researchers is that the locations of critical points for the
first non-dimensional frequencies are shifted toward the center of the beam when the beam is axially loaded
in compression and toward the fixed supports of the beam when the beam is axially loaded in tension for fixedfixed and fixed-hinged boundaries. Those locations are at 0.23l, 0.77l, and at 0.21l, 0.79l, for compressionand tension-loaded beams, respectively, for fixed-fixed boundaries, and 0.27l and 0.25l for tension- and
compression-loaded beams, respectively, for fixed-hinged boundaries. As most researchers have found, the
beam's natural frequencies are independent of crack location. Also, the natural frequency decreases with
increasing aspect ratio. The first non-dimensional frequencies are most affected by the severity of cracks and
the magnitude of the axial force. For axially loaded beams, since the compressive force softens the beam and
tensile force stiffens the beam, the non-dimensional natural frequencies for all modes of the beam under
compressive force are smaller than those of the same beam under tensile load for all boundary conditions.
The first non-dimensional natural frequency shows a maximum 14 % and 20 % increase when the cracks are
located near the supports and 16 % and 29 % decrease when the cracks are located at mid-span of the beam
for P/Pcr = 0.3 and P/Pcr = -0.3, respectively, for an aspect ratio of 0.5, for an axially-loaded, hinged-hinged
beam. for axially-loaded fixed-fixed beams, the first non-dimensional natural frequency shows a maximum
12 % increase when the cracks are located near the supports and 15 % decrease when the cracks are located
at mid-span of the beam for P/Pcr = -0.3 and P/Pcr = 0.3 respectively, for aspect ratio of 0.1, and a maximum
15 % increase and 19 % decrease for P/Pcr = -0.3 and P/Pcr = 0.3 respectively, for an aspect ratio of 0.5. The
values of percent increase or decrease are increased as the value of aspect ratio increases. For axially-loaded,
fixed-hinged beam, the first non-dimensional natural frequency shows a maximum 13 % increase and 16 %
decrease for P/Pcr =-0.3 and P/Pcr = 0.3 respectively, for an aspect ratio of 0.1, and a maximum 16 % increase
and 20 % decrease for P/Pcr = -0.3 and P/Pcr = 0.3 respectively, for an aspect ratio of 0.6. Again, for axiallyloaded fixed-free beam, the first non-dimensional natural frequency shows a maximum 15 % decrease and
13% increase for P/Pcr =-0.3 and P/Pcr = 0.3 respectively, for an aspect ratio of 0.1. A maximum 24 %
decrease and 16% increase are obtained for P/Pcr = -0.3 and P/Pcr = 0.3 respectively, for an aspect ratio of
0.5. Another interesting point overlooked by researchers that for fixed-free beam, the first non-dimensional
natural frequencies is not affected by crack location, aspect ratio of the crack, or the magnitude of axial load
beyond 0.86l, 0.8l, and 0.92l of the beam for zero axial load, tensile load and compressive load, respectively
compressive load, respectively.
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Figure 5. The first three non-dimensional natural frequencies of a hinged-hinged beam with a single
crack for a) P/Pcr=0, b) P/Pcr=–0.3, and c) P/Pcr=0.3. The curves are obtained for a/h values of 0, 0.1,
0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 (from top to bottom), and c) P/Pcr=0.3 with values of a/h= 0, 0.1, 0.2, 0.3,
0.4, and 0.5.
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Figure 6. Same as Fig. 5 but with fixed-fixed boundary
and values of a/h = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 for c).
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Figure 7. Same as Fig. 5 but with fixed-hinged boundary
and values of a/h = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 for c).
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Figure 8. Same as Fig. 5 but with fixed-free boundary
and values of a/h = 0, 0.1, 0.2, 0.3, 0.4, and 0.5 for c).

3.3. Effects of multiple cracks and axial load on natural frequencies
Fig. 9 and 10 show the first three non-dimensional natural frequencies of a beam with four cracks versus
crack location, for hinged-hinged and fixed-free boundaries, respectively. For brevity, the fixed-fixed and fixedhinged results are not shown here. Five values of aspect ratio a/h are used in all figures (0, 0.1, 0.2, 0.3, and
0.4). Three cracks are fixed at locations of maximum variation of non-dimensional frequencies: 0.15l, 0.5l, and
0.85l, and at 0.01l, 0.6l, and 0.8l for hinged-hinged and fixed-free boundaries, respectively, while the fourth
crack moves along the beam. As seen, the presence of four cracks in the beam lowers the non-dimensional
natural frequencies, with or without axial load relative to the case of a single crack. A maximum 17 % and
15 % decrease of the first non-dimensional frequencies is observed for an aspect ratio of 0.4 when the fourth
crack is located closer to the supports and mid-span of the beam, for hinged-hinged boundary conditionscompare Fig. 5a) with Fig. 9a). For fixed-free beam, a maximum 14 % and 34 % decrease of the first nondimensional frequency is observed for an aspect ratio of 0.4 when the fourth crack is closer to the fixed and
free supports, respectively-compare Fig. 8 a) with Fig. 10 a). It can be concluded here that the strongest and
weakest beam in terms of fundamental natural frequencies is fixed-fixed and fixed-free beam, respectively.
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Figure 9. The first three non-dimensional natural frequencies of a hinged-hinged beam with four
cracks for a) P/Pcr=0, b) P/Pcr=–0.3, and c) P/Pcr=0.3. The curves are obtained for a/h values
of 0, 0.1, 0.2, 0.3, and 0.4 (from top to bottom).
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Figure 10. Same as Fig. 9 but with fixed-free boundary.

3.4. Effects of number of cracks on natural frequencies
and corresponding mode shapes.
Fig. 11 and 12 show the effect of number of cracks on the first three non-dimensional natural frequencies
of a beam for fixed-fixed, and fixed-hinged boundaries, respectively. Again, for brevity, the results of hingedhinged and fixed-free are not shown here. In all figures, a/h = 0.3 is used, figure a) represents P/Pcr = 0, figure
b) represents P/Pcr = -0.3, and figure c) represents P/Pcr = 0.3, the solid line represents a beam with one
moving crack, the dashed line represents a beam with two cracks: one crack at location 0.2l and one moving
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crack along the beam, and the dotted line represents a beam with three cracks, cracks located at 0.2l and 0.4l
and one moving crack along the beam. Increasing the number of cracks leads to a decrease in the nondimensional natural frequency for all loading cases. Fig. 13 and 14 show the effects of the number of cracks
on the first three mode shapes of a beam with hinged-hinged and fixed-free boundaries, respectively. The
results of fixed-fixed and fixed-hinged are not shown. Again, in all figures, a/h = 0.3 is used, figure
a) represents P/Pcr = 0, figure b) represents P/Pcr = -0.3, and figure c) represents P/Pcr = 0.3. It is clear that
the number of cracks slightly affects the mode shapes.

Figure 11. Effects of number of cracks on the first three non-dimensional natural frequencies of
fixed-fixed beam for a) P/Pcr=0, b) P/Pcr=–0.3, and c) P/Pcr=0.3.
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Figure 12. Same as Fig. 11 but with fixed-hinged boundary.
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Figure 13. Effects of number of cracks on the first three mode shapes of hinged-hinged beam for
a) P/Pcr=0, b) P/Pcr=–0.3, and c) P/Pcr=0.3. (Blue line represents one crack, green line represents
two cracks, and red line represents three cracks)

Figure 14. Same as Fig. 13 but with fixed-free boundary.

3.5. Effects of shear deformation and rotational inertia on natural frequencies
Fig. 15 and 16 show the effects of shear deformation and rotational inertia on the first three nondimensional natural frequencies for fixed-fixed and fixed-hinged boundary conditions, respectively. The results

i  ic  / E of the cracked beam and the
x-axis is the position of the crack. In all figures, figure a) represents P/Pcr = 0, figure b) represents
P/Pcr = -0.3, and figure c) represents P/Pcr = 0.3. Three values of slenderness ratio are used 5, 10, and 20.
of hinged-hinged and fixed-free are not shown. The y-axis is

The value of a/h used is 0.3. It can be seen that the non-dimensional natural frequencies decrease as the
value of slenderness increases. Also, it can be seen that the fundamental non-dimensional natural frequencies
obtained by EBT and TBT gradually coincide at L/h greater than 10. A remarkable difference is observed on
the fundamental non-dimensional natural frequencies obtained by EBT and TBT at L/h less than 10. At higher
modes, the effects of L/h become more noticeable for all boundary conditions. In all figures, the results of
L/h = 20 are not shown because the EBT and TBT results coincide with each other.

Al Rjoub, Y.S., Hamad, A.G.

Magazine of Civil Engineering, 100(8), 2020

Figure 15. The first three non-dimensional frequencies of fixed-fixed beam with a single crack
obtained by Euler– Bernoulli model with L/h = 5, Timoshenko model with L/h = 5, Euler–Bernoulli
model with L/h = 10, and Timoshenko model with L/h = 10 (represented by solid red, dashed red,
solid green, and dashed green lines, respectively); a) P/Pcr=0, b) P/Pcr=–0.3, and c) P/Pcr=0.3.
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Figure 16. Same as Fig. 15 but with fixed-hinged boundary.
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4. Conclusions
A simple transfer matrix method is used to study the vibrational behavior of axially-loaded, multi-cracked
Timoshenko beams with differing boundary conditions. The effects of slenderness ratio, axial load, aspect
ratio, a/h, boundary conditions, and number of cracks on the non-dimensional natural frequencies and the
corresponding mode shapes are investigated. The following conclusions can be drawn:
1. The tensile force stiffens the beam while the compressive force softens the beam.
2. For the first mode, the severity of the cracks and the magnitude of the axial load affect the nondimensional frequencies.
3. A decrease in the natural frequency is observed as the number of cracks increases, due to
increased flexibility of the beam.
4. For specific crack location, the natural frequency decreases as the aspect ratio, a/h, increases.
5. At the location of the zero-crossing of the mode shape, and at critical points along the beam,
the natural frequencies do not change with differing aspect ratios.
6. For the first non-dimensional frequencies, the compressive force shifts the locations of critical
points toward the center of the beam. The tensile force shifts them toward the supports for fixedfixed and fixed-hinged boundaries.
7. The first non-dimensional natural frequency is not affected by the crack location, aspect ratio of
the crack, or the value of axial load beyond a certain location of the fixed-free beam.
8. A remarkable difference of the non-dimensional natural frequencies obtained by the EulerBeam theory and Timoshenko beam theory is observed at values of L/h less than 20.
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Abstract. The article is devoted to the determination of the patterns of the formation of the microstructure
of foam concrete using Portland cement, opoka marl and fly ash. Binder composites obtained by joint
grinding of these were prepared in the form of new compounds, on the basis of which concrete with
improved mechanical properties and performance characteristics are created. The complex of experimental
studies included studies of the thermal intensity of hydration, shrinkage, average density and compressive
strength. A number of operational characteristics were also comprehensively investigated: frost resistance,
thermal conductivity and vapor permeability. Both microstructural and morphological studies of the
developed composites were investigated using the analysis of SEM images, X-ray diffraction patterns and
DTA patterns. The experimental results of composite binders and foam concrete based on it are presented.
The mechanism of the influence of fly ash on the formation of the microstructure of the foam concrete
mixture for building envelopes is determined. Binder composites obtained by co-grinding the components
have a compressive strength of up to 60 MPa with Portland cement savings of up to 40 %. Based on the
binder composites, foam concrete with a density of 500–700 kg/m3 and compressive strength above 4 MPa
was obtained. In addition, a technological scheme was developed for the production of non-autoclaved
foam concrete for the manufacture of blocks, as well as for monolithic construction.

1. Introduction
The natural energy resources are running out and are became more expensive, but at the same time
the construction industries spend huge large quantities and very uneconomically [1–2]. About 30 % of fuel
resources are spent on creating thermal comfort in the premises. At the same time, almost a third of these
resources lost in the process of transportation, as well as through leaks through the enclosing structures of
buildings and structures [3–4]. Only through the introduction of energy-efficient building materials that
combine multifunctionality and low cost, it can optimize the construction and improve the thermal
characteristics of buildings and structures [5–7]. One such material is cellular concrete [8–10].
Naturally, to reduce energy costs, it is necessary to exclude autoclave processing from the list of
technological processes necessary for the production of this class of concrete. However, it is rather difficult
to obtain a durable material with an optimal pore structure. Complex modification of the mixture through the
use of active mineral components contributes to the quality indicators of the cellular material. This, on the
one hand, increases the stability and viability of the foam concrete mix, and on the other hand, increases
the complex of physicomechanical quality indicators of the composite [11–15].
Using special composite binders that optimize the synthesis process at all stages from foaming and
porosity of the mixture to curing and operation of the composite, it is possible to increase the efficiency of
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these building materials [16–18]. The selection of silica-containing components from both technogenic and
natural raw materials is the most important task on this path. The use of these additives allows not only to
reduce the consumption of the most energy-consuming and expensive component of foam concrete –
Portland cement, but also allows you to control the structure formation of the cellular composite [19–21].
Among the main advantages of foam concrete (Fig. 1), is that, Chica and Alzate [22] highlighted the
low weight of the material and structures made using foam concrete, which reduces the load on the
foundations and, thus, reduces the cost of their construction. The low weight of the products results in low
transportation costs. The article [23] states that foam concrete is characterized by high vapor permeability
with a simultaneous coefficient of thermal conductivity. This indicates a very important fact – the material
"breathes", while not violating the humidity conditions, both indoors and inside the structure itself. Other
researchers [24] cite facts characterizing the high durability of non-autoclave foam concrete.

Figure 1. Advantages and disadvantages of non-autoclaved foam concrete.
A wide range of products and their sizes is made possible thanks to the simple workability of the
material and the possibility of using both blocks and monolithic foam concrete. There are a number of
technology foam concrete blocks, for example, as a result of pouring into molds to match the size of the
product, or cutting into blocks of larger arrays. The authors of article [25] highlight the simplicity and
affordability of technology, as well as the low cost of production, as advantages of non-autoclaved foam
concrete. Given all this, there is a huge number of manufacturers of both raw materials (foaming agents
and binders - traditionally use Portland cement), and the blocks themselves made of foam concrete. Despite
this, foam concrete has a number of drawbacks, the main one of which is shrinkage resulting from a longterm increase in strength [26–27]. Immediately after the preparation of the foam, processes of spontaneous
destruction immediately arise, which cease only when the composite is significantly hardened. Accordingly,
to reduce these deformations, it is necessary to ensure stable characteristics of the foam [28–29]. It is
known that for cement composites it is necessary to control that the hydration of clinker minerals takes
place in full; only in this case is the required strength of the hardened composite
Given all of the above, it can be concluded that the process of forming the macrostructure of aerated
concrete is difficult to control and regulate [32–33]. This conclusion is explained by the need to
simultaneously control a large number of technological parameters: the quality of the raw material and the
accuracy of its dosage, the water-solid ratio of the system and its rheological characteristics, temperature
and pH of the medium, which change during the manufacturing and curing of foam concrete [34–36].
Using prescription and technological methods, it is possible to reduce the negative effect of these
shortcomings. The use of modifying additives, the selection and development of foaming additives, quality
control of materials and the flow of technological processes can improve the efficiency of the manufactured
cellular concrete.
Summarizing all of the above, we note the following. Despite the fact that a lot of research has been
done on foam concrete, there are many “white spots” that need to be addressed as soon as possible. Thus,
the object of the study are non-autoclave foam concrete. And the subject of research in this case will be
the durability characteristics of these promising materials.
The goal of the study is to optimize the durability of non-autoclaved foam concrete using a composite
binder. In the course of achieving this goal, a number of tasks were solved:
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a) research of optimal compositions of foam concrete on binder composites via both organic and
mineral admixtures;
b) study of the possibility of controlling the processes of structure formation at the synthesis of foam
concrete made based on binder composites;
c) study of the properties of modified foam cement systems and the development of materials
science and technological methods for their regulation;
d) research and development of composites for both structural and heat-insulating un-autoclaved
foam materials.

2. Materials and Methods
2.1. Materials
For synthesize of binder composite and foam concrete for monolithic construction, opoka marl (OM)
and Portland cement CEM I 42.5N (Belgorod cement, Russian Federation) were used. Foam concrete for
the production of blocks was prepared on the binder composite using the same Portland cement as well as
fly ash (FA) from Novotroitskaya TPP (Russian Federation). The chemical content of the CEM I 42.5N used
are shown in Table 1.
Table 1. Chemical content of CEM I 42.5N.
Chemical composition (%)
calcium oxide

silica

aluminium oxide

iron oxide

magnesium oxide

sulfur oxide

sodium oxide

65.9

21.7

5.0

4.2

1.25

0.40

0.78

The opoka marl belongs to the group of medium and highly leached marls, which contain CaO –
28.0–33.0 %. This is a dense rock of gray color with a green tint, often fractured with thin deposits of iron
hydroxides along the crack planes, a random texture, pelitomorphous globular, relict organogenic structure
with varying silica and calcium carbonate contents. The main rock-forming mineral of the opoka-like marl
is represented by organogenic calcite, the average content of which is 35 ... 38 %, opal – up to 15 %, the
rest is mixed-layer clay formations and zeolites, clay minerals are replaced by opal. A feature of these
minerals is that some of them are amorphous or have a defective crystal lattice, which determines their
sorption and pozzolanic activity. The natural moisture content of the rock is 21–26 %; porosity – about
47 %; the ductility number is about 12.3 %; a fraction content of less than 0.005 mm is 58–65 %; average
total radioactivity Aeff = 56.0 bc/kg). The natural moisture content of the rock is 21–26 %, porosity is about
47 %, and the ductility number is 13.5.
The Muraplast FK 19 superplasticizer (SP) (MC-Bauchemie, Germany) was used for improve the
rheological characteristics of the mixes. The alpha olefin sulfonate sodium ASCO 93 (Korea) was used as
a foaming agent.

2.2. Methods
A MicroSizer 201 laser particle analyzer (Scientific instruments, Russian Federation), a Reostat 4.1
rotational viscometer (Germany) and a high resolution TESCAN MIRA 3 LMU scanning microscope (Czech
Republic) were carried out for the study of raw materials, binder composites and foam concretes. The Xray diffraction patterns of the samples were tested by an ARL XTRA device (United States) by the method
of powder X-ray diffraction. A STA 449 F1 Jupiter derivatograph (NETZSCH, Germany) was used for
obtaining the differential-thermal (DTA) patterns of the samples.
A ToniCAL 7338 differential heat flow calorimeter (Toni Technik, Germany) tests the binder hydration
in the early stages. The method of a cylindrical probe was used for the study of the thermal conductivity of
the cellular concrete by an ITP – MG4 Probe thermal conductivity meter (Stroypribor, Russian Federation).
Frost resistance was researched on specimens of 100×100×100 mm size by a Polair CV-105S freezer
(Russian Federation) at a temperature of -18°C; each freezing cycle was 150 minutes, the thawing cycle at
a temperature of 20°C – 120 minutes. The UNI EN ISO 12572 method using specimens of 200×100×70 mm
in size was used to study vapor permeability.

3. Results and Discussion
3.1. Mix design
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The structure and properties of binder composites are determined by the choice of starting materials
– cement and the type of mineral additive, as well as their ratio, dispersion, activity and interaction. To
determine the rational amount of mineral additives in the composition of binder composites, various doses
were added, varying the amount of cement in the range 50...90 %, opoka marl – 2.5...12.5 % and fly ash –
10...50 %. The opoka marl was pre-dried, then crushed by a laboratory jaw crusher and then crushed in a
vibration mill to a specific surface area up to 500 m2/kg.
In the course of further studies, the nature of the influence of the composition of the binder composite
on their physicomechanical characteristics was revealed (Table 2). At the same time, the strength
characteristics of the BC specimens with a binary mineral additive (40 % fly ash + 10 % opoka marl)
increase up to 70 % compared to cement without additives.
Table 2. Content and properties of binder composites for foam concrete manufacturing.
Composition, %
ID

1
2
3
4

Portland
cement

Opoka
marl

Fly
ash

100
90
60
50

–
10
–
10

–
–
40
40

Specific
surface
area
m2/kg
324
551
549
552

with superplasticizer Muraplast FK 19 (0.1 %)
Normal
density of
cement
paste, %

Setting time,
min
start/end

27
23
24.5
23

150/250
15/168
23/168
19/169

Compressive strength, MPa
7d

28 d

19.9
45.3
41.7
40.1

43.5
79.3
62.2
72.3

Opoka marl and fly ash in the BC content direct to an raise in the volume concentration of hydrated
new growths as a result the interaction of calcium hydroxide with active additives of the binder composite.
The quantitative ratio of hydration products (Fig. 2) can be seen by the intensity of diffraction reflections:
calcium hydroxide (d = 4.93; 3.11; 2.63; 1.93; 1.79; 1.69 Å), alite (d = 2.76; 2.19 Å), belite (d = 2.78; 2.74;
2.19 Å), ettringite (d = 9.7; 5.9; 4.92 Å) and calcium hydrosilicates (d = 9.8; 4.9; 3.07; 2.85; 2.80; 2.40; 2.80;
2.00; 1.83 Å) X-ray diffraction patterns showed that in the samples of the binder composite with OM, FA
and binary mineral additive (10 % OM + 30 % FA), the reflection intensity of calcium hydroxide decreases
by 1.7; 3.3 and 1.6 times, respectively.

Figure 2. X-ray diffraction pattern of 28-days hardened composite binder with mineral admixtures:
1 – CEM I; 2 – CEM I + OM + SP; 3 – CEM I + FA + SP; 4 – CEM I + OM + FA + SP.
An increased amount of low basic calcium hydrosilicates is also noted. As you know, this has a
positive effect on the strength of the cured composite. At the same time, a decrease in the amount of
ettringite in all hydrated composites (with opoka marl, fly ash and binary mineral additive) is achieved in
comparison with the control composition, this fact is explained by the low basicity of calcium
hydroaluminates. Due to the use of superplasticizer in cement and composite compositions with fly ash, it
slows down the hydration process in the early stages. In the subsequent stages, for the composite with the
opoka marl, as well as the binary FA + OM, the hydration process is accelerated, which leads to an increase
in strength compared to non-additive cement and is confirmed by the results of physical and mechanical
tests (Table 2). Thus, the structural features of composite binders using the opoka marl and fly ash have
been established, which are included in the optimization of the synthesis of new growths due to the
multicomponent composition of composite binders. The presence of marl flask in the cementitious
composite, which, along with calcite and clay-mixed clay formations, zeolite and opal, as well as fly ash,
accelerates the setting process of the foam concrete mixture by the optimal time parameter. The peculiarity
of hydration and the influence of mineral components on the properties of the binder composite is confirmed
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by the dynamics of heat release, expressed by the dependence dQ/dt = f(t) in the initial curing period (up
to 1 day), as well as the total amount of heat released, described by the function Q = f(t) for 3 days using
a differential calorimeter (Fig. 3).

Figure 3. Kinetics of heat release at hydration of binder composites.
This fact can be explained as follows. When opoka marl is added to the cement system, hydration
processes intensify during the induction period, which is accompanied by an increase in the completeness
of hydration of the clinker minerals. This is due to the manifestation of the pozzolanic reaction and active
binding of calcium hydroxide, as well as a higher concentration of accumulated new growths - the calcium
hydrosilicates of the second generation. The manufacturing quality of foam concrete is more dependent on
three elements: the stability of the foam, obtaining a cellular suspension using cementitious composites, as
well as curing the resulting porous mass. High-quality microstructure of foam concrete is achieved by the
optimal ratio of time to reach maximum system porosity and setting time. The foam-cement mixture on pure
cement, after mixing, foams to a volume of 800 cm3, after 60 minutes it decreases to 700 cm3 and remains
at this level for 12 hours of storage (Table 3). The foam-cement-ash mass has half the volume of foaming
– 400 cm3, which after 60 minutes of storage drops to 300 cm3, and by 12 h – up to 280 cm3. The expansion
volume of the cement-marl composition was 820 cm3, after 60 minutes it dropped to 810 cm3, and after
12 hours it stopped at around 800 cm3. Thus, the cement-marl composition showed the best characteristics.
Table 3. Behaviors of binder composites for cellular concrete manufacturing.
Volume of foam, cm3
Mix ID
CEM I+SP
CEM I+FA+SP
CEM I+OM+SP

Water/cement
ratio

0.45

Foamer,
% wt.

0.2

immediately after
mixing

60 min

12 h

Multiplicity
of system,
Кs

800
400
820

700
300
810

700
280
800

3.5
1.4
4

after

Foam-cement mixtures based on the binder composite (cement-marl) are also characterized by
optimal rheological characteristics. This makes it possible to optimize such important parameters as the
intensity of formation of a porous microstructure, the onset of setting, and the curing of the system. Table
4 lists the selected formulations for monolithic foam concrete. This selection was carried out taking into
account the characteristics of the binder composites, such as water requirements, setting and curing rates,
rheological characteristics and activity. The test results of the developed compositions of foam concrete
with opoka marl showed that the best is the composition on the developed binder composites for joint
grinding of cement and opoka marl in a ratio of 90 %: 10 %. The compressive strength of specimens of
foam concrete with a density of 703 kg/m3 was 4.32 MPa, which is 1.8 times greater than that of the
reference specimen on pure Portland cement, and significantly higher than that of industrial foam concrete
blocks. In general, all synthesized foam concrete with a range of densities of 300–700 kg/m3 obtained on
the basis of BC have a compressive strength higher than control specimens prepared on Portland cement,
while providing significant economy of Portland cement.

Lesovik, V.S., Glagolev, E.S., Voronov, V.V., Zagorodnyuk, L.Kh., Fediuk, R.S., Baranov, A.V., Alaskhanov, A.Kh., Svintsov, A.P.

Magazine of Civil Engineering, 100(8), 2020

Table 4. Behaviors of foam concrete on binder composites incorporating opoka marl.
Type of binder used,% by weight of cement
Characteristics

Reference specimen (CEM I)

Portland cement
Opoka marl
Water
Foamer, % by CEM I wt.

260
–
200
1.25

435
–
260
1

610
–
320
1.25

Average density, kg/m3
Compressive strength, MPa
Thermal conductivity,
W/m·ºC
Frost resistance, cycles
Vapor permeability,
mg/mhPa
Shrinkage, mm/m

309
0.39

505
1.48

701
2.42

0.08

0.12

20

Joint milled 90 % CEM I+10 % OM
(489 m 2/kg)
Composition, kg/m3
234
26
200
1.25

Separately milled 90 % CEM I+10 % OM
(484 m 2/kg)

385
50
300
1

540
70
370
1.25

234
26
200
1.25

385
50
300
1

540
70
370
1.25

308
0.58

498
2.83

703
4.32

305
0.55

503
2.37

695
3.27

0.18

0.065

0.10

0.16

0.07

0.11

0.18

20

25

25

30

35

20

25

35

0.29

0.24

0.21

0.27

0.22

0.18

0.28

0.23

0.18

1.33

1.29

1.22

1.04

0.87

0.96

1.12

1.02

0.95

Characteristics

Note

Compared to specimens on the BC,
the reference specimens have larger
porosity, looser and more
heterogeneous microstructure,
and greater water separation

water separation is not observed
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Using the binder composites obtained by co-grinding Portland cement and 10 % opoka marl to a
specific surface area of 489 m2/kg, a wide range of foam concrete was developed for monolithic
construction with a wide range of densities of 300–700 kg/m3. The increase in strength (almost 1.8 times
for foam concrete with a density of 700 kg is explained by the positive effect of using a binder composites
at all stages of the preparation of the composite, from foaming and porosity to hardening and operation.
Given the high demand for foam concrete in low-rise individual construction, dry mixes have been
developed for monolithic construction It was found that the compressive strength of foam concrete on binder
composites obtained by joint grinding of Portland cement (60 %) and fly ash (40 %) up to a specific surface
of 500–550 m2/kg, increases 1.37 times compared to the reference specimens (Table 5) with high Portland
cement economy. The values of thermal conductivity, vapor permeability and shrinkage during drying are
in accordance with the standards. In this regard the developed foam concrete compositions can be
recommended for the manufacture of blocks with strict observance of technological regulations at the
cement-ash binder.
The results presented in Tables 4 and 5 are superior to analogues [2, 6–8] in compressive strength,
thermal conductivity and frost resistance.
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Table 5. Behaviors of foam concrete for the production of wall blocks.
Type of binder used,% by weight of cement
Characteristics

Reference specimen (CEM I)

Portland cement
Fly ash
Opoka marl
Water
Foamer, % by CEM I wt.

250
–

430
–

600
–

200
1.2

260
1

320
1.2

Joint milled 60 % CEM I+40 % FA
(497 m 2/kg)
Composition, kg / m3
166
107
220
1.2

Joint milled 60 % CEM I+30 FA
+10 % OM (484 m2/kg)

385
175
50
300
1

540
250
70
370
1.2

234
80
26
220
1.2

385
130
50
300
1

540
190
70
370
1.2

Characteristics
3

Average density, kg/m
Compressive strength, MPa
Thermal conductivity,
W/m·ºC
Frost resistance, cycles
Vapor permeability,
mg/mhPa
Shrinkage, mm/m

295
0.39

503
1.48

706
2.42

303
0.47

493
2.26

697
3.18

293
0.50

494
2.62

698
4.26

0.07

0.12

0.17

0.06

0.10

0.15

0.08

0.12

0.16

20

20

25

25

30

35

20

25

35

0.27

0.23

0.22

0.20

0.24

0.20

0.28

0.22

0.18

1.32

1.30

1.21

1.05

0.86

0.97

1.11

1.03

0.94
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Improving the durability characteristics of foam concrete on developed binder composites is explained
by the microstructure of the materials obtained (Fig. 4). The SEM-images show that the optimization of the
microstructure at the macro level is clearly traceable in comparison with the foam obtained on 100 % Portland
cement.

a)

b)

c)

d)
Figure 4. Macrostructure of foam concrete on composites:

a) Portland cement; b) Portland cement 60 % + fly ash 40 %; c) Portland cement 60 % + fly ash 30 % +
opoka marl 10 %; d) Portland cement 60 % + fly ash 25 % + opoka marl 15 %.
Here it is necessary to note the important role of optimizing the microstructure of inter-porous partitions,
which is formed using the BС, in increasing the physical and mechanical characteristics of foam concrete. The
microstructure of the cement paste of the inter-porous foam concrete partitions on the developed BC is more
perfect. This is due to the fact that during hydration, the amount of binder water in the curing system is less
than in the control compositions due to the presence of opoka marl and fly ash in the BC. In this regard, the
liquid phase is more supersaturated with dissolution products, and the conditions for hydration of clinker
minerals are improved. It ensures enhance in the number of new growths having a high specific surface area.
Enhance in the dispersion of new growths directs to an increase in the number of contacts between new
growths and leads to the formation of a denser packing of the microstructure during the formation of thin-layer
partitions. This contributes the curing process of the composite. The distraction of part of the water by the
components of the opoka marl regulates and improves the plastic and relaxation characteristics, reducing the
defectiveness of the inter-porous partitions and reducing their fragility.
Thus, regularities were revealed and substantiated that made it possible to obtain highly efficient foam
concrete on the BC using opoka marl for use in monolithic construction with a foam concrete compressive
strength of 4.32 MPa at a density of 700 kg/m3; and for organizing the production of blocks at the plant on a
cement-ash binder and using a cement-ash binder with the addition of 10 % opoka marl with a compressive
strength of 4.26 MPa with high economy Portland cement.
Modern enterprises are mainly small businesses. Therefore, a promising technology for the production
of building materials should include the least possible technical re-equipment of factory facilities. The authors
developed technological regulations for the production of heat-insulating and both structural and heatinsulating non-autoclaved foam concrete for monolithic construction based on dry construction mixtures
prepared on composite binders using opoka marl. The technology for the manufacture of dry construction
mixes from a cement-fly ash composite binder with the addition of marl for blocks from non-autoclaved foam
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concrete was also improved. Binder composites make it possible to obtain high-quality wall materials directly
at the construction site. Moreover, the addition of opoka marl in an amount of 10 % allows you to control the
expansion process of the foam concrete mass, and the setting process correlates with the time of maximum
porosity of system.
At the final stage of the study, a technological route was developed for the production of non-autoclaved
foam concrete, which can be used both for monolithic construction and for the manufacture of blocks (Fig. 5).
The technology was based on the possibility and accessibility of material raw materials for small and medium
enterprises and the possibility of organizing production at existing production bases of cement and concrete
plants.

Figure 5. The technological route for non-autoclave foam concrete production:
1 – container for Portland cement; 2 – container for OM; 3 – container for fly ash;
4 – weight batchers; 5 – mill hopper; 6 – vibration mill; 7 – air pump; 8 – container for BC;
9 – control panel; 10 – foamer; 11 – volumetric dispenser; 12 – foam generator;
13 – foam concrete mixer; 14 – molding station; 15 – strength gain station;
16 – stripping station; 17 – packaging and storage; 18 – container for superplasticizer.
Based on the foregoing, the foam concrete compositions on the binder composites were developed and
a relationship was established between the microstructure, composition of new growths and the operational
characteristics of the composite. The inter-porous foam concrete partitions on the developed BC are nanoand microporous, have a high-density new growth package, consisting mainly of CSH of various basicities.
This explains the decrease in the number of microcracks, the increase in the strength of foam concrete in
comparison with a composite on a traditional binder with high economy of Portland cement.

4. Conclusions
During the interpretation of the obtained experimental results, the developed binder composites and
their influence on the durability characteristics of non-autoclaved foam concrete were studied. As a result, the
following valuable findings are established.
1. The theoretical basis of the design and synthesis of foam concrete based on the binder composites
are proposed, both for monolithic construction and for the production of blocks. The features of the formation
of the microstructure of the binder composites to improve the efficiency of foam concrete, which consist in
optimizing the processes of the system "foaming – setting – hardening" due to the polycomponent binder
composites, are revealed.
2. The opoka marl in raw mixtures for the production of foam concrete containing, along with calcite
and clay minerals, zeolite and opal, accelerates the setting process of the foam concrete mixture, and then,
upon curing, amorphous components react with calcium hydroxide, which arises upon hydration of C3S and
C2S, forming second-generation calcium hydrosilicates. In this case, a dense inter-porous septum forms,
which strengthens the final product.
3. The mechanism of the effect of fly ash on the microstructure formation processes of the foam
concrete mixture for wall materials is established. The BC obtained by milling components have a compressive
strength of up to 60–MPa with Portland cement economy of up to 40 %. Based on the binder composites, the
un-autoclaved foam concrete with a compressive strength of up to 4.26 MPa at density of 500–700 kg/m3 was
obtained. Fly ash contributes to a valuable change in the microstructure formation, which practically directs to
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the absence of Ca(OH)2 among the new growths, as compared to reference specimens, due to the interaction
of active SiO2 contained in part of the fly ash with Ca(OH)2, which releases alite during hydration process.
4. The economic efficiency of the production and use of foam concrete based on Portland cement,
opoka marl and fly ash, which occurs due to the use of new types of raw materials, has been proved. The
expansion of the raw material base for the production of foam concrete at the same time helps to reduce
material costs compared to traditionally used raw materials. The technology for the production of binder
composites is developed for large-scale production of foam concrete based on binder composites.

5. Prospects for further development of the issue
It makes practical sense to consider transdisciplinary approaches to solving urgent problems of building
materials science, to develop foam concrete production technologies for a wide range of building composites,
including for the development of the northern regions. The technique described in the work can be used in the
development of binders to expand the range of foam concrete production, including to improve a comfortable
human environment in the architectural and construction design of composites with various specified
operational characteristics.
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Abstract. This article analyzes the behavior of reinforcing joints when exposed to a fire load. The scientific
work presents the results of an experiment on the fire resistance of reinforcing samples with coupling and
welded joints. Experimental studies of cold and hot tensile samples were carried out. A test of loaded,
heated and cooled rods was also performed, simulating the real effect of a fire on a loaded structure. During
all three experiments, the values of the deformation and strength characteristics of the mechanical and
welded joints of the bar reinforcement were compared. The experiment was verified in the Abaqus software
package for the coupling connection in flexible reinforced concrete structures. Coefficients were derived
that take into account the decrease in the strength of a reinforcing specimen with a sleeve connection
depending on the heating temperature in the stressed state. Based on the data obtained using the studies,
it can be concluded that the coupling and welded joints of the reinforcing bars give additional rigidity to the
samples, without compromising the strength characteristics of the reinforcing bar. In the course of the
experiments, the coupling and welded joints proved to be approximately the same, it should be noted that
from the point of view of application efficiency, coupling joints have significant technological advantages
compared to the welded joint.

1. Introduction
Currently, there is a need to use a large number of bent reinforced concrete structures that can
withstand serious loads arising from the fire impact. The limit of fire resistance of the bent reinforced
concrete structures on bearing capacity can come as a result of warming up of working armature to critical
temperature that can lead to serious deformations of reinforced concrete and formations of plastic hinges.
This occurs as a result of reducing the time resistance of rupture of the stretched reinforcement, which
causes intensive crack opening in the concrete and accelerating the heating of the reinforcement.
Rebar is a key component of reinforced concrete and turns concrete into a durable and practical
material. Therefore, it is necessary to monitor and observe the quality of work when creating a
reinforcement cage. To create a strong "skeleton" of a reinforced concrete structure, it is necessary to use
a strong reinforcement connection: coupling or welded. A welded joint is an all in one joint made by welding.
A feature of the mechanical connection is the use of a reinforcing sleeve, which is a hollow metal cylinder
with an internal parallel or conical thread corresponding to the external thread, which is cut or rolled at the
ends of the connecting reinforcing rods. In addition to the use of these types of connections in civil
construction, coupling and welded joints are used in the construction of largescale facilities, such as nuclear
power plants, hydroelectric power plants, thermal power plants.
Currently, the behavior of reinforcement joints under fire is of scientific interest, because this issue
has not been studied and not covered. No such studies are known to us. Prior to the experiments, the
existing scientific research in the field of couplings and welds was studied. In the article [1] results of
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researches of reinforcing hire regarding weldability, endurance and relaxation of stresses according to
requirements of the project of new Russian State Standard GOST 34028-2016 «hire reinforcing for
reinforced concrete designs" are resulted». According to the results of the research and in the process of
harmonization of the draft new Russian State Standard GOST, it is possible to note that the use of
mechanical threaded connection valves allows to reduce construction time, reduce costs, and improve
efficiency. The performed calculation of comparison of costs of reinforcing connections allows to be
convinced that the mechanical threaded connection is cheaper for welding. In the article [2] Korenko and
other authors the advantages of mechanical threaded connection of fittings in comparison with traditional
lap joint and bath welding are considered. A comparable calculation of the cost comparison of reinforcement
joints is performed. To assess the strength characteristics of the mechanical threaded connection was
experimentally tested reinforcing rod class A500C diameter of 25 mm using coupling SS25A12 on the
breaking machine. In article [3] group of authors carry out research of forecasting of quality of welded
connections at contact butt welding by reflow on static characteristics. Authors presented the results of
computational experiments to determine the effect of transverse dimensions of reinforcing bars of a sickleshaped profile of class A500C on the stress-strain state of the anchor connection on acrylic adhesives [4].
Article [5] considers features of the complex scheme of formation of organizational and technological
decisions on increase of efficiency of welding connections and their influence on threading of installation
and realization of means of complex mechanization and automation of production processes and, as a
consequence, on reliability of construction of objects of capital construction. In article [6] Klochanov I.E.
options of connection of reinforcement of a periodic profile at reinforcement of building designs which
provide continuity of formation of reinforcing frameworks are considered. The advantages and
disadvantages of traditional methods of joining valves are determined and the technologies of threaded
couplings, the nature of destruction during static strength tests for valves of class A500C are given. A
variety of domestic reinforcing steels both by the methods of factory production and by the type of periodic
profile, determines a special approach to the use of coupling connections on the thread. The direct
dependence of the strength and deformation parameters of the threaded connection on the length of
screwing and mechanical characteristics of the connected elements is shown. The author sets the task of
creating a unified type of couplings when using for all widespread classes of valves of periodic profile.
Dyachkov V.V. [7] dealt with the application of threaded and pressed mechanical joints of reinforcement in
reinforced concrete structures.
Many domestic and foreign authors were engaged in fire resistance of bent reinforced concrete
structures. In article [8] develop a mathematical model for calculating the temperature field of structural
elements under various combined boundary conditions. As a criterion for the destruction of reinforced
concrete structures, a critical temperature of 600°C at a depth of 2 mm from the heated surface at different
heating speeds is proposed. Authors have resulted in the article typical graphic dependences of a limit of
fire resistance on temperature of various materials and characteristics of fire resistance of building designs
[9]. Zaitsev A.M. gave an analytical solution to the problem of non-stationary thermal conductivity to
determine the heating of the enclosing structure under fire. He also gave the calculation methodology,
specific examples of calculation and analysis of the results [10]. Belyavsky I.M. considered mathematical
approaches to determining the ultimate fire resistance of building structures in accordance with the
requirements of fire safety [11]. Authors gave a brief overview of Russian and international approaches to
assessing the fire resistance of building structures [12]. Authors considered the development of regulatory
requirements for fire resistance and basic design provisions [13]. Authors group described the study of
nonlinear elemental analysis, which is able to predict the fire resistance of reinforced concrete slabs [14].
Li G.Q., Zhang N.S., Jiang J. in their article described the experimental studies of thermal and mechanical
changes of floors under the action of fire [15]. Nazare S. and other authors in their study analyzed the
factors that can affect the results of the flame impact test on the surface [16]. Authors group described tests
in which more than 14 different samples of flame retardant coatings were affected by heat flows, in order
to study the relationship between the thickness of the coating and the time of heat exposure [17]. Authors
conducted a study in which they evaluated the effect of high temperatures and fire on concrete structures
[18]. In article [19], the results of fire tests on suspended ceilings under standard fire temperature regime
are presented in this study. Markus E. and others in [20] showed the application of the thermal pyrolysis
model to predict flame spread over continuous and discrete fire load. The authors tested fire-resistant
plaster coatings in work [21]. In article [22], the results of calculation of the quality control of holes for
reinforced concrete structures are given by the example of fire-retardant coatings. The authors in their work
[23] consider a special type of destruction of a heavy type of concrete under fire action, the so-called
explosive spallation. The design of prestressed reinforced concrete slabs without the joint work of concrete
and reinforcement is presented in article [24]. The author deals with the fire resistance assessment of
compressed reinforced concrete elements in article [25].
Thus, the experimental base for studying the behavior of reinforcing joints in a fire is absent. The
study of this issue should be continued, since reinforcing joints are involved in the formation of the frame
of reinforced concrete structures, which significantly affects its strength.
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In this paper a model of reinforced concrete floor considers, which is assembled on the armature
joints, which is subjected to unilateral fire. It is assumed the formation of cracks in the stretched reinforced
concrete curved structure at the joints of reinforcing bars under the influence of fire load (Fig. 1).

Figure 1. Fire damage of joints of connection of reinforcing bars.
Object of tests-coaxial coupling and welded joints of steel bar fittings and control steel bars of valves
with Rs,n = 500 MPa Ø 32 mm.
The purpose of this work is to analyze the behavior of reinforcement joints under the influence of fire
load. The following tasks follow from the set goal: definition and comparison of values of deformation and
strength characteristics of mechanical and welded joints of steel bars fittings. It is necessary to establish
experimentally the main parameters characterizing the strength characteristics of samples, such as:
 temporary resistance σb to rupture the stress corresponding to the highest load Pmax, preceding
the destruction of the sample.
 actual yield strength σt is the mechanical characteristic of a material that characterizes the stress
at which strains continue to increase without increasing the load.
 deformability △ is residual elongation of the sample after removal of the load 0.6 σt.
 absolute elongation values δ at different loads and different times-a numerical value indicating
how much the length of the sample has changed.
This article is an extended version of the report presented on the International Scientific Conference
on Energy, Environmental and Construction Engineering (EECE 2019) [26].

2. Methods
The methodology of experimental studies is based on Russian State Standard GOST 34227-2017
"Mechanical reinforcement joints for reinforced concrete structures. The research model is the coupling
joint of bar reinforcement. The dimensions of the samples are shown in Fig. 2.

Figure 2. Determination of the length of the mechanical connection elongation measurement base.

LM is coupling length = 72 mm;
DH is nominal diameter of reinforcing bar = 32 mm;
L
is
gauge
length
for
=LM+4DH=72 mm+128 mm=200 mm.

measuring
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Control steel bar is a piece of reinforcement with Rs,n = 500 MPa Ø 32 mm, cut from the same steel
bar from which the samples are made connections.
Types of force loading:
1) a single static axial tension of the specimen up to 0.6 σt to obtain the deformability values (clauses
7.1.5-7.1.11 Russian State Standard GOST 34227-2014).
In order to measure the deformability of mechanical connections of reinforcing rods, the position of
the measuring devices should correspond to Fig. 3:

Figure 3. The scheme of installation of measuring devices at tests of samples
of mechanical connections of reinforcing bars on tension.
2) axial tension of the specimen to obtain the actual tensile strength (before specimen rupture).
The specimen heating rate should correspond to the standard fire rate. Cooling to room temperature
in natural mode. Monitoring the temperature change of samples with an accuracy of 5 % of the nominal
value. During the test, the temperature change of the sample should not exceed 5 % of the nominal value.
If possible, it is necessary to minimize the effect of convective heating of the tensile testing machine
and measuring instruments. The set temperature and constant tensile strength of the sample are
simultaneously maintained during the initial stage of test No. 3.
Tensile tests of reinforcing bars and their joints were performed on the tensile testing machine
R-100 of the Armavir plant with a maximum force of 100 000 kgf (Fig. 4).

Figure 4. General view of the test machine R-100 Armavir plant
and the number of the certificate of verification.
Temperature control was performed using a Raytek Raynger St (60) pyrometer with an accuracy of
0.5 °C (Fig. 5).
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Figure 5. Thermometer Raytek Raynger ST (60).
During the experiment, digital and analog dial gauges were used to measure the deformability of
reinforcement samples with an accuracy of 0.01 mm (Fig. 6).

Figure 6. The indicator of hour type ICH-10 and
mechanical measuring sensors ICH-10 of hour type.
Three experiments were conducted.

2.1. "Cold" experiment No 1: tensile test to rupture of "cold" samples,
at room temperature 20°C
At the beginning measuring instruments were installed on the sample, the measurement base was
equal to LM+4DH=72 mm+128 mm=200 mm; Next, the Sample was installed in the bursting machine
(Fig. 7).

Figure 7. Installation of the sample in the measuring machine.
The Sample was stretched to 0.6 σt, the values of absolute elongation δ1 were determined. Every 5
tons readings were taken from the measuring sensors. Deformability △ was measured. Next, the sensors
were deduced at zero. The Sample was stretched to σt, thus determining the value of δ2. The readings
were taken from the sensors.
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In the end, measuring instruments were removed, the sample was loaded to its destruction, the force
value corresponding to σb was determined. The value of the relative residual elongation was fixed.

2.2. " Hot "experiment No 2: tensile testing prior to rupture of" hot "
samples preheated to 500°C
Further, some actions were performed. Measuring instruments were installed on the sample, the
measurement base was equal to LM+4DH=72 mm+128 mm=200 mm. The Sample was installed in the
bursting machine. With the help of a gas burner, the reinforcing joints were heated to a temperature of
≈ 500°C. The actual temperature of the sample was controlled by the instrument. Further, the sample was
stretched to 0.6 σt, the value of absolute elongation δ1 was determined. Every 5 tons readings were taken
from sensors. The deformability was measured △. Next, the sensors were brought to zero. The Sample
was stretched to σt, thus determining the value of δ2. Readings were taken from sensors. Measuring
instruments were removed, the sample was loaded to its destruction, the force value corresponding to σb
was determined. The value of the relative residual elongation was fixed.

2.3. Experiment No 3: Test of loaded, heated and cooled steel bars simulating
the real impact of fire on the loaded structure
Further, some actions were performed. The Sample was installed in the breaking machine; the
temperature was controlled corresponding to normal room conditions. Measuring instruments were installed
on the sample, the measurement base was equal to LM+4DH=72 mm+128 mm=200 mm. The Sample was
stretched to 0.6 σt, the value of absolute elongation δ1 was determined. Was the measurement made
deformability of △. Next, the sensors were brought to zero. The Sample was rest retched to 0.6 σt, the
absolute elongation value δ1 was re-determined. The reinforcement joints were heated to a temperature
equal to 500 °C under a load of 0.6 σt, the value of the absolute elongation δ2 was determined, the readings
from the sensors were recorded. Next, the sample cooled to room temperature, readings were taken from
sensors to determine the elongation of δ3. The Sample was stretched to σt, thus determining the value of
δ4. Readings were taken from sensors. Measuring instruments were removed, the sample was loaded to
its destruction, the force value corresponding to σb was determined. The value of the relative residual
elongation was fixed.

3. Results and Discussion
3.1. Experiment No 1. Cold samples
The values obtained as a result of the experiments are presented in Table 1 and Fig. 8.

Figure 8. Stress-strain diagram in this experiment.
Final data obtained after the first experiment:
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Table 1. The final results of experiment No 1. Testing of cold samples.
Test
sample
One-piece steel
bar
Socket joint
Welded joint

Elongation
sensor readings
δ2 at RT, mm

Ab. elongation

RT Force,

RB Force,

δp,

at RT, mm

kgf

kgf

%

0.89

0.94

0.915

47600

58420

8

0.69
0.50

0.68
0.29

0.685
0.395

49600
49100

58880
58700

8
8.8

Thus, can see that the greatest value of the breaking force was achieved in the coupling connection,
the smallest in the solid steel bar. In this experiment, none of the samples exploded within the compounds.
The greatest values of deformations were obtained at the control steel bar.

3.2. Experiment No 2. Hot samples
The values obtained as a result of the experiments are presented in Table 2 and Fig. 9.
Table 2. The final results of experiment No 2. Testing of hot samples.

RT Force,

RB Force,

δp,

kgf

kgf

%

47200

56600

7

200

48800

55600

3.8

200

46600

54000

6.85

Temperature, °C
One-piece steel
bar
Socket joint

200

Welded joint

Figure 9. “Stress-strain” diagram for hot experiment.
In comparison with experiment No 1, the strength of the sample under temperature influence in the
control steel bar decreased by 3 %, in the steel bar with the coupling by 5.5 %, in the welded joint by 8 %.

3.3. Experiment No 3. Testing of heated and cooled samples under load
The results of experiment 3 are presented in Table 3, 4 and Fig.10.
Table 3. Results of experiment No 3.
Test
sample
One-piece steel
bar
Socket joint
Welded joint

Elongation sensor
readings δ2 at RT,
mm

Ab. elongation at
RT, mm

RT Force,
kgf

RB Force,
kgf

δp,
%

3.44

2.17

δ4 = 2.805

48400

53400

3.1

1.25
0.84

0.73
0.7

δ4 = 0.99
δ4 = 0.77

48200
46400

58200
56000

3.5
4.65
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Fig. 10 Diagram of "stress-strain" experiment No 3
In comparison with experiment No 1, the strength of the sample after temperature exposure in the
control strength decreased by 8.6 %, in the strength with the coupling by 1.16 %, in the welded joint by
4.6 %.
Table 4. Results of experiment No 3.
Absolute elongations (mm) occurring in the sample at:

Control strength
Socket joint
Welded joint

1) t=const(20°C);

2) t↑(20°C to 500 °C);

3) t↓(500°C to 20°C);

P↑ (0 to 24600 kgf), tensile

P=const (24600 kgf),

P=const (24600 kgf),

force.

t° stretching.

t° compression.

0.27
0.25
0.19

3.42-0.27=3.15
1.65-0.25=1.4
1.635-0.19=1.445

3.42-2.415=1.005
1.65-0.75=0.9
1.635-0.5=1.135

Residual temperature absolute elongation under constant tensile load after removal of temperature influence
Control strength: 2.145 mm
A sample with a t & C connection: 0.5 mm
The specimen with a welded joint: 0.31 mm

In experiment No 3, the temperature absolute value of residual elongation at the welded joint was
between 0.31 mm, for socket was 0.5 mm, the difference between the absolute values of the temperature
elongation of welded and coupling was 0.2 mm. However, the value of the temporary resistance is larger
in a sample with socket connection. It is stronger than the sample with a welded joint by 2.2 tons. Also, we
can conclude that the mechanical and welded joints of reinforcing bars give additional rigidity to the
samples, which can be seen in the example of absolute elongation under the influence of tensile and
temperature loads. The information obtained in the work allows us to reasonably expand the field of study
of reinforcement joints to identify the best sample having high strength characteristics, and corresponding
to the requirements of fire safety and fire resistance. The places of rupture of the samples after the third
experiment can be seen in Fig. 11.

Figure 11. Places of rupture of samples after the 3 rd experiment.
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After the experiments, it was noted that no sample broke within the compound. All the breaks
occurred outside of the compounds.

3.4. Discussion
Next, the results obtained compare with the results obtained by another calculation method - the
finite element method. In article [26] a generic three-dimensional (3D) finite element (FE) based numerical
model is presented for predicting thermo-mechanical behavior of load bearing reinforced concrete (RC)
walls exposed to fire. This papers [27–28] presents a three-dimensional nonlinear finite element analysis
for evaluating the fire response of reinforced concrete beams using ANSYS. In article [29] the numerical
model utilizes a macroscopic finite element based approach to trace thermo-mechanical response of FRPstrengthened RC slabs from linear elastic stage to collapse under fire conditions.
Program complex “Simulia ABAQUS CAE 2017” will be used as a verification software package. In
article [30], a finite element based numerical model is developed in ABAQUS for tracing the response of
reinforced concrete beams exposed to fire. The authors in article [31] performed modeling and numerical
analysis of the interaction of concrete and reinforcement using volumetric finite elements taking into account
the nonlinearity of the work of materials.
Based on the experiments and the data obtained, a second experiment was conducted in the
program complex "Abaqus". The properties of the material, depending on temperature, were set, such as:
density, elastic modulus, coefficient Poisson, thermal conductivity, linear expansion coefficient, specific
heat. The coefficients were derived, taking into account the de-crease in the strength of the reinforcing
sample with a coupling connection depending on the heating temperature in the stressed state (Table 8).
This coefficient is found by the formula 1:

A 

b

( b,actual )

(1)

where, σv. fact = 7.18·108 Pa. The value of the time resistance of the sample is obtained from an earlier
experiment at 20 °C for the coupling.
The stress distribution in the finite element model of the sample with a sleeve connection is shown
in Fig. 12, the temperature distribution in Fig. 5, the fracture zone in Fig. 14.

Figure 12. Stress at 200°C in a finite element model of a coupling specimen.

Figure 13. The temperature applied to the sample.
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Figure 14. Fracture zone at 200°C.
Table 5. Coefficient γA at different temperatures.
Temperature

20°C

100°C

200°C

300°C

400°C

500°C

Temporary
resistance in a
heated sample

7.15·108

7.10·108

7.04·108

6.8·108

6.3·108

5.8·108

σB (MPa)
γA

0.995

0.988

0.979

0.946

0.876

0.807

4. Conclusion
On the basis of the data obtained with the help of the conducted studies, it is possible to draw
conclusions:
1. Coupling and welded joints do not degrade the strength characteristics of the reinforcing steel bar
and reinforcement structures in General.
2. Coupling and welded joints of reinforcing bars give additional rigidity to the samples. This is
noticeable in terms of absolute elongation.
3. According to the results of hot experiment № 2, the strength of the sample in the control steel bar
decreased by 3 %, in the steel bar with the coupling by 5.5 %, in the welded joint by 8 %. According to the
results of experiment № 3, the strength of the sample after temperature exposure in the control steel bar
decreased by 8.6 %, in the steel bar with the coupling by 1.16 %, in the welded joint by 4.6 %. It is necessary
to expand the field of study of reinforcement joints to identify the sample having the best strength
characteristics.
4. The temperature lowers the strength characteristics of the structure, in addition, there is an
increase in the value of deformability due to thermal action (thermodeformativity).
5. Since in General, during the experiments, the coupling and welded joints have shown themselves
to be approximately the same, it should be noted that from the point of view of the effectiveness of the
coupling joints have significant technological advantages compared to the welded joint.
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Abstract. This research paper deals with the steel/concrete interface of concrete samples with and without
green inhibitor (orange peel extract) and with different two types of superplasticizers (Mapei Dynamon SR
31 and Oxydtron) after an 18 months exposure in aqueous chloride environment. XRD, SEM, and light
optical micrograph techniques were applied to investigate the chemical compositions and the spatial
distribution of the corrosion products. The experimental results revealed and illustrate that the corrosion
products were visible in samples without inhibitor and appeared less noticeable in samples with Mapei
Dynamon SR 31 but in the samples with Oxydtron were almost non-existent.

1. Introduction
As it is stated in many relevant publications, the corrosion of steel reinforcement is a major problem
influencing the long-term performance of reinforced concrete structures. It typically occurs due to onslaught
of aggressive agents such as chloride ions from marine environment, dicing salt or chloride contaminated
aggregate [1–3]. One of exposure classification for reinforced concrete according to EN 1992-2 [4] was
XD3 and the corrosion for this class induced by chlorides other than from seawater and it be Cyclic wet and
dry, this exposure may occur in parts of bridges exposed to spray containing chlorides, pavements, car
park slabs. In presence of chloride, these ions are known to be able to locally damage passivating films on
metals and alloys that exhibit complete passivity against many natural environments in their absence (as
shown in Fig. 1). The formation of corrosion products (rust) involves a substantial volume increase, i.e. the
volume of corrosion products is greater than that of original steel bar. Therefore, expansive stresses are
induced around corroded steel bars causing possible cracking, spalling of concrete cover and loss of bond
between the steel and the concrete matrix and thus reducing the serviceability of steel reinforced concrete
structures [5–11].
Cracking of the concrete cover is a critical limit state and this is often modelled as a two-stage process
that consists of a) an initiation phase, defined as the time taken for corrosion to commence, and b)
propagation phase, where the accumulation of corrosion products induces expansive stresses and damage
[12–14].
Anyhow, as a preventive measure against steel rebar corrosion, it is highly recommended by many
corrosion experts [e.g. 16–19] studying the mechanism of the reinforcing steel corrosion in concretes, that
inhibitors added to the fresh concrete mixtures can effectively defer the initiation phase of corrosion as well
as decrease its rate during the propagation phase.
As it is well known, the corrosion inhibitors are chemical substances that when added in small amount
to concrete mix decrease or slow down corrosion rate by changing the surface condition of the reinforced
steel [20]. Most of the corrosion inhibitors are classified as organic and inorganic ones according to their
chemical nature as well as anodic, cathodic or mixed inhibitors according to the electrochemical reaction
on the steel surface with its environment [21].
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Figure 1. Electrochemical corrosion processes triggered by Cl -ions
reaching reinforcements, (modified from [11]).
The main purpose of this paper is to present an experimental study pursued by SEM-EDS, XRD
analysis and light optical microscopy to monitor and evaluate corrosion products at the steel-concrete
interface of XD3 concrete with green inhibitor and two types of superplasticizers.

2. Methods
2.1. Materials and Experimental work
2.1.1. Materials Used
All materials were used in this work conformed to the European Standards starting with cement
(Portland slag cement CEM II/A-S 42.5R conforming to the EN 197-1 [22]) and then aggregates (fine and
coarse according standard EN 12620 [23]). Steel rebar samples selected with diameter of 8 mm for this
work. Tap water was used for both making and curing the specimens. Used three types from admixtures
during preparing concrete samples, one of these admixtures was orange peels extract as a green inhibitor
(this inhibitor was selected because it cheap, not harmful and eco-friendly as we mention it in previous
published work [1, 2]), the other two admixtures were Mapei Dynamon SR 31 and Oxydtron (nanocement)
as a superplasticizers.

2.1.2. Samples Preparation
The European mix design method type XD3 class was used to preparing concrete mixes. The cover
depth of concert we select the structure class type S2 with depth 35mm have service life of 10 to 25 years
according to the EN 1990 [24]. The composition of the mix prepared for casting the specimens was as
follows:
Cement: 400 kg/m3 (CEM II/A-S 42.5 R), Water: 172 kg/m3 (w/c = 0.43 planned/targeted value).
Admixtures: 2.4 kg/m3, Additive: 1815 kg/m 3 [(sand 0/4: 60 % 1089 kg/m3) and (gravel 4/8: 40 %
726 kg/m3)].
Mass percentages of the two special additives compared to the amount of cement type CEM II/A-S
42.5R for the prepared concrete samples are given in Table 1. The samples had been immersed and kept
in 3.5 % NaCl solution for 18 months then the samples were removed from the 3.5 % NaCl solution as
shown in Figs. 2, 3.
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Table 1. The concrete mixtures (specimens) prepared for this study.
Type of Mixtures
Symbol of Mix

Type of Admixture

A1 (Reference)

MapeiDynamon SR
31

B1

MapeiDynamon SR
31
MapeiDynamon SR
31
Oxydtron
Oxydtron
Oxydtron

C1
A2 (Reference)
B2
C2

Concentration of Green
Inhibitor
without
1% byweight of cement
3% byweight of cement
without
1% byweight of cement
3% byweight of cement

Figure 2. Reinforced concrete samples were immersed in 3.5 % NaCl solution for 18 months.

Figure 3. Reinforced concrete samples removed after 18 months immersion in 3.5% NaCl solution.
After drying, the concrete cubes/blocks (15 cm×15 cm) were cut into several parts as shown in Fig.4
after that the steel rebar were taken out from the cubes.
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Figure 4. Reinforced concrete samples after cutting
and removing one reinforcing steel bar from each sample.

2.2. SEM observation
It is well-known that not all corrosion products participate in concrete cracking as some of them fill in
the voids around the rebars and some of them migrate from the steel/concrete interface to the pores in
concrete. Scanning electron microscopy (SEM) imaging and EDS elemental mapping were employed on
the surface of the steel rebars after detaching them from the concrete blocks in order to assess spatial
distribution of corrosion products at the steel/concrete interface. Measurements were done on Zeiss
EVO/MA10, using accelerating voltage of 15 kV.

2.3. Optical microscopy
Thin sections (thickness 1cm) were also cut from each sample to examine with light optical
microscopy. The cut sections were dried in air, impregnated with epoxy resin under vacuum, and finally
grounded and polished by silicon carbide papers of up to 1200 grit; 6-mm and 3-mmdiamond spray and
finally, 0.05-mmAl2O3 suspension, etched (in 3 % Nital, for approximately 10 s). In this study, light optical
microscopy was especially used to detect the extent and spatial distribution of rust, capillary porosity and
secondary precipitated phases in voids and cracks at the steel-concrete interface of the samples.

2.4. XRD analysis
To clarify the rust compositions and diffusion of water and chloride ions, small concrete parts were
sampled from the concrete in direct contact with the steel bars as shown in Fig. 5. These parts were then
ground and analyzed by powder X-ray diffraction (XRD). The powder samples (size < 5 µm) were analyzed
by the XRD technique using CuKα-radiation at angles from 2θ = 2º to 70º (0.007°2 θ/24 sec counting time)
on a Bruker D8 Advance instrument, in parallel beam geometry obtained with Göbel mirror, equipped with
Vantec-1 position sensitive detector (1° opening).

Figure 5. Concrete samples after cut and prepared for XRD analysis,
a) before cut, b) after cut and removed the steel rebar.

3. Results and Discussion
3.1. SEM-EDS Microstructural and Composition Analysis of the Steel Rebar Surface
For the microstructural SEM investigations the steel rebar specimens/rods first had to be removed
from the concrete blocks which had previously been kept immersed in 3.5%NaCl solution for 18 months.
After that the SEM-EDS analysis could be commenced and the results are presented in Fig. 6. The chemical
elementary compositions determined at some selected surface points on the steel rebars (as marked clearly
in Figure 6) were obtained by the EDS method being coupled to the scanning electron microscope (SEM)
and are given in wt% in Table 2.
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a

b

c

d

e

f
Figure 6. a) Close-up image of a steel rebar for sample: a) A1, b) B1, c) C1, d) A2, e) B2, f) C2,
after removal from the concrete, b) SEM Micrograph of the section indicated in (a),
c) Representative image of a split concrete specimen after removal of the steel rebar.
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Composition by EDAX (ZAFcorrection) given in wt%, not normalised

Point 2

Point 1

Point 2

Point 3

Point 2

Point 1

Point 1

C2

Point 2

B2

Point 1

A2

Point 2

C1

Point 1

B1

Point 2

A1

Point 1

Components (as
Oxides)

Table 2. The approximate chemical composition (expressed as oxides) of some small selected
surface areas (as indicated in Fig. 6) of the steel rebars after removal from the concrete blocks
by SEM-EDS

Na2O

0.13

0.46

3.61

1.38

2.36

1.40

0.14

0.35

13.61

6.01

3.61

6.45

0.61

MgO

0.00

0.30

1.42

4.13

2.29

2.26

1.16

0.25

3.13

2.31

3.15

0.50

4.28

Al2O3

0.19

0.95

1.21

10.9

5.62

1.22

1.26

0.59

2.35

1.32

2.39

0.57

2.77

SiO2

1.38

2.01

3.41

17.6

24.7

10.7

0.59

1.07

10.6

7.80

10.6

3.11

16.7

SO3

1.04

0.55

1.10

5.75

4.93

2.28

0.23

0.28

0.58

0.38

0.58

7.39

2.18

Cl2O

3.51

0.23

1.83

0.68

3.98

0.31

5.10

2.06

0.24

0.11

0.20

1.90

0.91

K2O

0.11

0.16

0.98

0.84

0.96

1.25

0.10

0.07

0.45

0.17

0.5

1.75

0.54

CaO

0.51

2.54

9.65

52.6

40.4

21.1

1.00

0.84

39.2

15.5

39.2

16.0

58.4

MnO

0.91

0.87

0.83

0.67

0.72

1.08

0.09

0.15

2.79

1.68

2.79

0.66

0.71

FeO

92.2

91.9

75.9

5.32

2.36

55.4

92.3

94.3

47.1

64.7

37.1

61.7

12.9

Fig. 6a represents the reinforcing steel specimen for sample A1, which showed an oxidized surface
state (small oxidized areas spread over most of the specimen surface) and its composition was found
similar to that of pure FeO as it contained about 92.23 wt% FeO at point 1 and 91.93 wt% at point 2. It is
seen from Table 2 at point 2 that at the steel surface of the same sample A1 also some compound-bound
chlorine (expressed as Cl2O of 3.51wt%) could be detected, which indicates that the chloride ions migrated
in wards and could reach the surface of steel rebar. As this concrete sample did not contain any corrosion
inhibitor (namely the orange peel extract), the chloride ions could diffuse easily and fast to the steel surface
and even initiate and/or enhance its corrosion with the probable later formation of different iron-oxidehydroxide(rust) compounds, although the marked and EDS tested two points may also be related to the
original mill-scale coverage of the steel bars received directly from a reinforcing steel rod producer and
studied also by use earlier [2, 3]. Anyhow, the presence of chlorine observed right at the steel/concrete
interface is a strong indication of the chloride ion ingress reaching to the rebars surface also at some other
samples (see in Table 2) after 18 months immersion in the given aqueous chloride salts solution.
Figure 6b shows the steel rebar specimen in sample B1 that presents a little bit oxidized area on the
surface but at the spot that was selected for testing and is marked as point 1 had FeO in 75.97wt%, which
means this point(s) were attacked by pitting corrosion due probably to the rather low concentration of the
green inhibitor (1 %) that could not prevent the break down of the thin passive surface oxide layer. Hence,
at some “weakest points” this protective layer could be „destroyed” (i.e. chemically modified and dissolved
away) from the steel surface due primarily to the attack of chloride ions (given as Cl 2O of 1.83 wt%) which
could reach the surface of steel as shown in Table 2 at point 1 of B1.
In Fig. 6c the surface of the reinforcing steel in sample C1 appears almost free of oxidation, but in
the micro-structure analysis test made by EDS it showed FeO in ~66.06wt%, and CaO ~15.45 wt% at point
2 and in the same point it also had some chlorine (expressed in Cl 2Oof about 0.31 wt%), so these oxides
not only as a rust in this point but also came from concrete composition.
From Fig. 6d can note the effect of chloride on the surface of steel rebar in sample A2 because it has
oxidized areas clear and widespread on the surface (FeO ~ 92.33 wt%, at point 1 and 94.34 wt%, at point
2). This sample has no ability to resist the corrosion and the amount of chloride ions that reached to the
surface of steel its high (Cl2O ~ 5.10 wt% at point 1 and 2.06 wt% at point 2) and this quantity consider risk
and the probability of corrosion its high also.
Fig. 6e represents the steel rebar in sample B2 had only in micro-structure by EDAX test a little bit
oxidized composition but it does not appear clearly on the surface (FeO ~ 64.74 wt% at point 2), also the
amount of chlorides in this sample not high as shown in Table 2 at point 2.
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In Fig. 6f the reinforcing steel in sample C2 considers the best one because it had a very little bit
oxide areas and this oxide is not appeared on the surface of steel only detected by EDAX test compare
with other samples, it means that there is a very low probability to corrosion risk in this sample.
The observed micro-structure by SEM technique features (presented in Fig. 6) and the EDS analysis
for composition (Table 2) indicate the effects of the changing bulk and boundary materials properties, like
the porosity and pore solution, as well as alterations at the metal/solution interfaces inside the concrete
samples being immersed up to 18 months in 3.5 % NaCl solution. In this respect our observations are in
harmony with those of some other researchers [25, 26] having dealt with somewhat similar systems and
explained the observed phenomena by the formation of porous corrosion products modifying the charge
transfer resistance at the steel/solution interface.
The increases in the corrosion (by formation oxidized area) can mainly be related to the structural
consequences of the hydration processes (so-called hardening) of the concrete bodies, that is the liberation
of calcium hydroxide, Ca(OH)2, and/or the formation of the well known cementitious compounds C3S or
C3A, etc. The tested two admixtures (Oxydtron /nanocement/ and Mapei Dynamon SR 31) added to the
fresh concrete during the preparation step of the samples gave rise to reducing the water/cement ratio
during the concrete blocks hardening, therefore there was not enough time for the formation of Ca(OH) 2
and/or C3S and/or C3A, .. etc. (which compounds cause greater capillary porosity in concrete and weakens
the properties). While discussing the topic of the so-called nanocement admixtures as well, Yakub et al.
[27] described some relevant details of the so-called pozzolanic reaction of vitreous silica with calcium
hydroxide (Ca(OH)2 also abbreviated as (C–H). During this hydration reaction of the Ordinary Portland
Cement (OPC) this binder is producing additional calcium silicate hydrate (C–S–H) that resembles
tobermorite or jennite structure, which is the main constituent for providing the strength and density in the
hardening binder paste. The pozzolanic activity includes two parameters; the amount of lime (Ca(OH)2) that
pozzolan can react with it and the rate of reaction. The rate of the pozzolanic activity is related to the surface
area of pozzolan particles where higher surface area of pozzolan particle (or finer particle) gives more
pozzolanic reactivity. And, due to the very high specific surface area and the spherical particle shape of the
synthetic nanosilica admixture, it can potentially enhance the performance of binder mainly due to its
reaction with C–H to develop more of the strength-carrying compound in binder structure: C–S–H [27].
Hence, just by analogy, it can be stated with high probability, that the Oxydtron (nanocement) admixture
should also behave in a somewhat similar fashion to that of the nanosilica admixture.
Nevertheless, the admixture Oxydtron did reduce the ratio of water/cement less than Mapei
Dynamon SR 31, which means that the capillary porosity in the structure of the concrete body is higher
than with SR 31. So after adding the green inhibitor (especially in 3 % as in C2 sample) to the fresh
concrete, this inhibitor can and will work as a retarder, i.e. it retards the action of Ca(OH) 2 and/or C3S
and/or C3A and also will diffuse through the pores and give a more closed structure of the samples. And
so, eventually it will provide the samples better resistance against chloride diffusion and the concrete will
be more resistant to steel rebar corrosion.
Usually, chloride ions cannot penetrate enough deep into the concrete within short time. However,
after a long time in chloride ions containing environment chloride ions can arrive to and accumulate in a
sufficiently high concentration at the metallic surface of the steel rebar in the concrete samples to initiate
corrosion. This behavior is mainly due to distortion of passive layer (caused by the green inhibitor) on the
surface of reinforced steel in agreement with the observations of the researchers Magdy A. et al. [28].

3.2. Optical Microscopy
Light optical micrograph for all concrete samples is presented in Fig. 7.
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Figure 7. Light optical micrograph of the steel-concrete interface section with magnification 50X
of the sample: a) A1, b) B1, c) C1, d) A2, e) B2, f) C2, showing the microstructure
and the corrosion attack.
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The visual examination revealed that in 75 % of all cases, corrosion initiated between the rebar ribs
or directly at the rib edge as shown in Fig. 7a,d (samples A1 A2) and the type of corrosion as a flash rusting
(after wet cutting for samples), also the cracks and air void appeared in theses samples.
Fig. 7b (sample B1) illustrates there's a steel manufacturing (rolling) defect (void) and small a flash
rusting (after wet cutting for samples) areas.
Inspection of the steel-concrete interface upon corrosion initiation typically revealed the presence of
one distinct corroding spot, which in some cases was surrounded by significantly smaller corrosion pits, all
of them within an area of maximum approximately 1 mm2 as shown in Fig. 7e (samples B2). The small
corrosion pits were interpreted as sites where corrosion had initiated but was not able to reach stable pit
growth (in contrast to the dominating corrosion site), these pits were typically covered with a crust of
corrosion products, which occasionally remained even after the chemical cleaning process in inhibited
hydrochloric acid.
Inspection of the samples C1 and C2 (Fig. 7c,f) showed there is no pits corrosion or cracks at the
steel-concrete interface.

3.3. Composition analysis of corrosion products by XRD test
In Fig. 8 all the XRD records measured for the concrete samples at their steel-concrete interfaces
are collected and presented from a) to f).
X-ray diffraction measurements detected the same products (Portlandite very low content and
abundant content from calcite plus corrosion products (Brownmillerite, Biotite, Muscovite, Hydrocalumite,
Ettringite, Chlorite) middle content), in concrete at its interface with concrete, as for free inhibitor samples.
But the amount of calcite is lower and low or very low content amount of corrosion products in concrete
samples containing inhibitor (samples with 1 %, 3 % green inhibitor) than in the other specimens.
Amorphous material was also detected, and is a product of corrosion and is made up by Fe-oxyhydroxides
(„rust”) and Ca-Al-silicate hydrates.
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Figure 8. XRD pattern of corrosion products in the interface between steel and concrete for
sample: a) A1, b) B1, c) C1, d) A2, e) B2, f) C2, after immersion in 3.5% NaCl for 18 months.
Table 3. The qualitative content of the main
in samples at concrete-steel interface by XRD analysis.
Compound name with formula
Portlandite [Ca(OH)2]
Calcite [CaCO3]
Ettringite [Ca6Al2(SO4)3(OH)12·26H2O]
Hydrocalumite [Ca2Al(OH)6Cl·2H2O]
Biotite [K(Mg,Fe)3(AlSi3O10)(F,OH)2]
Brownmillerite[Ca₂(Al, Fe)₂O₅]
Muscovite [KAl2(AlSi3O10)(FOH)2]
Chlorite[(Mg,Fe,Al)6(Si, Al)4O10(OH)8]

crystalline

hydration

products

Qualitative content of compounds
A1

B1

C1

A2

B2

C2

+
++++
+++
+++
+++
+++

+++
+++
+++
+
+
++

+++
+++
++
++
+
++

+
++++
+++
+++
++
+++

+++
++
+++
++
+
+++

++++
+++
++
+
+
+

+++
++

No
No

No
No

+++
++

No
No

No
No

Notation: ++++: Abundant content; +++: Middle content; ++: Low content; +: Very low content; No: Absence.

The XRD pattern (Fig. 8) for all concrete samples (with and without inhibitors) demonstrates the
presence of strong peak is Quartz (SiO2, deriving from the sand grains in mortar) at about 2θ of 26.5°. The
second clear and important peak is Portlandite (Ca(OH)2) at 2θ = 18° and 34° was created by the hydration
of calcium silicates. Calcium hydroxide quantity precipitated at the steel surface is important in resist effect
of corrosion. The protective effect of calcium hydroxide was attributed to the dissolution of calcium
hydroxide crystals close to emerging pits, thereby preventing the pH drop required for the further
propagation of the corrosion pit [29].
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Calcite (CaCO3) of a small peak at 2θ of 29.5° is attributed to carbonation of hydrates on steel
surface. The presence of these two last compounds can be explained by the fact that some traces of
concrete materials could remain adhered to the rust during the sampling. Because all the samples were
subjected to chloride ingress, the presence of Hydrocalumite (Ca2Al(OH)6Cl·2H2O) is justifiable and is
confirmed by small peaks at 2θ = 11° and 21° in low and very low content for the samples with inhibitors
and in middle content for samples without inhibitors. A little amount of Brownmillerite (Ca₂(Al, Fe)₂O₅),
Biotite
(K(Mg,Fe)3(AlSi3O10)(F,OH)2),
Muscovite
(KAl2(AlSi3O10)(FOH)2),
Ettringite
(Ca6Al2(SO4)3(OH)12·26H2O), Chlorite ((Mg,Fe,Al)6(Si, Al)4O10(OH)8) as a corrosion products can be
observed in different quantities in some of concrete samples as shown in Table 3 .
However, iron oxides (Hematite (Fe2O3) or Maghemite (γ-Fe2O3)) cannot be clearly distinguished by
this XRD pattern because their diffraction patterns are amorphous phases, only Iron(II) oxide (FeO) we
distinguished by SEM technique.
Sample C2 has portlandite in high quantity this can explain the resistance of these samples to the
attack of chlorides and very little corrosion products because the electrochemical mechanism of pitting
corrosion confirms the inhibitive nature of OH- in the pore solution. The pH value of the pore solution in
concrete is mainly maintained by the portlandite (Ca(OH)2) from the cement hydration and the alkaline ions
(Na+, K+) in the pore solution. The inhibitive effect of OH− on pitting corrosion is enhanced by the
concentrated distribution of Ca(OH)2 on the concrete–steel interface. The quality of the concrete–steel
interface conditions the electrochemical environment of the pitting corrosion: concentrated CH (calcium
hydroxide) can effectively inhibit the initiation, while the air voids and cracks at the interface can favor the
formation of macrocells and thus accelerate the initiation [30].
An increased amount of CH close to the steel in reinforced concrete as observed in this work may
be beneficial, in that it may lead to improved local pH-buffering capacity and thus to better protection against
carbonation-induced generalized corrosion; that is, it would take a longer time for the larger amount of CH
near the interface to react to form calcium carbonate thus delaying the drop in pH associated with complete
carbonation. However, it is possible that this potential benefit might not be realized in practice if the CH
simply becomes encased in calcium carbonate whilst the surrounding C–S–H becomes completely
carbonated, as has been observed in partially carbonated hardened cement pastes by transmission
electron microscopy. Certainly, a partially carbonated zone that consists of completely carbonated C–S–H
and regions of CH encased in calcium carbonate would seem to be a very plausible explanation for the
observation of corroded steel in regions of concrete that appears ‘uncarbonated’ to the phenolphthalein test
[31].
Samples A1, A2 has abundant content from calcite and because this component there's no ability to
resist the effect of corrosion risk. Concrete carbonation due to atmospheric CO2 is one of the main
environmental aggression leading to steel corrosion. The high pH (13) of the concrete provides a natural
protection against corrosion to the embedded reinforcement by forming a compact insoluble oxide ﬁlm at
the steel surface (passive state). But carbonation leads concrete pH to decrease to about 9 and active steel
corrosion to start. Corrosion of steel in carbonated concrete is assumed to be uniform. In this case, anodic
and cathodic areas form corrosion microcells which are not separated spatially, leading to a uniform steel
loss.
In reinforced concrete structures, CO2 penetration in the concrete cover is a complex process.
Gradients in concrete humidity content affect a lot the carbonation rate, mechanical damage of concrete
subjected to excessive tension can lead to a CO2 penetration increase, the quality of the concrete cover
(strength, porosity, permeability, etc.) can be very different in regard to the location in the structure.
Carbonation occurs in concrete because the calcium hydrates present are attacked by carbon
dioxide of the air and converted to calcium carbonate (Eq. (1)), leading to a decrease in pH to about 9 and
active steel corrosion can start [29]. The concrete will carbonate if CO 2 from air enters the concrete
according to: Ca(OH)2+CO2= CaCO3+H2O (1) [32]
The interface is regarded as a major factor in corrosion initiation. Since the pores and voids at the
concrete-steel interface are not always saturated by pore solutions, the availability of oxygen (gas phase)
and the pore solution (liquid phase) impact on corrosion initiation. Both are necessary to start up the
cathodic reaction for corrosion. Accordingly, highly saturated and very dry concretes tend to have high
resistance to chloride initiation of corrosion and the structural degradation of the concrete matrix [30].

4. Conclusion
While testing the steel rebar specimens after removal from the steel reinforced concrete blocks
previously kept in aqueous salt solutions for 18 months and after analyzing their steel-concrete interfaces
we can arrive to the following major concluding points:
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1. Corrosion products (FeO, Cl2O) was detected by SEM- EDAX on the surface of steel rebar after
removal from concrete samples increase with decrease concentration of green inhibitor (orange peel
extract) and the steel of sample C2 had the lowest rate from corrosion products in the points examined
compared to the rest of the steel samples, this can also be seen from the external appearance of the steel
surface as it is almost free from corrosion products because it has a strong passive layer.
2. Cracks, porosity, corrosion pits, and air voids clearly appeared at the steel-concrete interfaces of
A1, A2 samples which were revealed by the light optical microscopy analysis. Such undesirable features
were less observable in samples with Oxydtron+ (1 %, 3 % green inhibitor) and Mapei Dynamon SR 31
(only with 3 % green inhibitor).
3. High quantities of Portlandite and almost non-existent amounts of Hydrocalumite, Biotite,
Brownmillerite, Muscovite, Chlorite were detected in the steel-concrete interfaces of B1, C1, B2, C2
samples (in particular with C2 sample) by the XRD analytical technique.
4. The concrete sample C2 (with 3 % green inhibitor and Oxydtron admixture) had lower
concentration of infiltrated/ingresses Cl- ions after immersion in 3.5 % NaCl solution for 18 months in
comparison to the other samples. Also this sample sowed the best resistance to corrosion.
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Abstract. Porous glass ceramic materials are widely used in industrial and civil engineering due to a
number of redeeming features, such as high strength, low thermal conductivity, incombustibility,
environmental friendliness, etc. A large number of researches are devoted to developing the compositions
of foam glass ceramic materials based on siliceous rocks (diatomite, tripoli, opoka). Present article is
devoted to studying the formation mechanism of the porous structure of glass ceramic materials as a result
of heating a mechanically activated mixture (a mixture of siliceous rock and soda ash or thermonatrite). The
experimental results were obtained using methods of gas permeability, scanning electron microscopy
(SEM), infrared spectroscopy (IR), X-ray diffraction analysis (XRD), differential thermal analysis (DTA) and
differential thermal gravimetric (DTG) analysis, physical-mechanical and thermophysical tests. It was
determined that the minerals of the crystalline structure in the composition partially transfer to the
amorphous phase with an increase in the charge activation time, and the amount of heulandite and sodium
hydrosilicates increases. This contributes to an intensive increase in the amount of flux in the composition
within the temperature range 700–800 °C. The water vapor generated during the condensation of free OH
groups on the surface of silicate is formed in this temperature range. This is the formation source of the
material’s porous structure. The developed porous glass ceramic materials have increased compressive
strength (up to 5 MPa) at a relatively low average density (268.5 kg/m3). This is several times greater than
the strength of foam glass from waste glass and from fly or coal ash. The minimum thermal conductivity of
glass ceramics (0.0633 W/m·°С) was determined at a sample density of 220.7 kg/m 3. The maximum
operational temperature of the material was 850 °C, which allows using it as a thermal insulation of industrial
equipment, such as melting furnaces, boiler equipment, etc.

1. Introduction
There are a large number of studies in the world scientific literature, which are devoted to developing
compositions and studying properties of porous glass ceramics. According to studies, such materials have
high strength, low thermal conductivity, are incombustible and ecologically safe [1–2]. They have proven
themselves in industrial and civil engineering [3]. A large number of studies in recent years are devoted to
the development of foam glass ceramic materials made of waste glass and various ashes [4–6]. Some
researches are related to studying the foaming of a charge by introducing MnO2 into the composition [7, 8].
The structural formation peculiarities and the mechanical properties of glass ceramics from slags of various
metallurgical industries, as well as from copper slags [11], lead-zinc mine tail ends, red mud [12] and many
others were studied [9, 10]. A large number of researches are devoted to developing the compositions of
foam glass ceramic materials from siliceous rocks (diatomite, tripoli, opoka) [13–22]. The technology for
producing such materials is mainly mixing siliceous and zeolite-containing rocks with aqueous solutions of
NaOH, followed by granulation and burning.
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According to the studies [16, 17], sodium hydrosilicates are formed when siliceous rocks are mixed
with aqueous solutions of NaOH. When heated, these compounds are dehydrated, and the water vapor
released during dehydration forms the porous structure of the material. The foaming intensity of zeolitecontaining rocks activated with aqueous NaOH solutions depends on the rock fineness and on presence of
zeolites in the composition of minerals that contain Ca in the structure [16]. According to [16, 17], zeolite
minerals dehydrate with blockage in the micropores of surface hydroxyl groups (Si–O–H) when heating the
charge to 700 °С. Increasing the heating temperature leads to the condensation of such hydroxyl groups
with release of water vapor, which forms the porous structure of material. According to the research results
[17, 22], the porosity of glass ceramic materials also occurs due to the release of CO 2 at temperatures
above 700 °C. However, scientific literature contains ambiguous opinions regarding the nature of CO 2
formed when heating siliceous rocks above 700 °C, activated by alkaline solutions. One theory [17] is that
carbon dioxide is released due to decarbonization of the formed Na2CO3. Other sources have shown [22]
that pore formation occurs due to the release of carbon dioxide from CaCO 3. There is also a theory that
CO2 is released from the structure of silicates. It was determined that amorphization and carbonization of
minerals occur during long-term grinding of silicates and aluminosilicates of alkaline earth metals [23, 24].
Carbon dioxide is in the structure of the material in a form similar to dissolved CO 2 in silicate glasses,
obtained at high temperature and pressure.
Analyzing the above mentioned, it can be concluded that porous glass ceramic from siliceous rock
is obtained mainly by mixing the rock with an aqueous solution of NaOH followed by burning [14–17, 22].
However, the equipment deteriorates rapidly with this production technology, as a result of exposure to
alkalis. Moreover, burning the charge is accompanied with the release of harmful substances (NaOH) into
the atmosphere [18]. Therefore, the production of these materials is limited to small batches only. It is
possible to solve this issue by replacing the alkaline solution with alkali metal salts in dry form, such as
soda ash (Na2CO3) or thermonatrite (Na2CO3·H2O). It is advisable to mix the components by co-grinding
(mechanical activation). The results of studies on developing the compositions of porous glass ceramic
materials from mechanically activated siliceous rocks and soda ash were presented by authors [25]. The
pore formation mechanism of such materials has not yet been studied.
The goal of research is to study the formation mechanism of the porous structure of glass ceramic
materials as a result of heating a mechanically activated mixture (a mixture of siliceous rock and soda ash
or thermonatrite).
Objectives:
 to determine the impact of mechanical activation time on the change in the specific surface, phase
composition, shape and size of the charge particles;
 to determine the formation mechanism of the porous structure of glass ceramics by the methods
of infrared (IR) spectroscopy, thermal analysis (TA) and X-ray diffraction analysis (XRD);
 to determine the impact of the charge’s mechanical activation time on the physical, mechanical
and thermophysical properties of porous glass ceramic samples.

2. Methods
2.1. Materials
The charge components in order to obtain samples of foam glass materials are as follows:
 siliceous rock (humidity ≤ 1 %) with the following chemical composition: SiO2 – 67.862 %,
CaO – 7.742 %, Al2O3 – 7.609 %, Fe2O3 – 1.987 %, K2O – 1.561 %, MgO – 1.073 %,
TiO2 – 0.340 %, Na2O – 0.167 %, P2O5 – 0.151 %, SО3 – 0.059 %, SrO – 0.055 %, BaO – 0.022 %,
ZrO2 – 0.013 %, V2O5 – 0.012 %, MnO – 0.009 %, Cr2O3 – 0.008 %, CuO – 0.004 %,
ZnO – 0.004 %, NiO – 0.004%, Co3O4 – 0.003%, other impurities – 11.315 %. The mineralogical
composition of the rock is as follows: cristobalite (SiO 2) – 21.1 %, heylandite
((Ca,Sr,K2,Na2)[Al2Si6O16]∙5H2O) – 19.2 %, muscovite (KAl2[AlSi3O10](OH)2) – 14.4 %, calcite
(CaCO3) – 12.8 %, quartz (SiO2) – 10.8 %, tridymite (SiO2) – 1.7 %, amorphous phase – 20.0%.
 flux agents: technical soda ash (mineral – natrite, chemical formula – Na2CO3); thermonatrite
(chemical formula – Na2CO3·H2O). Mass fraction of the main substance in both components is
not less than 99 %.

2.2. Compositions and technology for the production of samples
The mixture for producing the samples of foam glass ceramic materials was obtained by co-grinding
siliceous rock and flux agent (Na2CO3 or Na2CO3·H2O). The amount of flux agent was adopted as 18.5 %
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of the charge mass in terms of the main substance, which is Na2CO3. The grinding was carried out in a
planetary ball mill Retsch PM 400 at a rotational speed of milling pots equal to 250 rpm.
Samples of foam glass ceramic materials were obtained by burning the charge in metal forms in a
muffle furnace. The forms were pretreated with kaolin paste. The following charge burning mode was
adopted: heating to a temperature of 670 °C at the 4.5 °C/min rate, holding at a temperature of 670 °C for
1 hour, heating to a temperature of 850 °C at a speed of 4.5 °C/min, holding at a temperature of 850 °C for
30 minutes. After cooling the mold with obtained material together with the furnace down to 40 °C, the mold
was disassembled, and samples were removed for further testing.
The compositions tested in the study are presented in Table 1.
Table 1. Compositions tested in the study.
Composition
number
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10

Charge composition, %
Siliceous
rock

Na2CO3

Na2CO3·H2O

81.5

18.5

-

79

-

21

Mechanical
activation time, min
10
30
60
90
120
10
30
60
90
120

2.3. Analytical techniques
The experimental data was obtained by using following methodologies:
 Specific surface of the charge was determined by the gas permeability method using the PSH-2
device. The arithmetic mean value of the test results for three samples of each composition was adopted
as the final result.
 Scanning electron microscopy (SEM) of powdered charge samples was carried out using a
Quanta 200 i 3D device (USA) in a low vacuum mode (10-3 Pa) with an accelerating voltage of 20 kV and
a working distance of 15 mm.
 XRD of the unburnt and burnt charge samples was carried out using an ARL X'tra diffractometer
(Switzerland). Samples of the burnt charge were crushed in a mortar with an agate pestle with acetone
before passing through a sieve with an aperture of 90 µm. The diffraction patterns were recorded in CuKα1+2
radiation in the angle range 2Θ = 4–80° with a rate of 1.2 °/min, in increments of 0.02°, integration time
1 sec. The qualitative phase composition of samples was determined according to the Hanawalt method
using the ICDD PDF-2 database. The quantitative phase content was determined according to the Rietveld
method using Siroquant 3 Sietronics Pty Ltd software.
 TA of charge samples was carried out using a TGA/DSC1 device (Switzerland). 15±0.1 mg of
charge was poured into an alundum pot with a volume of 150 μl. After that, the sample was compacted by
tapping the pot on the table. The pot was mounted on a holder and placed in an oven. The sample was
heated from 30 to 800 °C at a rate of 10 °C/min.
 IR spectra were obtained in KBr pellets on the InfraLUM FT-02 Fourier spectrometer. In order to
prepare the pellets, 3 mg of the sample and 200 mg of single-crystal KBr were used, the mixture was
thoroughly ground in an agate mortar, and then the pellets were pressed. Spectral absorption curves of the
sample were recorded in the range from 400 to 4000 cm -1.
 Density, compressive strength, water absorption and thermal conductivity of foam glass ceramic
materials were determined using dry cubic samples with a face size of 90±5 mm. Water absorption was
determined using the ratio of water mass absorbed by dry sample to the sample volume when completely
immersed in water for 24 hours. The thermal conductivity of samples was determined by probe method
using the MIT-1 device (probe diameter 6 mm). The final result was adopted as the arithmetic mean value
of the test results for five samples of each composition.
 Maximum operating temperature of the glass ceramic materials was determined by the residual
change in the size of the samples (90×40×40 mm) after holding for 2 hours at a given temperature. The
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test was aborted if the sample size changed by more than 1 %. The arithmetic mean value of the test results
for three samples of each composition was taken as the final result.

3. Results and Discussion
3.1. Charge properties
It is known that the morphological and dimensional characteristics of charge significantly impact the
quality of finished goods regarding production of porous glass ceramic materials. The macrostructure of the
material becomes homogeneous with decreasing charge particle size, density decreases, strength
increases, etc. [26–28]. Within the framework of research, the correlation between change in the specific
surface area of charge powder samples (siliceous rock + flux agent) and the time of mechanical activation
were determined. Results are presented in Figure 1.

Figure 1. Specific surface of the charge samples.
According to the obtained data (Figure 1), specific surface of charge samples, which contains soda
ash as flux agent, increases almost linearly from 1.99 to 2.50 m2/g. The mechanical activation time
increases from 10 to 60 minutes at the same time. By increasing the activation time to 120 min, specific
surface of the charge decreases in an inverse linear relationship to 1.99 m 2/g.
There are no sharp changes regarding the specific surface values during mechanical activation of
the mixture (compositions C6–C10, thermonatrite as a flux agent). The highest indicator value for
compositions C7 and C8 (30 and 60 min, respectively) is 1.95 m 2/g on average. That is more than 20 %
lower than the same indicator for the composition with Na2CO3 (C3 composition). A further increase in the
mechanical activation time up to 120 min leads to a decrease in the specific surface area of charge to
1.8 m2/g. Most likely this is due to the aggregation of charge particles, and the water molecules contained
in the thermonatrite composition contribute to this. Microstructural changes in the charge samples after
mechanical activation are presented in Figure 2.

Figure 2. SEM-micrographs of charge samples.
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SEM microstructure images of the charge powder samples (Figure 2) clearly demonstrate the effect
of mechanical activation duration on the shape and size changes of particles of the starting materials, as
well as of newly formed aggregates. After 10 min of mechanical activation (C1, C6), all charge particles
have size of no more than 10 µm, regardless of flux agent type in the composition. The shape of most
particles is shard with almost no aggregation.
After 30 minutes of mechanical activation of the charge containing soda ash (C2) as flux agent, the
particle size decreased compared to sample C1 (10 minutes of mechanical activation). The composition is
dominated by shard-shaped particles of size less than 3 µm, as well as by individual spherical aggregates
of size less than 5 µm. The particle shape of sample C7 (flux agent is termonatrite) is represented by
fragmentary and loose polydisperse aggregates no larger than 5 µm in size. The particle size slightly
decreased comparing with C6 sample (10 min of mechanical activation).
With increasing the mechanical activation duration of the charge samples up to 90 min, a significant
difference was noted regarding the sizes of the formed aggregates. For sample C4 (flux agent is soda ash),
the most of spherical aggregates are 10–15 µm in size. For sample C9 (flux agent is termonatrite), all
particles in the form of spherical polydisperse aggregates are not more than 15 µm.
As a result of the study, it was determined that mechanical activation significantly affects the shape
of the charge particles in the mixture. Spherical aggregates are formed, the size of which increases with
the activation time. The dispersion of aggregates depends on the flux agent type in the composition. The
SEM results for the charge are correlated with data on its specific surface area obtained by gas permeability
method.
According to the scientific literature, structural defects accumulate in solid particles during intensive
grinding, phase transformations occur, as well as amorphization of crystalline minerals [23, 24, 26–28]. The
impact of the mechanical activation time on structural changes in the charge for foam glass ceramic has
been studied using IR spectroscopy and XRD methods.
The IR spectra of the charge samples after mechanical activation for 10 and 90 minutes are
presented in Figure 3.

Figure 3. IR spectra of charge samples.
The presence of silicates with different structural types in the tested samples can be detected by
using the following absorption bands in the IR spectra (see Figure 3). Intense absorption bands with maxima
≈ 1100 cm-1 and ≈ 470 cm-1 belong to the stretching and deformation vibrations of the Si–O–Si bonds,
respectively. The absorption spectrum with a peak ≈ 1050 cm-1, corresponding to stretching vibrations of
the Si–O–Si(Al) bonds is clearly visible in the IR spectrum of sample C1. The ≈ 1200 cm -1 band, which
indicates the presence of a whole set of structures with Si–O–Si angles ≈ 180º, is visible as well. According
to [29], the absorption band of ≈ 1200 cm-1 appears during quartz fracture, and a decrease in its intensity
in the sample’s IR spectrum after 90 min mechanical activation (sample C4) is probably a result of β-SiO2
mineral amorphization.
The presence of aluminosilicates in the tested samples can be indicated by changes in the absorption
bands intensity ≈ 795 cm-1 (stretching vibrations of the Si–O–Si(Al) bonds), as well as for the bands
≈ 520 cm-1 and ≈ 620 cm-1 (deformation vibrations of the bonds Si–O–Al). Significant changes in the
intensity of the absorption bands or frequency of oscillations were not detected.
No significant changes were detected in the vibrational frequency and intensity of the absorption
bands ≈ 1460 cm-1, as well as ≈ 880 cm-1 and ≈ 710 cm-1 related to stretching and deformation vibrations
in carbonates, respectively.
According to the data in Figure 3, the main changes in the IR spectra of the charge samples after
mechanical activation relate to the absorption bands of hydroxyl groups and water molecules.
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The absorption band ≈ 1680 cm-1 corresponds to deformation vibrations of water molecules. A wide
peak in the range of 3200–3700 cm-1 demonstrates the superposition of stretching vibration bands of
hydroxyl groups and adsorbed H2O molecules. The intensity of the absorption bands of water molecules in
the C4 sample spectrum is slightly lower. This is possibly due to the hydration processes occurred in the
charge sample after mechanical activation for 90 min. Such conclusion can be confirmed by an increase in
the intensity of absorption band in the range of 980–880 cm-1 (deformation vibrations of Si–O–H), as well
as ≈ 3740 cm-1 (stretching vibrations of surface OH groups in Si–O–H). An increase in the intensity of band
≈ 3650 cm-1 indicates an increase in the number of associated OH groups in Si–O–H.
When analyzing the IR spectra, the absorption bands of carbon dioxide in the range of 2300–
2400 cm-1 were not taken into account, these bands are inevitable consequence of the experimental error
(air CO2).
The XRD of the charge samples after mechanical activation is shown in Figure 4.

Figure 4. XRD of the charge samples.
According to the data presented in Figure 4, the main changes in the charge’s phase composition
after mechanical activation are as follows. With an increase in mechanical activation time of the charge,
the intensity decreases and the peaks corresponding to calcite, muscovite, quartz, and cristobalite widens.
Similar effects appear during the amorphization of crystalline minerals. With an increase in the mechanical
activation time, the amount of Na2CO3 and Na2CO3·H2O decreases significantly. The content of the latter
in the charge composition after 90 min of activation was not detected (C9). In parallel, an increase in the
intensity of lines corresponding to heilandite is observed. In the X-ray diffraction patterns of samples C4
and C9 (90 min mechanical activation), a wide halo additionally appears in the range 33–39° (2θ). This
effect can be attributed to sodium hydrosilicates formed in the charge [16, 17, 23]. An increase of
compounds containing OH groups in the charge composition is also evidenced by the data of IR
spectroscopy (Figure 3).

3.2. Formation mechanism of the porous structure
The phase transformations occurring in the charge samples after mechanical activation by heating
were studied using DTA and DTG methods. Results of the study are presented in Figure 5. The total weight
loss of the samples after burning at a temperature of 800 °C is shown in Table 2.
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Figure 5. DTA (a, c) and DTG (b, d) curves of charge samples.
Table 2. Weight loss by the charge samples after burning at a temperature of 800 °C.
Composition number

C1

C2

C3

C4

C5

C6

C7

C8

C9

C10

Sample weight loss, %

16.57

17.49

18.04

17.94

17.49

18.88

19.09

19.17

19.00

18.29

According to data presented in Figure 5 and in Table 2, there are following phase transformations
occurring in the charge during heating. The first wide peak in the temperature range from 25 to 120 °С
(endoeffect) corresponds to the evaporation of unbound water, irrespective of the flux agent type in the
composition. An additional peak of strong intensity appears at a maximum of ≈ 95 °C on the DTA
(endoeffect) and DTG curves (weight loss) (charge with Na2CO3·H2O), corresponding to dehydration of
thermonatrite. It should be noted that a peak with a maximum of ≈ 95 °C gradually disappears with an
increase in the mechanical activation time from 10 to 90 minutes. Moreover, new endothermic effect (Figure
5, a, c) appears at a temperature of ≈ 120 °C, accompanied by weight loss. This effect may be associated
with the loss of water from the resulting sodium hydrosilicates. An increase in the amount of these
compounds with increasing the charge activation time most likely led to the formation of aggregation of
charge particles (Figure 2). The almost total absence of thermonatrite after 90 minutes of mechanical
activation is confirmed by XRD data (Figure 4).
The strong endothermic effect and significant weight loss of the samples in the temperature range
from 400 to 550 °C is a consequence of the formation of sodium silicates. A similar result was obtained in
studies [17, 25]. The effect is accompanied with the release of carbon dioxide and water vapor from
individual phases of the charge (CaCO3, Na2CO3, etc.). Peak of the effect shifts towards lower temperatures
by more than 50 °C with an increase in the time of mechanical activation of the charge from 10 to
90 minutes, respectively. This is due to an increase in the amorphous phase in the composition (Figure 4).
The endoeffect and weight loss in the temperature range from 550 to 650 °C is associated with the
release of water vapor during the condensation of OH groups. Similar effect was observed when burning
zeolite-containing rocks activated by alkaline solutions [16]. According to the data of various researchers
[16, 17, 23], blockage in the micropores of surface hydroxyl groups (Si–O–H) occurs in this temperature
range. Based on data presented in Figure 5, peak intensity and mass loss are greater for composition with
thermonatrite. This is logical, since thermonatrite consists of H2O molecules by almost 14.5 %, the
molecules are necessary for the formation of OH groups.
According to Figure 5, the endothermic effect with a peak of ≈ 720 °С (decarbonization of unreacted
CaCO3) for compositions C1 and C6 (10 minutes of mechanical activation) shifts by more than 50 °C to
lower temperatures after mechanical activation for ≥ 60 minutes.
Mechanical activation duration of the charge also affects the increase in the amount of flux agent in
the composition. Confirmation for this is the increase in the endothermic effect in the temperature range
700–800 °C with an increase in activation time to 120 minutes. According to the study [22], an eutectic flux
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appears in the Na2O–CaO–SiO2 system in this temperature range. The effect is characterized by the weight
loss absence in the sample, as evidenced by a straight line on the DTG curves (samples C3–C5, C8–C10).
The mixture foams in this temperature range, but only after mechanical activation for 1 hour or more.
The surface macrostructure of porous glass ceramic samples, which are based on charge after
mechanical activation of different durations, is presented in Figure 6.

Figure 6. Surface macrostructure of foam glass ceramic samples.
According to the data in Figure 6, it is possible to obtain the optimal porous structure in the samples
of foam glass ceramic materials (pore diameter no more than 2 mm) from the presented siliceous rock.
However, the rock has to be mechanically activated with Na2CO3·H2O (21 % of the charge mass) for at
least 90 minutes (samples C9, C10), together with at least 120 minutes of Na2CO3 (18.5% of the charge
mass) (sample C5).
According to the data presented in Table 3, total weight loss of the sample after burning at a
temperature of 800 °C decreases by more than 1 % for a charge with thermonatrite. This occurs in case
the mechanical activation duration of the charge is increased for more than 1 hour. Theoretically, this
phenomenon is unlikely, since the charge activation was carried out in a closed system. Perhaps, this effect
is caused by the part of volatile substances (CO2 and/or H2O), which are still in the charge composition and
form the porous structure in the glass ceramic samples. As noted above, the process of pore formation in
the production of glass ceramic materials can be associated with the release of water vapor during the
condensation of free OH groups on the silicate surface [16, 17, 22]. This is a result of decarbonization of
CaCO3 [22], Na2CO3 [16] or carbon dioxide from the structure of silicates [23, 24]. In order to confirm any
of the mentioned assumptions, the charge samples were tested by XRD and IR spectroscopy after burning
at a temperature of 670 °C. The maximum burning temperature (670 °C) was selected based on the thermal
analysis data of the charge samples presented above. The burnt samples were milled in an inert gas (argon)
in order to exclude the possibility of CO2 re-entering the silicate structure. The results of the XRD are
presented in Figure 7.

Figure 7. XRD of the charge samples after burning at a temperature of 670 °C.
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As a result of the X-ray diffraction analysis of the charge samples after burning at a temperature of
670 °C (Figure 7), the following was determined. Regardless of the flux agent type in the initial charge
composition (Na2CO3 or Na2CO3·H2O), the crystalline phase of the burnt samples is mainly represented by
quartz. There are individual peaks on radiographs, corresponding to cristobalite and plagioclases. Figure 7
clearly shows an intense amorphous halo in the angle range from 15 to 37° (2θ). The absence of peaks on
the X-ray diffraction pattern is determined. These peaks characterize the presence of Na2CO3, CaCO3 in
the composition of samples, as well as other minerals of a crystalline structure that could be involved in the
pore formation process.
The final conclusions regarding the possible pore formation cause in the production of porous glass
ceramic materials (free OH groups on the surface of silicate [16, 17, 22] or carbon dioxide in the structure
of silicates [23, 24]) were made according to the results of IR spectroscopy (Figure 8).

Figure 8. IR spectra of burnt charge samples at a temperature of 670 °С.
According to the IR spectra analysis (Figure 8) of the charge samples after burning at 670 °C, the
pore formation of glass ceramic materials (based on the siliceous rock used) occurs due to release of water
vapor. The vapor is generated by the condensation of free OH groups on the silicate surface. This is
confirmed by the absorption band of a very low intensity ≈ 3740 cm-1. A similar character of pore formation
in glass ceramic materials is described in various studies [16, 17, 22].
The assumption regarding the possible pore formation process in glass ceramic materials due to
carbon dioxide emission from the structure of silicates [23, 24] has not been confirmed. According to the IR
spectra of the charge samples after firing at 670 °C, there are no absorption bands in the range of 1550–
1400 cm-1. They are common for stretching vibrations of carbonate groups (samples C4, C9).
When analyzing the IR spectra, absorption bands of carbon dioxide (2300–2400 cm-1) were not taken
into account, as well as water molecules (≈ 1680 cm-1, 3200–3700 cm-1), which are an inevitable
consequence of the experimental error (CO2 from air, H2O in KBr).

3.3. Properties of samples of foamed glass ceramic materials
The results of studying physical, mechanical and thermophysical properties of porous glass ceramic
samples are represented in Table 3.
Table 3. Properties of samples of foam glass ceramic materials.
Properties*
Composition
number

Average
density,
kg/m3

Compressive
strength,
MPa

Water adsorption,
%

C4
251.5 (6.5)
4.5 (0.11)
35.35 (1.92)
C5
243.3 (5.7)
4.2 (0.10
18.48 (1.17)
C9
268.5 (5.9)
5.0 (0.11)
23.03 (1.25)
C10
220.7 (6.1)
2.9 (0.08)
24.84 (1.08)
*
- the mean square deviation is given in brackets

Thermal
conductivity, W/m·°С

Resizing of samples
after holding at
temperature 850°С, %

0.0667 (0.0013)
0.0659 (0.0014)
0.0705 (0.0011)
0.0633 (0.0017)

–0.35 (0.02)
–0.31 (0.02)
–0.38 (0.02)
–0.34 (0.02)

According to the obtained data (Table 3), an increase in the duration of charge mechanical activation
leads to the decrease in average density of foam glass ceramic samples. The effect is more noticeable
when the charge with thermonatrite is activated. Thus, the average density of C10 composition samples
(120 min of activation) is almost 20 % less than the same indicator for composition C9 (90 min of activation).
Compressive strength of the obtained foam glass ceramic samples is linearly dependent on their
average density. The highest compressive strength was recorded for composition C9 (5 MPa) with an
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average density of samples equal to 268.5 kg/m3. To compare [4], the strength of foam glass samples
obtained from waste glass and fly ash is 5 times less (≈ 1 MPa) at a practically equal average density
(267.2 kg/m3). According to the research [6], similar compressive strengths (5 MPa) of foam glass ceramic
samples based on waste glass and coal ash were achieved at a material density of ≈ 460 kg/m3 (70 %
higher than the density of the samples we obtained). C10 composition has the lowest value of compressive
strength (2.9 MPa) (see Table 4). It should be noted that samples of this composition have the lowest
density (220.7 kg/m3) and, as a result, thermal conductivity (0.0633 W/m·°С).
The analysis of the data presented in Table 4 indicates that the water adsorption of the developed
materials also depends on the mechanical activation duration of the charge. With an increase in activation
duration, water absorption decreases. This is probably due to an increase in the amount of flux agent in the
composition (Figure 5), which helps to reduce the number of open pores in the material structure.
Another positive quality of the developed foam glass ceramic materials is their high maximum
operating temperature (850 °C). This allows implementing the developed material as a thermal insulation
of industrial equipment, such as smelting furnaces, boiler equipment, etc. Considering this indicator, the
foam glass is significantly inferior. Its maximum operating temperature rarely exceeds 600 °C [1].

4. Conclusions
1. It was determined that mechanical activation of siliceous rock together with Na2CO3 or
Na2CO3·H2O significantly affects the change in the specific surface. It also affects the shape and size of
the charge particles and its phase composition:
a. Using the gas permeability and SEM methods, the specific surface area of the charge was
determined to increase linearly with an increase in activation time up to 60 min. If the charge mechanical
activation is longer, the specific surface area decreases and spherical aggregates are formed in the
composition. The size of aggregates increases depending on the activation time.
b. Using the X-ray diffraction and IR spectroscopy methods, it was determined that the increase in
charge activation time causes the crystalline structure minerals in composition to partially go into the
amorphous phase. The amount of heilandite and sodium hydrosilicates increases in this case.
2. The formation mechanism of the porous structure of glass ceramics when heating the charge
(siliceous rock + Na2CO3 or Na2CO3·H2O) after mechanical activation is determined:
c. According to the thermal analysis results, silicate formation in the charge begins at a temperature
of about 400 °C, the sample weight loss stops almost completely at 670 °C. The intensive increase in the
amount of flux agent in the composition was recorded in the temperature range 700–800 °C.
d. The formation of glass ceramic’s porous structure is determined to be caused by the release of
water vapor at a temperature of more than 700 °C. Water vapor is formed by the condensation of free OH
groups on the silicate surface. A similar pore formation pattern for glass ceramic materials is observed
during burning of siliceous (zeolite-containing) rocks activated by alkaline solutions.
e. Obtaining the optimal porous structure in the foam glass ceramic samples (pore diameter no more
than 2 mm) from the presented siliceous rock is possible. The rock has to be mechanically activated with
Na2CO3·H2O (21 % of the charge mass) for at least 90 minutes, and also at least for 120 minutes with
Na2CO3 (18.5% of the charge mass).
3. The developed porous glass ceramic materials have increased compressive strength (up to
5 MPa) at a relatively low average density (268.5 kg/m3). This is several times greater than the strength of
foam glass from waste glass and fly or coal ash. The minimum thermal conductivity at a sample density of
220.7 kg/m3 was 0.0633 W/m·°С. The maximum operating temperature of the material is 850 °C, which
allows implementing it as a thermal insulation of industrial equipment, such as melting furnaces, boiler
equipment, etc.
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Abstract. This article provides the results of a study to determine the emanation coefficient of artificial
construction material, namely heavy concrete produced by semi-dry pressing, depending on equilibrium
sorption moisture content achieved in the desorption stage. We measured radon volumetric activity in a
sealed chamber at different air relative humidity, determined the specific activity of naturally occurring
radionuclides (NORs), and calculated the specific effective activity of NORs. Then we obtained
mathematical models of the dependence of the emanation ratio on the degree of pores filling with water,
and it was determined that the emanation coefficient increases by almost 50 % in the range of relative
humidity typical for residential and public buildings, which necessitates the numerical control of this
parameter in order to accurately assess the dose load on the population.

1. Introduction
Currently, it has been determined that the main contribution to the population exposure is made
directly by natural radionuclides [1], and radon and its decay products make the largest contribution to the
total population exposure dose. Due to internal exposure, radon can cause oncological diseases, including
lung cancer.
The main radioactive nuclides contained in rocks are radium, thorium, and potassium. Radioactivity
of ready-made construction materials is caused by naturally occurring radionuclides (NORs) in original raw
materials and is characterized by the value of the specific effective activity ( Aeff). Radioactivity of
construction materials depends on the type and place of extraction of mineral raw materials, and the content
of NORs in industrial waste which is used to improve the properties and characteristics of the material or
to reduce the cost of its manufacture. In this case, the values of gamma activity and emanation are
determined by the composition of building mixes [2, 3, 4, 5, 6].
Such radioactive emanations as radon (Rn) and thoron (Tn) are exhaled from building envelopes
and accumulate in the indoor air. Due to the short half-life, thoron makes an insignificant contribution to the
total dose load, as only a small fraction of thoron exhales from construction materials into the air of the
room and soil under the building. Concentration of radon is largely dependent on the ventilation mode, and
low air exchange in the room leads to quite high levels of radiation. Thus, the man-made altered radiation
background is formed in building spaces.
It is vital to understand the processes of generation and migration of radon and the factors that
influence these processes, to ensure radiation safety and to take appropriate measures to reduce dose
commitment on the population.
Radon emanation is a complex process involving the release of radon atom from the solid phase,
diffusion in liquid and gas media, adsorption on the walls of cracks and capillaries of materials [7].
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The emanation coefficient E of the material is composed of emanating due to the effect of the recoil
of radon atoms Er and emanating due to diffusion ED :

E  Er  ED
Emanating due to the recoil effect is practically independent of the human environment. Due to the
energy released during the decay of radium, a radon atom acquires momentum and shifts by a distance
equal to the range of the atomic recoil in the medium. At the expense of the recoil effect, the emanation
atoms, formed in the surface layer with a thickness less than the range of atomic recoil, exhale to the media
surrounding the sample [8].
After exhaling from the substance grains, radon atoms enter the pore space of the material. Radon
can diffuse in pore voids, and some fraction of atoms decays directly in the body of the material, while the
other part emanates from the building structure into the room air and decays.
Emanating depends on mineral composition, uniformity of radium-226 (226Ra) distribution in the
material, characteristics of pores (sizes, quantity, and type), specific surface area and grain size distribution
of the test sample.
The diffusion component of emanation depends on the internal structure of the material and external
environmental conditions, such as temperature, humidity, atmospheric pressure, and air mobility near [9].
One of the main external factors that can significantly affect the amount of radon exhaled under
normal conditions is humidity. This fact is confirmed by the studies of emanation of rocks and soils.
In article [10], the authors summarize the basic theories about the influence of humidity on emanating
of rocks from the insignificant influence of humidity [11, 8] to a stable relationship between these
characteristics. An experiment within the research showed that an increase in moisture content for most of
the studied samples resulted in a rise in the value of the emanation coefficient. Upon reaching a degree of
pores filling with water close to complete water saturation, some samples tended to decrease their
emanation, while others remained passive to the external impact of moisture. The authors in [12] studied
emanating of radioactive samples into air and water. It turned out that for most of the samples, emanation
into water is 1.1 ... 2.5 times more than into the air. Based on the studies conducted under the laboratory
conditions, the authors in [10] concluded that there are rocks with a different emanation response to
changes in humidity, which causes a discrepancy of the existing data.
The authors in [13] studied the effect of humidity of uranium tailings in the form of sand on the change
in the emanation rate. The effect of increasing the emanation coefficient with rising humidity was attributed
to the accumulation of radon atoms in pores of the material when the pore space is filled with water, which
prevents the introduction of recoil atoms into the crystal lattice of neighbouring grains.
Rising of radon emanation at the increase in the moisture content of the material was also calculated
using the modified Monte Carlo program TRIM [14]. In this case, the distribution of moisture in a porous
medium is discussed at the level of the capillary theory. It is noted that the emanation of the material quickly
reaches the value of emanation in a saturated state when humidity ranges from 10 % to 30 %. Upon
reaching 30 %, the pore surface forms a thin film which impedes the incorporation of the recoil radon atom
into another part of the pore wall.
The data obtained by the authors in [15] are worth considering. The amount of the maternal isotope
of radium-226 in concrete samples increased in two different ways. The first method was to add radium
bromide. In the second method, the amount of radium in concrete was increased due to the enrichment of
uranium ore. The authors observed a strong dependence of the radiation dose on the enrichment method.
For a sample enriched by uranium ore, radon emanation was about ten times less, and the authors
observed a pronounced dependence of the radon release on the water content.
The authors of [16] obtained the emanation coefficients for granites, used in construction, for a dry,
natural, and wet state, calculated the speed of emanating as well as alpha-equivalent dose. Results of the
test showed that even with a slight increase in moisture content, the emanation coefficient increased
significantly. Thus, the authors attribute the resulted data to the possibility of trapping radon atoms in the
pore space by water.
Production of construction materials utilizes mixtures of natural raw materials which undergo
significant changes in the process of technological conversions. The emanation of such materials can vary
significantly [17]. Burnt materials such as ceramic bricks, tiles, expanded clay or unhydrated cement
demonstrate the least radon release, unlike sand, gravel, hydrated cement, cement concrete, and mortars
which show the greatest one.
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For instance, as a result of hydration and hardening of hydraulically active cement and lignite coal
fly ash, emanating of artificial stones from these materials increases by almost 10 times [2, 3]. Article [3]
demonstrates the possibility of analysing the specific effective activity and emanating ability of samples of
cement concretes and mortars based on the data on the radioactivity of their components taking into
account chemically bound water, change in emanation as a result of cement hydration and time of
hardening of the binding. The analysis has revealed that over time, the emanation of cement and cementash samples decreases [3, 18].
In general, it is obvious that the effect of humidity on the materials emanation is mostly considered
by works connected, mainly, to the rocks and soils representing objects that are different in composition
and structure from multi-component building materials obtained as a result of technological conversion
(including the usage of hydraulically active artificial binders, such as cement) to ensure the required
performance properties. Thus, the question of studying the emanation of building materials under operating
conditions of various types of premises is relevant and requires further study in order to ensure radiation
safety of the population.
In this research, we set the goal to establish the influence of relative humidity on the emanation of
radon from heavy concrete made by semi-dry pressing. During the study, patterns of the formation of the
number of emanations were revealed and a mathematical model was proposed.

2. Methods
The paper presents results aimed at identifying changes in the emanation coefficient of heavy
concrete samples depending on the relative humidity of the ambient air and the sorption moisture of the
samples. Samples were tested in the radiation monitoring laboratory of Siberian Federal University.
To determine the parameters of the radon emanation process from finished construction products,
samples of heavy concrete with a total weight of 9.9 kg, a volume of 0.00423 m3, and an estimated average
density ρ = 2340 kg/m3 in the dry state were selected. Concrete composition per 1m 3: CEM I 42.5 GOST
31108-2016 – 520 kg; sand and gravel (aggregate), grain size up to 10 mm – 1810 kg; water – 230 kg. The
porosity of the material was 10 %, while the moisture content by volume with complete water saturation of
the heavy concrete sample was 9.49 %.

2.1. Determining the specific activity of radionuclides and the specific effective activity
We determined the NORs specific activity in the test material using PROGRESS gammaspectrometer following the procedure [19]. The PROGRESS software package is designed to analyse
spectrograms of a standard radionuclide composition: 40K, 137Cs, 232Th, 226Ra in equilibrium with daughter
products.
A pre-weighed crushed sample with grain sizes of 0.5-1 mm was placed in a standard measuring
cell and sealed. To establish a radioactive equilibrium between radon and its daughter products, the sample
was aged for 14 days in the same state. The content of basic radionuclides in the test sample was measured
on a gamma spectrometer three times with a 180-minute exposure.
The specific effective activity of natural radionuclides was determined by [20]

Aeff  ARa  1.3ATh  0.09 AK

(1)

2.2. Determining the radon concentration in the air of a sealed container
AlphaGUARD Radon monitor PQ2000 was used for measuring. The method is based on direct
measurement of the volumetric activity of radon in the air of a sealed container under the modes of passive
sampling of the air and pumping it through an ionization chamber.
The emanation of radon from concrete into the air of a sealed container was analysed on the samples
of various sorption moisture. The test samples were placed into a sealed container of 0.05 m3, where a
switched-on radon monitor was installed (Fig. 1).
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Figure 1. General Installation Diagram:
1 – AlphaGUARD radon monitor with a power supply;
2 – test samples; 3 – sealed steel emanation container; 4 – steel locking ring; 5 – fan power unit;
6 – personal computer.
The volumetric activity measurements were recorded automatically for at least 15 days with a
1-hour interval. The radiometer simultaneously recorded radon concentration, temperature, relative
humidity, and barometric pressure in the chamber air. The information on radon concentration in the
container was recorded using a PC and AlphaEXPERT software.
The change in the concentration of radon in the air of the sealed container can be described as [9]:

dC G
   C
dt V

(2)

where G is an emanation rate of radon from a sample, Bq/sec; V is a container volume, m3; C is a
concentration of radon, Bq/m3;  is a radon disintegration constant, 0.00755 h-1; t is exposure time, hrs.
The solution of the equation (2) is:

C (t ) 
where





(3)



(4)

G
 1  e  t  C0  e  t
 V

C0 is an initial concentration of radon, Bq/sec.
Formula 3 can be given as:



C (t )  Cmax  1  et  C0  et
where

Cmax is a maximum concentration of radon in the air of the container, Bq/m3.
The emanation coefficient during the experiment was determined as:

E (t ) 

C (t ) V

1  e   M  ARa
 t

(5)

where C (t ) is a current concentration of radon, Bq/m3; V is free volume inside of the container, m3; t is
exposure time, hrs;

M is a sample mass, kg; ARa is a radium specific activity, Bq/kg.

The emanation was calculated by the formula in [21]:

E
where

CRn  V
ARa  M

(6)

CRn is an equilibrium concentration of radon, Bq/m3, in the sealed container.
At the end of the experiment, the sorption moisture of the samples was determined as:

Ws 

ms  md
md
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In this formula,

md and ms are masses of the samples in dry and in equilibrium states with

maximum air humidity achieved during the experiment. We determined open porosity + by sequential
moistening, immersing the sample in water, first at 1/3, then at 2/3 of its height. At the last third stage, the
water level exceeded the top surface of the samples by 50 mm. The duration of the last stage was
determined by the time at which the results of two consecutive weightings differed by no more than 0.1 %.
The value of total water saturation was calculated as:

Wf 

m f  md

(8)

md

The degree of filling of open pores with water was determined by:


In these formulae,

Ws ms  md

W f m f  md

(9)

m f is a mass of the samples in a water-saturated state, kg.

3. Results and Discussion
Following the results of gamma-ray spectrometry (Table 1), we obtained the average specific
activities of radionuclides of radium, thorium and potassium, and calculated the specific effective activity
using formula (1).
Table 1. The results of gamma-ray spectrometry.
226

Ra,

232

Th,

40

K,

Aeff,

Bq/kg

Bq/kg

Bq/kg

Bq/kg

19.1±0.92

20.8±0.03

338±15.5

76.6±1.67

The rated value of the specific effective activity did not exceed the maximum permissible value for
the materials used in construction and restoration of residential and public buildings set at the level of
370 Bq/kg [20].
Fig. 2 shows a representative curve of growth of the radon concentration in the air of the sealed
container. As it can be seen in the flowchart below, after 150–200 hours from the beginning of the
experiment, the air relative humidity (RH) in the container becomes constant, which indicates a frozen
equilibrium between the sorption moisture content of the samples and the air relative humidity.

Figure 2. Accumulation of radon and change in air relative humidity in the sealed container.
The statistical analysis of the parameters which was obtained by the least square method is given in
Table 2.
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Table 2. Analysis of parameters Cmax and C0.
Analysis parameter
Standard error, %
Symbol

Value, Bq/m

Cmax

432

C0

67.9

3

Ranges of limits values at 95%
probability
Lower, Bq/m3

Upper, Bq/m3

1.82

428

435

2.84

62.3

73.5

Fig. 3 shows the result of calculating the emanation coefficient by equation (5) during 330-hour
exposure. It is clearly seen that after 200–250 hours the ratio calculated by equation (5) becomes constant,
i.e. we observe equilibrium between the activity of radon in the air of the sealed container and the activity
of radon in the samples being studied.

Figure 3. The analysis of emanating ability using equation (5).
The value of the emanation coefficient was respectively obtained for a series of experiments with
different moisture contents of the test sample.
Fig. 4 presents the approximating curves and their analytical expressions, obtained and discussed
below, as the best. The data clearly indicate that with an increase in the relative humidity of the air, the
emanation coefficient increases by almost 2 times, however, in contrast to the value of sorption moisture
content, which increases with the increasing RH, the rate of emanation increase declines.

Figure 4. Change in the emanation coefficient of heavy concrete and its sorption moisture content
in the stage of desorption depending on air relative humidity.
An analysis of the curves allows concluding that there is a close correlation between the processes
of sorption-desorption of water vapor by the studied samples of semi-dry pressed heavy concrete and the
emanation coefficient.
There are many semi-empirical models for calculating the equilibrium sorption moisture content of
inorganic, organic, and biological materials depending on the air relative humidity and ambient temperature,
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for example, 15 models were analyzed in [22], the authors of [23] performed analysis for 24 models
describing the sorption process for ceramic and silicate brick, autoclaved aerated concrete, cement-lime
mortar, ordinary cement mortar and mortar modified with polypropylene fibres, to define the sorption model
that most accurately describes the isotherms. The results of a similar work for wood for 27 mathematical
models are given in [24].
For practical purposes, any dependencies that best and most reliably describe experimentally
observed values for a particular material are used for engineering analysis, and at the same time, based
on the obtained graphic dependence, one of the six types of sorption isotherms accepted by the
International Union of Pure and Applied Chemistry (IUPAC) is taken as the basis [25], paying attention to
the behaviour of the curves in the entire range of humidity and, especially, under the humidity being close
to maximum.
The change in emanation coefficient (E) and sorption moisture (Ws) depending on the relative
humidity of the ambient air (RH) can be described with an appropriate degree of accuracy by formulae (11),
(12) and (13).
The Hailwood – Horrobin (HH) model or the Dent model is most consistent with the experimental
data on determining the processes of sorption–desorption of water vapour by wood-based materials [24].

Ws 

RH

(11)

A  B  RH  C  RH 2

The team at the Technical University of Denmark has compiled a catalogue of sorption isotherms for
more than a hundred materials used in construction [26], however, only one mathematical model was used
to describe sorption and desorption.

  1   ln  RH   
Ws  A  exp      ln 1 
(12)
 
 B 
C




Here in this formula: A is a maximum hygroscopic content; RH is relative humidity; B and C are
empirical coefficients.
A promising model for cement concretes and mortars is the model in [23, 27, 28]:

Ws 

A  RH
1  B  RH   1  C  RH 

(13)

Table 3 presents the results of the analysis using expressions (11–13).
Table 3. The values of the coefficients in the equations (11), (12), (13) and the correlation
of the rated and experimental values (R2).

A

B

C

R2

Formula

66.559

111.57

-157.73

0.9823

(11)

Same

0.047

0.961

0.107

0.9780

(12)

Same

1.5

2.592

0.915

0.9823

(13)

Emanation coefficient, E

1.333

10.331

-1.919

0.9881

(11)

Same

0.1033

0.077

36.83

0.9777

(12)

Same

0.75

7.93

0.182

0.9881

(13)

Parameters
Sorption moisture,

WS

As can be seen from the table, equations (11), (12) and (13) describe the process of sorption of
concrete and changes in emanating within the range of RH from 0.18 to 0.935 with a high degree of pair
correlation (R2) which may indicate an interconnection of these processes. However, all of them are
compromised by the calculated value of E = 0 at RH = 0. A model free of this remark can be the one which
takes into account the emanation coefficient values of dry materials.
The following expressions are proposed to describe the functional dependence of emanation
coefficient on the relative humidity of the ambient air and the moisture content of the studied samples:

E  Ed   Ems  Ed   1  exp  k  v  
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Or

E  Ems   Ems  Ed   exp  k  v 

(15)

Ed and Ems are the emanation coefficient of the samples correspondingly in a dry state and in a
maximum saturated-by-sorption state at RH → 100 % (RH = 93.5% in the experiment); k is empirical
constant; v is a parameter numerically equal to the characteristic of the ambient humidity or the moisture
equilibrium state of the material, for example, relative humidity RH, moisture content (by weight or volume)
or degree of filling of pores with adsorbed water  .
where

When we substituted the values of relative humidity into formulae (14) and (15), coefficient of
determination R2 = 0.9796 turned out to be somewhat lower than for (11), (12) and (13). At the relative
humidity RH = 0, however, E ≠ 0.
An imperial formula for calculating an emanation coefficient for soils was proposed by [29]:

E  E0  1  k1  1  exp  k2  s   
where: E0 is emanation coefficient in the dry state;

s

(16)

is soil moisture, k1 and k 2 are empirical coefficients.

For clay, silt and sand, the values of k1 and k 2 vary within a fairly narrow range – respectively from
1.53 to 1.85 and from 18.8 to 21.8. In a more recent work [21], formula (16) was used to calculate radon
flux density from soil at k1 = 1.85 and k 2 = 18.8.
Within a complex process of emanating, caused, on the one hand, by an inhibiting ability of the
adsorbed water layer on the emanating surface, and on the other hand, facilitating the movement of radon
atoms due to levelling the uneven inner surface of pores and capillaries, it seems relevant to determine the
dependence of emanation on the degree of filling the pores with water E(η). The results of experimental
data and calculations are given in Fig. 5.

Figure 5. Effect of the degree of pores filling with water on the value
of the emanation coefficient.
As we can see, a functional dependence of the change in the emanation of semi-dry pressed
concrete and the degree of filling of open pores with water E(η) can be represented by expressions similar
to (14) and (15), but much more accurately, with R2 = 0.9992.
A statistical analysis of the values of the coefficients calculated by the least square method is given
in Table 4.
Table 4. The values of the coefficients in equations (14) and (15).
Indicators

Value

Dry emanation Ed

0.051±0.001

Ems – Ed

0.052±0.002

Empirical coefficient

k

Emanating at maximum sorption moistening Ems
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As can be seen from Table 4, the change in the emanation of semi-dry pressed heavy concrete is
characterized by a coefficient value k = 4.99. The approximation of the experimental data by formulas (14)
and (15) allows predicting the values of Ems almost in the entire range of change in the relative humidity of
the air where building structures enveloping rooms are used.

4. Conclusion
In contrast to the majority of previously published studies, where the analysis of the emanation
process was performed on samples of rocks or soils, this work provides the results of the analysis of
emanation of artificial building material.
1. We found a close correlation of the emanation coefficient of semi-dry pressed heavy concrete,
the humidity of the ambient air, and the equilibrium sorption moisture of the material itself in the stage of
desorption.
2. Empirical calculation formulas have been proposed for determining emanation coefficient
depending on the air relative humidity and the moisture content of heavy concrete. The densest correlation
is observed when determining the design parameter depending on the degree of filling of open pores, the
value of which is estimated by the method of sequential immersion of the samples.
3. With an increase in the degree of filling of open pores with water from 0 to 70 %, the emanation
coefficient increases by almost 2 times in the exponential dependence. In the range of relative humidity
typical for residential and public buildings (20 ... 60 %), we observed almost 50 % increase of the emanation
coefficient, which necessitates the numerical control of this parameter in order to accurately assess the
dose load on the population.
Measurement of emanation coefficient of materials included in enveloping structures and interior
finishings should be standardized taking into account moisture and age of samples.
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Abstract. The results for experimental determination of characteristics have been given and analyzed in
this article for deformation and failure of an asphalt concrete at eleven loading rates from 0.000563 MPa/s
to 0.652 MPa/s differing in 1158 times. A hot fine-grained dense asphalt concrete of type B prepared with
a viscous bitumen of grade BND 100/130 which is traditionally used in road construction has been selected
for the research. The tests have been performed at the temperature of 22–24 °C in a specially invented
and assembled device according to the scheme of direct tension. The asphalt concrete samples had a
shape of rectangular beam with dimensions 5×5×15 cm. It is found that from the moment of loading to the
moment of failure the asphalt concrete is deformed nonlinearly. The rate of nonlinearity is increased with
the load increase. Loading rate effects greatly the characteristics of deformation and failure of the asphalt
concrete: failure time, specific work of deformation and failure deformation are decreased in 242, 160 and
3 times respectively at the loading rate increase in 1158 (nearly 1200) times from 0.000563 MPa/s to 0.652
MPa/s and the strength is increased in 5 times. Dependences for characteristics of the asphalt concrete
failure (failure time, failure deformation, specific work of deformation and strength) on a loading rate are
described with a high accuracy by power functions.

1. Introduction
It is known that deformation and strength characteristics of many road materials and soils depend
considerably on value and load duration [1–6]. The vehicles of different axle load (up to 13 tons and more)
move along modern highways and their speed is varied within a wide range depending on specific road
conditions [7–9]: the speed is equal to 0 at stops, at crossings, in front of auto barrier, etc., it can reach
200–220 kph and more at midblocks.
The above provisions show the importance for the study of loading rate impact on deformation and
strength properties of road materials including asphalt concretes and soils.
Literature review [1–6, 10–17] shows that such situation emerged in road material science: practically
all types of tests for the asphalt concretes are performed at the target strain rates. For example, the
compression tests for the cylindrical asphalt concrete samples are preformed at the strain rate of 3 mm/min
[15]. The strength of the asphalt concretes at uniaxial tension is determined at the strain rate of 2 mm/min.
The fatigue characteristics of the asphalt concretes are performed at harmonic bending deflection variation
(deformation amplitude remains constant till failure) [17]. Meanwhile, the above standard strain rates (2 and
3 mm/min) are incomparably higher than in real conditions.
In this work the samples of a conventional hot fine-grained dense asphalt concrete have been tested
under the scheme of direct tension to failure at the temperature of 22–24 °C in conditions of loading with a
constant rate. The loading rate was varied from 0.000563 MPa/s to 0.652 MPa/s, i.e. in 1158 (nearly 1200)
times. Correlation relationships have been established for failure time, failure strain, strength and specific
work of failure of the asphalt concrete on the loading rate. “Stress-strain” dependence (deformation
diagram) has been constructed and analyzed for the asphalt concrete at different loading rates.
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2. Materials and Methods
In this paper a bitumen of grade 100-130 has been used meeting the requirements of the Kazakhstan
standard ST RK 1373-2013 [18]. The bitumen grade on Superpave is PG 64-40 [19]. The bitumen has been
produced by the Pavlodar processing plant from a crude oil of Western Siberia (Russia) by the direct
oxidation method.
A hot dense asphalt concrete of type B meeting the requirements of the Kazakhstan standard
ST RK 1225-2013 [15] was prepared using aggregate fractions of 5–10 mm (20 %), 10–15 mm (13 %),
15–20 mm (10 %) from Novo-Alekseevsk rock pit (Almaty region), sand of fraction 0–5 mm (50 %) from the
plant “Asphaltconcrete-1” (Almaty city) and activated mineral powder (7%) from Kordai rock pit (Zhambyl
region). Granularmetric curve of the asphalt concrete is shown in Figure 1.

Figure 1. Granularmetric curve of the asphalt concrete.
The bitumen content of grade 100-130 in the asphalt concrete is 4.8 % by weight of the dry mineral
material.
Samples of the hot asphalt concrete (Figure 2) were prepared in form of a rectangular prism with
length of 150 mm, width of 50 mm and height of 50 mm in two step procedures. The first step, the asphalt
concrete samples were prepared in form of a square slab (Figure 3) by means of the Cooper compactor
(UK, model CRT-RC2S) (Figure 4) according to the standard EN 12697-33 [20]. The second step, the
samples were cut from the asphalt concrete slabs in form of a prism. Deviations in sizes of the samples did
not exceed 2 mm.

Figure 2. The asphalt concrete samples in the shape of rectangular prism (150×50×50 mm).
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Figure 3. The asphalt concrete sample in the shape of square slab (300×300×100mm).

Figure 4. The Cooper compactor.
A detailed information about standard characteristics of the bitumen and the asphalt concrete and
about the asphalt concrete samples one can find in the authors’ works [21–23] published earlier.
The tests have been performed at the temperature of 22–24°C in a specially invented and assembled
device [24, 25] (Figure 5) in Kazakhstan Highway Research Institute according to the scheme of direct
tension. Loading rates were equal to (MPa/s): 1 – 0.000563; 2 – 0.001698; 3 – 0.005507; 4 – 0.007244;
5 – 0.015137; 6 – 0.023918; 7 – 0.048869; 8 – 0.058036; 9 – 0.205869; 10 – 0.467757; 11 –0.651864. As
it is seen a loading rate is varied within a wide range – 1158 (nearly 1200) times.

Figure 5. The device for determination of mechanical characteristics for materials.
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3. Results and Discussions
According to the test results performed under the method described in Section 2 the graphs have
been constructed for variation of stress, strain, specific work of deformation in time and the graphs of
dependence “stress-strain” at the considered loading rates. By way of illustration the mentioned graphs for
five loading rates are shown in Figures (6–9). As it is seen, the strain is varied to a significant degree
nonlinearly (Figure 7) at linear variation of stress in time (Figure 6). Nonlinearity of the asphalt concrete
strain is increased with the stress increase. It is seen in Figure 8 that it is difficult to distinguish some initial
section within the limits of which it could be possible to adopt linear strain and to introduce an elasticity
modulus.
As a consequence of nonlinear deformation, the specific work of deformation is also varied in time
to a significant degree nonlinearly (Figure 9). Meanwhile, the biggest values of the specific strain energy
occur at the moment of failure. We can also note that approximately during the first half of loading at all
loading rates the specific strain energy has relatively small values; it has the biggest values in the last
quarter of the loading process.

Figure 6. Graphs of stress variation in time at various loading rates.

Figure 7. Graphs of strain variation in time at various loading rates.
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Figure 8. Graphs of “stress-strain” relationship at various loading rates.

Figure 9. Graphs for variation of specific work of deformation at various loading rates.
Important characteristics of failure are time of failure, strain, stress (strength) and specific work of
deformation of the material at the moment of its failure. Dependence of these characteristics for the asphalt
concrete on loading rate is represented in Figures 10-13. As it is seen a loading rate impacts greatly on the
characteristics of the asphalt concrete. For example, at the loading rate increase in 1158 (nearly 1200)
times from 0.000563 MPA/s to 0.652 MPa/s failure time, specific work of deformation and failure strain are
decreased in 242,160 and 3 times respectively, and the strength is increased in 5 times.
It is known that depending on specific and traffic conditions the vehicles move with different speeds
along the highways (on various road sections). The results of experimental investigations performed in this
work show that the characteristics of deformation and failure of an asphalt concrete depend greatly on the
loading rate. The above regulations cause the idea that the highways should be divided into sections with
the fixed estimated speeds for vehicles and the mechanical characteristics of asphalt concrete layers of a
pavement should be defined considering these estimated speeds at designing of pavement structures.
Our previous works [21–23, 26] have determined experimentally that dependences of long-term
strength (failure time) and steady-state strain of an asphalt concrete at creep on stress is approximated by
a power function with a high accuracy. As it is seen from Figures 10–13 the characteristics of failure for the
asphalt concrete are also described by power functions at loading with a constant rate. Meanwhile, as it is
expected, failure time of an asphalt concrete is decreased with loading rate increase (with the working
stress increase in time).Failure strain and specific work of the asphalt concrete failure are also decreased
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with the loading rate increase. And the asphalt concrete strength, on the contrary, is increased with the
loading rate increase. Failure time and specific work of deformation have been found to be the most
sensitive to the loading rate among the considered characteristics of the asphalt concrete failure: these
characteristics are varied for 0.77 and 0.70 orders respectively at a loading rate variation for one order.
Failure strain has the least sensitivity to the loading rate: power coefficient is equal to n = 0.14. The strength
of the asphalt concrete has the intermediate sensitivity: n = 0.23.
The essential influence of the strain rate on characteristics of deformation and failure of asphalt
concretes is also determined in the works of other researchers [10–12, 27–30]. Fakhri M. et al. [27] have
reported that a strain rate influences greatly on fracture energy of an asphalt concrete at intermediate
temperatures (5 °C, 15 °C and 25 °C). Zolotaryov V.A. et al. [10] and Islam M.D.R. et al. [12] have
determined that dependence of strength for the asphalt concretes at three-point and four-point bending,
compression, tension and initial stiffness at three-point bending on strain rate is satisfactorily described by
a power function.
Good correlation relationships have been found in the work [28] between tensile strength of the
asphalt concretes and the deformation rate at the temperatures of 10 °C, 0 °C and -20 °C, and they
represent the straight lines in the logarithmic coordinates; and the tensile strength of the asphalt concrete
does not depend on the deformation rate at the temperature of -20 °C. Similar correlation relationships for
a number of “neat” and modified asphalt concretes have been determined in the work [29] as well. The test
temperatures are 5 °C, 15 °C, 25 °C and 35 °C, the deformation rate is 50 mm/min. Meanwhile, it is found
that the strength of a “neat” asphalt concrete at the temperature of 25 °C is equal to 1.7 MPa; such strength
according to our experimental data corresponds to a loading rate of 0.7 MPa/s. The paper [30] determines
that the asphalt concretes strength at the deformation rates of 1 mm/min and 50 mm/min and at the
temperature of 0 °C is equal to 0.9 MPa and 2.6 MPa respectively, i.e. deformation rate variation in 50
times provides the asphalt concrete strength variation approximately in 3 times.

Figure 10. Dependence of failure time of the asphalt concrete on loading rate.

Figure 11. Dependence of strain failure of the asphalt concrete on loading rate.
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Figure 12. Dependence of the asphalt concrete strength on loading rate.

Figure 13. Dependence of specific work for the asphalt concrete failure on loading rate.

4. Conclusions
The results for experimental determining of characteristics of deformation and failure of the asphalt
concrete at direct tension at the temperature of 22–24°C at the considered loading rates differing in 1158
times allowed drawing the following conclusions:
1. From the beginning of loading to the moment of failure the asphalt concrete is deformed
nonlinearly. The rate of nonlinearity is increased with the load increase. It is difficult to distinguish some
initial section on the graph “stress-strain”, within the limits of which it could be possible to postulate linear
strain and introduce elasticity modulus.
2. The loading rate impacts greatly on the characteristics of deformation and failure of the asphalt
concrete: failure time, specific work of deformation and failure strain are decreased in 242, 160 and 3 times
respectively at the loading rate increase in 1158 (nearly 1200) times from 0.000563 MPa/s to 0.652 MPa/s,
and the strength is increased in 5 times.
3. Dependences of characteristics for the asphalt concrete failure (failure time, failure strain, specific
work of failure and strength) on a loading rate are described by power functions with a high accuracy.
4. On the designing stage highways should be divided into sections with the fixed estimated speeds
of vehicles and mechanical characteristics of asphalt concrete layers should be defined considering these
estimated speeds at designing of pavement structures.
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Abstract. The result of the research is the formulation of chloride-activated high-strength cement paste with
accelerated hardening, increased strength, and without heat treatment. The cement paste was activated by
introducing a chloride-containing additive into the cement-water system. The additive was synthesized by
keeping the cement in a 3 % hydrochloric acid solution, i.e. under conditions of acid corrosion of the binder.
The additive is the solid part of the cement-HCl suspension, aged for 24 hours at a ratio of solid and liquid
phases of 1:10. The optimized amount of additive is 5 % by weight of dry cement. The effect of the additive
on the hardening kinetics, structure, and strength of the activated cement paste was studied. It was established
that acid corrosion products of cement have structure-forming activity. A significant increase of the
compressive strength of the activated cement paste relative to the control sample was found over the entire
hardening interval (1–3–7–28 days). At the daily age of normal hardening, the strength of activated cement
paste increased by 165 %. At 28 days of age, the strength increased by 42 %. The X-ray phase and infrared
spectral analysis results suggest the following. The acceleration of setting and the increase in the strength of
the cement composite is realized due to the intensification of hydration processes and the binding of
portlandite, the early formation of structure-forming phases as ettringite and Kuzel salt
Са4Al2(ОН)12Cl(SO4)0.5∙6H2O (analog of Friedel’s salt), as well as weakly crystallized calcium hydrosilicates
with a tobermorite-like structure.

1. Introduction
Additives affecting the setting and hardening of concrete mixes are widely used [1–5]. Previously, the
authors of this article synthesized cement additives in the form of suspensions. Suspensions were obtained
as a result of hydration of the same cement in solutions that cause corrosion of cement under conditions of
excess liquid phase [6–9]. In such suspensions, hydration of cement occurred simultaneously with its chemical
corrosion. It was established that the products of clinker materials’ hydration in suspensions, the liquid phase
of which are corrosive to cement, have structure-forming properties.
The use of the solid part of suspensions as additives to cement provides an increase in the strength of
cement paste. For the synthesis of additives, solutions of aluminum chloride or iron chloride were used. Upon
hydrolysis of these salts, a decrease in the pH of the medium occurs. Therefore, hydration in such suspensions
proceeded under conditions of acid corrosion of cement [9]. After the introduction of additives in the
composition of the cement paste, the compressive strength increased. The increase was 23 % when using
additives synthesized with iron chloride and by 30 % when using additives synthesized with aluminum chloride.
Further development of this approach may consist in increasing the aggressiveness of the liquid medium
in cement suspensions, namely, during the hydration of cement in a solution of hydrochloric acid HCl. When
mixing cement with an HCl solution, neutralization reactions proceed at a very high speed. The suspension is
almost instantly saturated with calcium chloride. The presence of calcium chloride in the liquid phase of the
suspension significantly affects the phase composition of hydrates formed during the synthesis of additives.
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Calcium chloride is the first documented additive for concrete and belongs to the class of hardening
accelerators. An analytical review of the works devoted to the influence of CaCl2 on the structure and
properties of clinker minerals and cement, in general, was published by V.S. Ramachandran et al. [10]. The
evolution of the use of calcium chloride since the issuance of a patent for the use of this additive in 1885 until
today is widely known in interested scientific and industrial circles. The problem of the use of additives
containing chloride ions was discussed, among other things, in [9]. It was noted that the indisputable
advantages of such additives are high solubility in water, affordability, low cost, and reliable performance.
Chloride additives can be used without restrictions in the production of cellular and lightweight concrete,
concrete blocks, road construction elements, and the implementation of small architectural projects.
Chloride ions chemically bind to cement minerals when interacting with the hydroxyl groups of the AFm
phases through ion exchange reactions [11–14]. As a result of this interaction, calcium hydrochloroaluminates
CaOAI2O3CaCl2·10H2O and/or calcium hydrochloroferrites CaOFe2O3CaCl2·10H2O are formed [15–17]. The
synthesis of hydrochloroaluminates in the presence of calcium chloride during hydration proceeds according
to the scheme:
Ca3AI2O6∙6H2O(s) + CaCl2(aq) + 4H2O → Ca3AI2O6CaCl2·10H2O(s).
Calcium hydrochloroaluminates and calcium hydrochloroferrites were named Friedel's salts by the
name of the scientist who first synthesized calcium hydrochloroaluminate in 1897. The possibility of the
formation of analogues of Friedel salts containing not only chloride ions, but also carbonate ions
(AFm-(CO32–, Cl–) or sulfate ions AFm-(SO42–, Cl–) was proved in [18–20]. The crystal structure of the Kuzel’s
salt Са4Al2(ОН)12Cl(SO4)0.5·6H2O was determined by synchrotron powder diffraction [18]. Calcium
hydrochlorosulfoaluminate belongs to the Layered Double Hydroxides family [15, 21, 22]. Layered Double
Hydroxides is designated by the general formula [MII1-xMIIIx(OH)2]x+[Am-]x/m·nH2O.
They represent a group of minerals, the structure of which consists of fixed positively charged brucitelike layers formed by ions of multivalent metals and hydroxide ions, the charge of which is balanced by mobile
anions located in the interlayer spaces. The layers are formed as a result of the partial replacement of trivalent
octahedrally coordinated metal cations with divalent cations. Intercalated molecular water provides the
connection of the layers through hydrogen bonds.
In the fixed main layers of Kuzel’s salt there are [Ca2Al(OH)6]+ cations of a fixed composition, between
which in the interlayer spaces there are layers of [Cl0.5(SO4)0.5·2.5H2O]– anions that can move. In the
unmovable basic layers of salts, cations of unchanged composition are fixed, between which moving layers of
anions are in the interlayer spaces. Chloride and sulfate ions are arranged in two independent crystallographic
regions and can be relatively easily replaced by other anions (for example, (CO3)2– and others) without
destroying the layered structure of Kuzel’s salts.
Studies [13, 14, 23, 24] showed that chlorine ions in hydrated cement chemically bind to hydrated
neoplasms of cement, changing their phase composition. Also, it is necessary to take into account the
possibility of physical adsorption binding of chlorine ions. Sorption occurs due to the mutual attraction of the
Cl– anions and the hydrated surfaces of the binder minerals due to the van der Waals forces. The reason for
this interaction is the dissociation of molecules of hydrated neoplasms of cement, as a result of which hydrates
become carriers of surface charges. In [13], the results of a study of the mechanisms of charge formation in
cement hydrates and their effect on the adsorption of chloride ions were published. For example, diagrams of
the processes of Friedel's salt dissociation and adsorption of chloride ions by cations [Ca2Al(OH)6]+ are given:
Ca2Al(OH)6Cl∙2H2O ↔ [Ca2Al(OH)6] + + [Cl∙2H2O]–;
[Ca2Al(OH)6]+ + Cl– + 2H2O ↔ [Ca2Al(OH)6] Cl∙2H2O.
It can be seen from these examples that during adsorption interaction with chlorine anions, the cation
charge is compensated (neutralized). Adsorption is described by the Freundlich isotherm, and the results of
the adsorption experiment are verified by measuring the ξ-potential [13].
In dissociation of the Kuzel salt, cations of the composition [Ca2Al(OH)6]+ are also formed. Therefore,
the dissociated Kuzel’s salt can adsorb chloride ions during the synthesis of the additive in a suspension of
cement and HCl, balancing the positive charge.
Molecular dynamics computer simulations are performed to study the structure and dynamical behavior
of chloride and associated cations at the interfaces between aqueous solutions and portlandite Ca(OH)2,
Friedel salt [Ca2Al(OH)6]Cl·2H2O, tobermorite Ca5Si6O16(OH)2, and ettringite Ca6[Al(OH)6]2[SO4]3·26H2O [25].
The simulations take into account the flexibility of surface OH-groups and allow for energy and momentum
transfer between the solid and solution to effectively simulate the sorption. Studies have shown that the ability
to bind Cl– anions on the surfaces of hydrated neoplasms of cement decreases in subsequence:
Friedel's salt ˃ portlandite ˃ ettringite ˃ tobermorite.
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In [13], data are also given on the ability of portlandite to participate in adsorption interactions with a
chloride ion. The authors of [24] believe that under certain conditions there is a likelihood of interactions of this
kind between ettringite and Cl–. However, most scientists agree that the participation of these phases in the
process of physical binding of chlorine ions is unlikely, very insignificant.
It is generally accepted [13, 26, 27] that among all hydration products present in ordinary Portland
cement, only two are almost completely responsible for the ability to interact with chloride ions: CSH gel and
AFm phases (for example, monosulfate hydrate). In this case, the CSH gel has a dominant value in the process
of physical bonding of chlorine ions, due to the high value of the specific surface and the mass content of this
phase in the composition of hydrated cement.
Despite a detailed analysis of the structure-forming effects of the cement hydration process, the
available publications do not contain detailed information on cement hydration in solutions containing
hydrochloric acid, as well as on the use of products of such hydration as an additive to cement.
The study is aimed at obtaining the formulation of chloride-activated cement paste with the increased
strength and accelerated hardening, without heat treatment.

2. Methods
The additive and cement paste are made from Portland cement of class CEM II / A-Sh 32.5H
manufactured by Topkinsky Cement LLC (Topki, Kemerovo Region, Russia). Cement met the requirements
of the Russian State Standard GOST 31108-2003 “General structural. Portland clinker cements.
Specifications”. Table 1 shows the synthesis conditions of the additive and the control specimen.
Table 1. The synthesis conditions of the additive, control sample and activated cement paste.
The specimen
The additive, the
modified cement
paste
Reference
specimen

The composition of the
additive

The ratio of the components
of the additive

The composition of the cement
paste

Cement and 3 % HCl
solution

1:10

Cement, the additive 5 % by
weight, water with a W / C ratio of
0.34

Cement and water

1:10

Cement, water with a W / C ratio
of 0.34

The synthesis of additives and chloride-activated cement paste was carried out as follows.
1. To prepare a 3 % HCl solution, hydrochloric acid was used according to the Russian State Standard
GOST 3118 Reagents. Hydrochloric acid. Specifications (ρ = 1.13 g/cm3) and distilled water according to the
Russian State Standard GOST 6709 Distilled water. Specifications.
2. Cement was kept in a 3 % HCl solution at a solid to liquid ratio of 1:10 for 24 hours after thoroughly
mixing this suspension.
3. After 24 hours, the solid part of the suspension was separated from the liquid by filtration. To stop
the hydration processes, the solid residue was treated with acetone and dried in a desiccator over calcium
chloride CaCl2 to constant weight.
4. The dry solid residue was crushed before passing through a 0.08 mm square opening sieve
according to Russian State Standard GOST 6613-86 “Square meshed woven wire cloths. Specifications”. The
crushed residue was used as an additive in cement.
5. The additive was used in amounts of 2 %, 5 % and 10 % by weight of dry cement.
6. The prepared additive was mixed with cement and shut with water at a W/C ratio of 0.34. specimens
in the form of cubes with a 2 cm edge were made of non-admixture cement paste and modified cement paste.
specimen s solidified under normal conditions. After reaching the 28-day maturity of the specimens, their
compressive strength was measured. The compressive strength of cement paste at the age of 1, 3, 7, and 28
days was determined based on six measurements for each age. The arithmetic average value of strength was
calculated based on the 3 closest values. This provided an error of no more than 4.1 %.
7. The specimens destroyed during the test were crushed before passing through a 0.08 mm square
opening sieve according to the Russian State Standard GOST 6613-86 “Square meshed woven wire cloths.
Specifications” and were dried in a desiccator over calcium chloride CaCl 2 to constant weight.
The structure of the additive, control specimen, non-additive cement paste, and modified cement paste
was studied by X-ray diffraction (XRD) and infrared spectroscopy. The X-ray diffraction meter Shimadzu
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XRD-700 with a copper anode in range of 5–90 deg and the Fourier spectrometer "Varian Excalibur HE 3600"
at the frequency range 400–4000 cm-1 was used.

3. Results and Discussion
3.1. The age-strength relation of cement paste at different percentages of additives
Table 2 shows the compressive strength of chloride-activated cement pastes depending on the amount
of additive. It is seen that a stable result of an increase in strength during the entire hardening period is
provided by an additive introduced in an amount of 5 % by weight. Therefore, an additive in the amount of
5 wt.% Was used to activate the cement paste. After hardening within 24 hours, the strength of such a cement
paste increased by 165 % compared with non-additive samples; at the age of 28 days, the increase in strength
was 42 %.
Table 2. The effect of the amount of additive on the strength of cement pastes.
Additive by dry cement mass,%
Cement age,
days

0%

2%

5%

10%

The compressive strength of cement paste, mPa
1

4.3

1.6

11.4

1

3

31

20

42.9

7

7

37

32

52.3

16

28

43.5

52

61.8

32

3.2. The X-ray phase analysis and infrared spectra of the additive and the control
specimen
Holding the cement in the HCl solution changes the result of the hydration process. X-ray diffraction
revealed qualitative and quantitative differences in the phase composition of the synthesized additive as
compared to the control specimen (pure cement and water). From Fig. 1 it can be seen that in the structure of
the additive the following changes take place in comparison with the control specimen:
 a significant decrease in the intensity of reflections of silicate phases – alite and belite;
 lack of reflections of portlandite and ettringite;
 formation of the Kuzel salt Са4Al2(ОН)12Cl(SO4)0.5·6H2O.

Phases:

– Ca3SiO5;

– Ca2SiO4;
– CaCO3;

– Сa2FeAlO5;

– Ca(OH)2;

–∙Ca6 Al2 (SO4)3(OH)12∙26H2O;

– Са4Al2(ОН)12Cl(SO4)0.5· 6H2O.

Figure 1. The XRD graphs of the additive (lower curve) and the control specimen (upper curve).
The noted features of phase formation occurring in the cement – HCl slurry suspension are explainable.
Thus, a sharp decrease in the reflections of silicate phases in the X-ray phase analysis curves of the additive
indicates an acceleration of the binder hydration in the presence of hydrochloric acid.
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The absence of portlandite in the composition of the additive is due to the occurrence of neutralization
reactions between clinker cement minerals of an alkaline nature and hydrochloric acid. In this case, the least
chemically resistant to acid is precisely Portlandite, since Portlantide begins to decompose even at pH = 12.5
[28]:
Ca(OH)2 + 2HCl → CaCl2 + 2H2O.
Calcium hydrosilicates interact with acid by the reaction:
2CaO∙SiO2∙3H2O + 4HCl → 2CaCl2 + SiO2(aq) + 5H2O.
X-ray phase analysis data are consistent with the results obtained by infrared spectroscopy (Fig. 2). An
increase in the height of absorption bands with maxima of 3410 (+71 %) and 1640 cm-1 (+200 %) indicates an
intensification of the formation of compounds containing chemically bound water. A signal amplification with a
maximum of 969 cm-1 (+136 %) indicates an increase in the rate of accumulation of weakly crystallized
tobermorite-like hydrosilicates in the additive.

Figure 2. Infrared spectra of the additive (red) and the control specimen (black).

3.3. The X-ray phase analysis and infrared spectra of the modified cement paste and
non-additive cement paste
The X-ray phase analysis of the additive shows that the presence of calcium chloride in the liquid phase
of the suspension affects the process of cement hydration. The presence of calcium chloride causes the
synthesis of Kuzel salt. Also, ettringite does not form during the 24-hour preparation procedure. Тhe authors
[23, 29–32] also showed the possibility of phase transformations:
AFt → AFm → Friedel's salt → Kuzel’s salt
in cement pastes with the participation of chlorine ions in hydration processes. However, the X-ray diffraction
pattern of the chloride-containing additive contains reflections of both Kuzel salt and ettringite. In this case,
the height of the reflections of calcium hydrosulfoaluminate recorded in the diffraction patterns for the 28-day
non-additive cement paste and the modified cement paste is the same. This means that the introduction of the
additive does not create competitive conditions for the formation and growth of AFt and AFm phases. Kuzel
salt microcrystals germinating in a hydrating cement paste (mainly in the pores) do not create any chemical or
physical, including steric, obstacles for the development of ettringite and other structure-forming phases. On
the contrary, the formation of a crystalline framework with the introduction of additives is significantly
accelerated. This is evidenced by the high daily strength of the modified cement paste (Table 2). The
hardening of the modified cement paste is also facilitated by the binding of portlandite. The binding of
portlandite in a chloride-containing cement paste is seen in the decrease in Ca(OH)2 reflections by 7–9 %
compared to a non-additive cement paste (Fig. 3). In the infrared spectrum of the modified cement paste, the
height of the absorption band with a maximum of 951 cm–1 was increased by 22 % (Fig. 4). This indirectly
confirms the increase in the number of tobermorite-like hydrosilicates, which are the main carriers of the
strength of cement paste.
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Phases:

– Сa3SiO5;

– Сa2SiO4;

– Сa2FeAlO5;
– СаCO3;

– Сa(OH)2;

– Ca6 Al2 (SO4)3(OH)12∙26H2O;

– Са4Al2(ОН)12Cl(SO4)0.5·6H2O.

Figure 3. The XRD graphs of the modified cement paste (lower curve)
and non-additive cement paste (upper curve).

Figure 4. Infrared spectra of the initial cement (black), non-additive cement paste (blue),
modified cement paste (red). The cement pastes’ age is 28 days.
An increase in the intensity of reflexes of silicate phases (29, 32, 41.5° on a 2θ scale) in the structure
of chloride-activated cement paste by 8–12 % compared with non-additive cement paste indicates a more
complete hydration of the chloride-activated cement paste when reaching 28 days age. This can be explained
by the fact that the reflections of the phases of highly basic hydrosilicates (CSH II) are superimposed on the
reflections of silicate phases. Therefore, the reflex height of these phases is summed. [33].

4. Conclusions
The studies and the interpretation of the results proposed in the article allow to draw the following
conclusions:
1. The additive synthesized by keeping cement in a 3 % HCl solution at a solid to liquid ratio of 1:10 for
24 hours, i.e. under conditions of acid corrosion of cement, it has structure-forming properties. The use of the
additive significantly accelerates the setting and increases the strength of the cement paste. In the daily age
of normal hardening, the strength of the cement paste increases by 165 %, in the 28-day age increases by
42 %.
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2. The results of studying the structure of modified cement paste by XRD and IR methods suggest that
the acceleration of setting and increase in strength characteristics are caused by the intensification of hydration
processes and the binding of portlandite, the early formation of structure-forming phases of ettringite and Kuzel
salt Са4Al2(ОН)12Cl(SO4)0.5∙6H2O, as well as the early formation of weakly crystallized calcium hydrosilicates
of a tobermorite-like structure.
3. The proposed chloride-activated cement paste formulation after final refinement can be
recommended for concrete building mixtures with accelerated hardening, increased strength, and without heat
treatment.
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Abstract. Raw greywater, as an alternative water source, was used in concrete production with an aim to
save the freshwater sources. Therefore, the variations of compressive strength, the most important and impact
causing property of the concrete as regards to its quality and service, were assessed. Greywater was collected
from a household where blackwater and greywater were separately disposed of. Total 162-cylinder specimens
were cast by using the collected greywater and freshwater (municipally supplied tap water). The specimens
were tested for compressive strength after 7, 14 and 28 days of curing. The investigation was carried out
considering several experimental conditions: difference in the quality of water in the casting phase, curing
phase and casting-curing phase and, also in types of coarse aggregates. A total of 28 water quality parameters
(physical, chemical and biological) were tested for both greywater and freshwater. Some tests (turbidity,
salinity, solids, organic matter, ammonium, nitrate, phosphate, calcium, magnesium, potassium, sodium, and
zinc) exhibited higher (about 2 to as high as 1800 times) and a few others (dissolved oxygen, chloride and
iron) showed lower values (about 5 to 8 times) for greywater in comparison to freshwater were decreased.
The compressive strength of concrete decreased by about 20 % when greywater was used in the castingcuring phase. Whereas, this reduction was found to be only up to 4 % when greywater was used in the casting
phase. Raw greywater could be used in concrete for some specified structures considering its lower strengths
as found in this study. But in such cases, the impact of the greywater on other important characteristics of
concrete and the consequent changes in the phase-structural parameters of the material also need to be
clarified through further research.

1. Introduction
Freshwater scarcity boosts to consider wastewater as a resource in recent days. On one side, the uses
of untreated or treated wastewater lessen the pressure on freshwater sources and on the other side, help
manage the substantial amount of generated wastewater effectively to ensure sustainable environmental
protection [1]. Literature reports that raw and/or treated wastewater is considered as a non-conventional water
resource and contributed 70 million cubic meters per year if managed properly [2]. Therefore, replacement of
freshwater by using some specified wastewater (raw or in treated condition) in different water-consuming
sectors is becoming reality and among all types of wastewater, greywater becomes the first choice for this
purpose.
Greywater means that part of domestic wastewater originating from non-toilet activities in a household
such as baths, showers, hand basins, washing machines, dishwashers, and kitchen sinks [3–5]. Due to having
less polluted quality (contains only 30 % of the organic fraction, lower pathogen content and 9–20 % of the
nutrients) rather than other types of wastewater but of vast generation (70–80 % of total domestic wastewater),
greywater is already widely used in different non-potable sectors instead of freshwater such as toilet flushing,
car washing, landscaping, plant watering, agricultural irrigation of non-food crops, ornamental fountains, fire
protection, air conditioning and alike. [3, 6–12].
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Concrete (a composite, versatile construction material made from a mixture of cement, aggregates, and
water; can be easily produced and fabricated which hardens and attains considerable strength within a short
time) in manufacturing sector plays a major role in world’s infrastructure development where water is a vital
issue in both mixing phase (a procedure of homogeneous mixing of water and other materials that ensures
high quality of concrete) and curing phase (a procedure for ensuring the hydration of the cement in newly
placed concrete keeping controlled moisture loss and sometimes temperature that increase concrete strength
and abrasion resistance, lessen the concrete scaling, surface dusting and cracking) as well [13–16]. Water is
an unavoidable ingredient in the concrete manufacturing sector and consumes a substantial amount of
freshwater (industry alone consumes more than one trillion gallons water per year worldwide without including
wash water and curing water [17], another statistic reports that approximately 150 liters of water are required
per cubic meter of concrete production, without considering other applications of water in the concrete industry
[18]). Therefore, the use of non-fresh water in the aforementioned sector could be an option of saving precious
and scarce freshwater resources. Although the use of several non-fresh water sources in concrete production
is reported in existing literature such studies were limited in numbers that include: partially processed
wastewater from a sewage treatment plant, industrial wastewater, domestic wastewater, wastewater coming
from a ready-mixed concrete plant, etc. [18–23].
Besides, not only in terms of quantity but water is also worth in concrete in terms of quality as it actively
participates in the chemical reactions of the hydration process of cementation materials and curing [24, 25].
The present impurities of water that used in mixing and/or curing phases of concrete production may interfere
with the setting time of the cement, may affect shrinkage, the durability of concrete, and may also lead to
corrosion of the reinforcement [26]. Therefore, the quality of the water needs to be carefully elucidated while
using concrete. Although, in terms of quality, usually potable water (the water which is drinkable i.e. free from
physical, chemical and biological impurities) is considered as an ideal one for casting and curing of concrete
as most of the codes and specifications recommended such criterion for its known chemical composition and
well-regulated [2, 27–29], but these specifications may not be the best basis for evaluation of the suitability of
water as mixing and curing water. Some waters which do not meet potable criteria but reasonably clean and
free from oil, acid, and other deleterious chemical substances, have been found to produce concrete of
satisfactory quality [30]. Furthermore, as the most widely used material worldwide with a substantial amount
of water consumption, the concrete manufacturing sector should take the environmental and societal
responsibility to ensure sustainable development as well [18].
Therefore, keeping in mind the protection of natural water resources, the use of greywater, in terms of
both quantity and quality, in concrete production could be examined as its degree of impurity is much lower
but with significant quantity. Moreover, this research would be more practicable in Bangladesh context, as the
country is on the edge of entering the directory of water-stressed countries and at the same time it is
developing vastly in terms of infrastructures from last few decades to achieve its development mark
“RUPOKOLPO (VISION) 2041”.
The main objective of this study was to assess the possible use of raw greywater in concrete production
in terms of compressive strength since this is considered as the most important and impact causing property
of the concrete so long its quality and service are concerned [31, 32]. Consequently, the specified tasks
included as follows:
Firstly, the collected raw greywater and freshwater were characterized physico-chemically and
compared with the standard limits set as different concrete manufacturing codes and specifications worldwide.
Then, these waters were used in different phases (e.g., casting-curing phase, casting phase, and curing
phase) of concrete production. Finally, the variations in compressive strengths were evaluated to justify the
possibility of the use of raw greywater.

2. Methods
2.1. Water Sampling
About 120 liters of greywater was collected from an outlet, before entering sewage line, of a residential
building located in Matuail, Jattrabari, Dhaka, (23.697206N, 90.471151E) where blackwater and greywater
were separately discharged. Fig. 1 shows the location of the greywater sampling source. Freshwater was
collected from a tap in the University of Asia Pacific, supplied by the Dhaka Water Supply Authority (DWASA).
Collected sample waters were used for specimen casting and curing. Therefore, both tap water and
greywater were characterized in terms of their physical, chemical and biological properties. Consequently, a
total of 30 different water quality parameters were selected and tested for greywater and freshwater. The
tested parameters include pH, Dissolved Oxygen (DO), Temperature, Color, Turbidity, Hardness, Salinity,
Total Suspended Solids (TSS), Total Dissolved Solids (TDS), Total solids, Alkalinity as CaCO 3, Conductivity,
Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand (COD), Phosphate, Nitrite, Nitrate,
Ammonia, Chloride, Sulphate, Cadmium, Calcium, Copper, Iron, Lead, Magnesium, Nickel, Potassium,
Sodium, and Zinc.
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2.2. Water Quality Parameters Testing
Water quality parameters pH, DO and Eh values were measured with an HQ 40d multi parameter-189
and PHC3OH, LDO101 and MTC101 probes respectively supplied by HACH company.
Analyses of NH4-N, NO2-N, NO3-N, TP, TSS, SO42-, COD and color compounds were carried out using
HACH 2800, HACH 1900 spectrophotometers and a HACH DRB 200 reactor block based on standard
procedures, as highlighted by the supplier. BOD5 measurement was carried out with manometric instruments
(HACH BOD TRAK II) and incubators operated at 20°C. Cadmium, Calcium, Copper, Iron, Lead, Magnesium,
Nickel, Potassium, Sodium, and Zinc were measured by using Atomic Absorption Spectrophotometry (AAS).
All the tests except heavy metals were performed at Environmental Engineering Laboratory, University of Asia
Pacific (UAP) and heavy metals were tested in the laboratory of NGO Forum for Public Health, Bangladesh
branch.

Figure 1. Greywater sampling location.

2.3. Concrete Materials Collection
Coarse aggregates (CA) (Standard brick chips and stone chips made from standard quality bricks and
stone materials, respectively) and fine aggregate (FA) (Sylhet sand) were collected from the local market
(namely, Gabtoli Beribadh) in Dhaka. Cement (Ordinary Portland Composite, Seven Rings Cement Brand,
one of the popular brands of cement in Bangladesh having specifications and composition of
BDS EN 197-1:2003, CEM II/B-M(S-V-L), Grade – 42.5 N/mm2; Clinker – 65 %–79 %; Slag, fly ash and
limestone – 21 %–35 %; Gypsum – 0 %–5 %) was collected from a local market.

2.4. Materials Properties and Mix Design of Concrete
Coarse aggregates, having a rough texture and angular shape, were crushed manually as a size of
20 mm (3/4 downsize). Unit weight test, specific gravity test, sieve analyses were done for both CA and FA
using ASTM C127 and ASTM C136 standard methods. Both brick chips and stone chips were washed properly
to avoid dust and other impurities before performing any tests. Besides, saturated surface dry conditions of
the aggregates were ensured for the casting of the specimen. A volumetric concrete mix design was carried
out with a ratio of 1:1.5:3 (Cement: FA: CA) having a water-cement ratio of 0.5. Table 1 showed the physical
properties of the materials used in the concrete mix design.
Table 1. Physical properties of concrete materials.
Aggregates

Bulk sp. gr.

Fineness modulus

Coarse

Stone
Brick

2.64
2.09

---

Fine

Local sand

2.48

2.52
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2.5. Specimen Casting, Curing, and Testing
Total 162 cylindrical specimens (8” * 4”) of six different experimental cases (differences in casting water
and curing water (freshwater and greywater) and coarse aggregates (brick chips and stone chips)) were
prepared (Table 2) with the above-mentioned mix design. Specimens of two cases (FBF (1st letter for casting
(mixing) water, 2nd letter for coarse aggregate, 3rd letter for curing water, i.e., FBF: casting with fresh (tap) and
curing with fresh (tap) water and use of brick chips as coarse aggregate) and FSF) were cast and cured with
freshwater and with similar preparation to serve as a control to the others cases. Before casting, the coarse
aggregates were kept 24 hours in tap water for FBF and FSF specimens and those were kept in greywater for
FBG, GBG, FSG and GSG specimens for 24 hours. After that the aggregates were separated from water and
kept to dry for some times in the room temperature ensuring SSD condition. After casting of each case, the
specimens were left to dry for 24-hours and then remold and cured for specified days in specified waters.
Compressive strength was tested using ASTM C 39 method after curing of 7 days, 14 days and 28 days. All
the tests were performed at Engineering Materials Laboratory, University of Asia Pacific (UAP).
Table 2. Specimen details.
ID Name*

Casting water

Curing water

Coarse Aggregate

Nos. of specimens

FBF

Tap

Tap

Brick

27

FSF

Tap

Tap

Stone

27

GBG

Grey

Grey

Brick

27

GBF

Grey

Tap

Brick

27

GSG

Grey

Grey

Stone

27

GSF

Grey

Tap

Stone

27

*1st letter for casting (mixing) water, 2nd letter for coarse aggregate, 3rd letter for curing water e.g.
GBF: casting with greywater but curing with fresh (tap) water and use of brick chips as coarse
aggregate.

3. Results and Discussion
3.1. Characteristics of greywater and freshwater
Table 3 summarized the quality of greywater and freshwater (municipality supplied tap water) used in
this study. The greywater quality data showed significantly higher concentrations compared to freshwater (2
to 1800 times higher) in the parameters include turbidity, salinity, solids, organic matter, ammonium, nitrate,
phosphate, Ca, Mg, K, Na and Zn whereas the concentrations of DO and Fe were low. Comparing with other
greywater standards from the literature it could be characterized as weak to medium strength in terms of
pollution [33].
Table 3 also presented the permissible limits of each quality parameter of water that can be used in
concrete production. It is found that the concentrations of all the constituents of greywater were within the
respective permissible limits.
Table 3. Water quality details.
Water quality parameter

Unit

Tap water

Greywater

pH

--

6.58

5.59

Dissolved Oxygen (DO)
Color
Turbidity
Salinity

mg/L
Pt-Co
JTU
mg/L

5.06
5
17.62
0.1

0.61
18
260.59
0.2

Total Solids (TS)

mg/L

179.6

384

Total Suspended Solids
(TSS)

mg/L

8

193
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Limit

References

3
>5
6
6-8
7-9
--2000
-50000
5000-10000
4000

[34, 35]
[36, 37]
[38]
[39]
[40]
--[30]
-[41]
[42]
[35]

2000

[38, 43, 44]
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Water quality parameter

Unit

Tap water

Greywater

Limit

References

Total Dissolved Solids
(TDS)

mg/L

171.6

191

50000
2000
< 6000

[45]
[38, 40, 43]
[30]

mg/L

< 0.2

360

--

--

mg/L

1.2

1420

--

--

mg/L
mg/L
mg/L

0.001
0.3
137

0.004
0
118

Alkalinity as CaCO3

mg/L

132

117

Chloride

mg/L

< 60

< 60

Conductivity

S/m

356

39.5

Copper

mg/L

< 0.01

0.26

Sulphate

mg/L

<1

<1

Total Phosphate
Cadmium
Calcium
Iron

mg/L
mg/L
mg/L
mg/L

0
< 0.002
14.7
2.44

10.1
< 0.002
82
0.45

500
--500
1000
360
500
2000
4500
-500
600
400
600
1000
2000
3000
100
-2000
-100

[46]
--[40]
[39, 44]
[47]
[36, 37, 43]
[38]
[46]
-[44]
[29]
[38]
[47]
[36, 46, 48]
[36, 37, 45]
[41]
[36, 46]
-[40]
-[46]

Lead

mg/L

< 0.05

0.002

500

[44]

600
2000

[29]
[40]

2000

[40]

2000

[40]

100

[46]

500

[44]

600

[29]

Biochemical Oxygen
Demand (BOD)
Chemical Oxygen Demand
(COD)
Nitrate
Nitrite
Total Hardness

Magnesium

mg/L

9

20

Potassium

mg/L

3.1

8

Sodium

mg/L

13.2

90

Zinc

mg/L

< 0.005

0.09

3.2. Compressive strength of concrete:
Effect of casting-curing water (FBF Vs GBG; FSF Vs GSG)
Fig. 2 showed the effect of the quality of water on the compressive strengths of concrete. Utilizing brick
chips as coarse aggregate the compressive strengths of concrete were found 16.6 ± 0.9 MPa, 19.5 ± 0.5 MPa
and 23.8 ± 1.5 MPa after 7 days, 14 days and 28 days curing respectively using greywater as casting-curing
water (GBG) (Fig. 2a). In contrast, in FBF (using tap water as casting -curing water with brick chips), the
corresponding values were found 20.0 ± 0.5 MPa, 24.5 ± 0.7 MPa and 29.6 ± 0.6 MPa. Therefore, while
replacing tap water (conventionally considered as freshwater for concrete production in Bangladesh) with
greywater the strength reduced by 17.0 %, 20.4 % and 19.6 % in 7 days, 14 days and 28 days curing period
respectively (Fig. 5a). Similarly, using greywater with stone chips as coarse aggregate (GSG) the strengths in
7 days, 14 days and 28 days curing period were found 15.2 ± 0.7 MPa, 19.8 ± 0.6 MPa and 22.5 ± 0.7 MPa,
respectively. Corresponding results in the case of tap water (FSF) were 19.2 ± 0.3 MPa, 24.9 ± 0.4 MPa and
28.7 ± 0.3 MPa, respectively (Fig. 2b). These exhibited consistent strength reduction trend in compressive
strengths of concrete having values of 20.8 %, 20.5 % and 21.6 %, respectively (Fig. 5b). These results
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(strength reduction of around 20 %) are not so much undesirable as in literature it is stated that the acceptable
level of unknown water compressive strength of concrete is about 20 % of potable water [29]. The trend in
increment in the compressive strengths was clearly found with the increment of the curing ages for all cases
having similar qualities of water.
Fig. 2 also showed the changes in density with the quality of water. Density was reduced by 2.3 % (from
2148.8 ± 30.7 Kg/m3 to 2099.7 ± 20.1 Kg/m3), 0.5 % (from 2118.3 ± 15.4 Kg/m3 to 2107.2 ± 37.8 Kg/m3) and
1.2 % (from 2132.6 ± 31.9 Kg/m3 to 2106.6 ± 26.2 Kg/m3) for curing periods of 7, 14 and 28 days, respectively
for greywater with brick chips as coarse aggregate (Fig. 2a). Corresponding strength’s reduction were 2.0 %
(from 2374.0 ± 28.0 Kg/m3 to 2326.6 ± 7.3 Kg/m3), 2.2 % (from 2366.7 ± 37.8 Kg/m3 to 2315.2 ± 40.6 Kg/m3)
and 3.0 % (from 2369.4 ± 35.7 Kg/m3 to 2299.2 ± 12.3 Kg/m3), respectively for greywater and stone chips
(Fig. 2b). It was evident that a percent reduction was found higher in the case of stone chips.

3.3. Compressive strength of concrete:
Effect of casting water (FBF vs GBF; FSF vs GSF)
The effects of the quality of casting water on the compressive strength of concrete were shown in Fig. 3.
The compressive strengths of concrete were found 17.2 ± 0.5 MPa, 19.7 ± 0.4 MPa and 26.5 ± 1.1 MPa after
curing periods of 7, 14 and 28 days, respectively with greywater as casting water and brick chips as coarse
aggregate (GBF) (Fig. 3a). These indicate the strength reductions of 14.0 %, 19.6 % and 10.5 % respectively
(Fig. 5b) comparing with the FBF case.
On the other hand, the use of greywater with stone chips (GSF) the strengths in 7 days, 14 days and
28 days curing period were obtained 19.1 ± 1.6 MPa, 23.1 ± 1.1 MPa and 27.6 ± 2.9 MPa, respectively. These
indicated the reductions of 0.5 %, 7.2 % and 3.8 % respectively (Fig. 5b) in compressive strengths.
Fig. 3 also showed the changes in density with the quality of casting water. Density was reduced by
1.4 % (from 2148.8 ± 30.7 Kg/m3 to 2119 ± 19.0 Kg/m3), 0.3 % (from 2118.3 ± 15.4 Kg/m3 to
2112.9 ± 7.5 Kg/m3) and 1.5 % (from 2132.6 ± 31.9 Kg/m3 to 2101.1 ± 12.4 Kg/m3) with use of greywater and
brick chips (Fig. 5a) and 2.1 % (from 2374.0 ± 28.0 Kg/m3 to 2325.1 ± 6.6 Kg/m3), 1.5 % (from
2366.7 ± 37.8 Kg/m3 to 2331.2 ± 22.7 Kg/m3) and 0.6 % (from 2369.4 ± 35.9 Kg/m3 to 2354.0 ± 23.7 Kg/m3)
with use of greywater and stone chips (Fig. 5b) in 7 days, 14 days and 28 days curing period respectively.

Figure 2. Compressive strengths of concrete
made with tap water and greywater a) brick chips
as coarse aggregate b) stone chips as coarse
aggregate.

Figure 3. Compressive strengths of concrete
with casting water difference a) brick chips as
coarse aggregate b) stone chips as coarse
aggregate.

3.4. Compressive strength of concrete:
Effect of curing water (GBF vs GBG; GSF vs GSG)
The variation of compressive strengths with the variation in the quality of curing water was shown in
Fig. 4, although greywater was used during the casting phase of concrete. The compressive strengths of
concrete reduced by 3.5 %, 1.0 % and 10.2 % in 7 days, 14 days and 28 days curing respectively with the use
of greywater in curing phase and brick chips as coarse aggregate (GBF) (Fig. 4a).
On the other hand, with the use of greywater and stone chips (GSF) the reduction of strengths in 7 days,
14 days and 28 days of curing period were 20.4 %, 14.3 % and 18.5 % respectively (Fig. 5b).
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Fig. 4 also showed the changes in density with the changes in the quality of curing water. Utilizing
greywater and brick chips, no significant reduction of density was observed but 2.3 % reduced with the use of
stone chips as coarse aggregate only in 28 days curing period.

3.5. Compressive strength of concrete: Effects of coarse aggregates
Fig. 5 showed the comparison of compressive strengths of concrete with stone chips and brick chips as
coarse aggregate. It was found that the increasing trends of compressive strengths with time were the same
between the cases (FSF and FBF, GSG and GBG, GSF, and GBF. The strengths did not vary remarkably
when stone chips were used instead of brick chips, except for the cases GBF and GSF. Compressive strength
was found higher with stone chips (GSF) rather than with brick chips (GBF) and that was typical.

3.6. Failure pattern of specimen
The fracture pattern of cylindrical specimens was recorded during the experiment. The fracture pattern
confirmed the combined failure of the specimens in each of the six cases (Fig. 6).

Figure 4. Compressive strengths of concrete with curing water difference
a) brick chips as coarse aggregate b) stone chips as coarse aggregate.

3.7. Compressive strength of concrete: Effect of water quality parameters
High concentrations of solid contents (total solids), organic contents (BOD, COD) and heavy metals
(Ca, Mg, Na) and very low concentration of dissolved oxygen in greywater might influence to reduce the
compressive strengths of concrete.
It is reported in the literature that the concentrations of Ca, K, Na help to increase the rate of hydration
reaction which facilitated the early increment of compressive strength, but later, a reduction is witnessed due
to their excessive quantities [49]. A high concentration of Mg also causes the deterioration of concrete [50]. In
this study the Mg concentration in greywater was 20 mg/L which was more than three times higher than that
of tap water. Like magnesium, a high concentration of calcium can also lead to destructive crystal growth in
concrete. Calcium also helps to form complex salts composed of CaCl 2, Ca(OH)2 and CaCO3 [51,52]. In this
study, the concentrations of Ca, K and Na in greywater were found higher around six times, three times and
seven times, respectively. These might be the reasons for reducing the compressive strength of the concrete.
It has been found that oxygen plays a significant role in the chemical reactions during concrete
manufacturing. The DO concentrations were 5.06 mg/l and 0.61 mg/l in tap water and greywater respectively.
This substantial lower amount of oxygen could have affected the hydration process that might have reduced
the strength as well.
In the case of pH value, it is reported that the ideal pH range in mixing water for concrete is slightly basic
i.e., between 7.2 and 7.6 [29]. In this study, the pH of tap water was 6.58 and that of greywater was 5.59. More
acidic conditions of greywater rather than tap water could have influenced the reduction of the compressive
strength and this phenomenon also agrees with the literature [53].
Significantly high concentrations of biologically and chemically degradable organic contents (BOD,
COD) could be another reason for such a strength-reduction phenomenon, although no standard limits were
found for the organic contents in any codes and specifications (Table 3).
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4. Conclusions
The effects of using raw greywater on compressive strength of concrete were investigated targeting to
save freshwater. Greywater was used during the casting phase, curing phase and casting-curing phases of
concrete production. The following conclusions could be drawn:
1. In terms of pollution load, raw greywater could be characterized as “weak to medium.” However, its
physico-chemical properties met the limits set by the relevant codes and specifications for using water in
concrete production.
2. Compressive strength reduced about 20 % with the use of greywater instead of fresh (tap) water in
the casting-curing phase with brick chips. Negligible variations in compressive strengths were observed with
stone chips instead of brick chips.
3. Compressive strength decreased by 10.5 % when greywater was used in the casting phase only
with brick chips. This reduction was lower (3.8 %) with stone chips as coarse aggregate.
4. Compressive strength decreased by 10 % when greywater was used in the curing phase only with
brick chips. This reduction was found much higher (up to 18.5 %) with stone chips as coarse aggregate.
Although in these compared cases greywater was used in the casting phase rather than freshwater.
5. Regardless of the water sources, the compressive strength of concrete increased with an increase
in curing age.
6. An almost similar trend like compressive strengths, i.e., reduction in densities was also found in all
phases.
7. Excessive concentrations of solids, turbidity, organic contents, nutrients, calcium, sodium, potassium
and magnesium and a substantially lower amount of dissolved oxygen might be the affecting factors on
compressive strength and density.
8. Raw greywater could be used in concrete for some specified structures considering its lower
strengths as found in this study. But in such cases, the impact of the greywater on other important
characteristics of concrete and the consequent changes in the phase-structural parameters of the material
also need to be clarified through further research.

Figure 5. Reduction of compressive strengths
of concrete a) brick chips as coarse aggregate
b) stone chips as coarse aggregate.

Figure 6. Specimen fracture pattern after
compressive strength test.
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Abstract. The article represents the results of experimental research for temperature and moisture variations
in pavements and subgrade of highways located in five different climatic regions, an analysis of cyclic freezing
and thawing of a pavement. To measure temperature and moisture in pavements and subgrade the sensors
have been used which allow making measurement of these characteristics simultaneously in the points of
interest. The peculiarities of variation were analyzed for air temperature, temperature in pavements and
subgrade in different regions in warm and cold 24 hours. The differences were established in distribution of
temperature and moisture in pavements and subgrade in warm and cold 24 hours. To analyze cyclic freezing
and thawing (FT) of a pavement the air temperature values have been used during twenty sequential winter
seasons in six geographical points of Kazakhstan. The dependences were established for the number of FT
cycles on duration and minimal temperature of the cycles.

1. Introduction
A highway during its service life is subject to the impact of mechanical and climatic factors [1–3]. Out of
climatic factors the most dynamic (non-stationary) one is a temperature which is varied both in the annual
cycles and in 24-hour ones [4–14]. The temperature impacts greatly on an asphalt concrete and a cement
concrete pavements [15–20] and on subgrade [4–9, 20–23].
At designing of pavements [24–28] the deformation and strength characteristics of the asphalt concretes
and other materials containing organic binders are determined depending on calculated temperature values.
Deformation characteristics of soils (especially of clay soils) depend greatly on moisture. Therefore,
deformation properties of soils at designing of pavements are determined depending on a type of soil and
moisture.
It is known that at low temperatures part of water contained in soil pores transforms into a solid condition
(ice) [7–9, 21–23]. Mechanical properties of frozen soils differ greatly from those of ordinary (non-frozen) ones
[29–32]. Unfortunately, frozen condition of soils of subgrade is not taken into account at designing of
pavements in Kazakhstan [27, 28], Russia [26] and other countries of former Soviet Union.
The abovementioned shows practical importance of information about temperature and moisture
variation in a pavement and subgrade of a highway.
This article is a continuation of the authors’ works for the research of temperature and moisture in
pavements and subgrade of highways. It contains the results of experimental research for temperature and
moisture variation in pavements and subgrade of highways located in five regions of Kazakhstan, and the
analysis of cyclic freezing and thawing of a pavement.
As the selected test sections are located in different geographical regions of a large territory of
Kazakhstan (the 9th position in the world) their climatic conditions differ greatly. As it is seen from Table 1, the
average multiyear air temperature of January in Shymkent is equal to -21.7°C, and in Oskemen it is equal to
-49°C; the number of days per year with average daily air temperature higher than 0°С in Petropavlovsk and
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Shymkent is equal to 194 and 304 respectively; the largest thickness of snow cover in Petropavlovsk and
Turkestan is 124 cm and 34 cm respectively, i.e. the difference can be up to 4 times; frost penetration depth
of a highway in Petropavlovsk and Shymkent is 241.1 cm and 69.3 respectively, i.e. the difference is 3.5 times.
Such a big difference in climatic characteristics of the geographical regions where the test sections are
located can provide essential variations in temperature and moisture values in pavement and subgrade layers.
Experimental results, included into the article, are of high value at designing of pavements and operation
of highways not only in Kazakhstan, but also in many countries of the world, for example in Russia, the USA,
China, Canada, Mexico, Brasilia, India, in European countries and other countries, as they have the climatic
conditions close to those ones which are considered in the article.
Table 1. Climatic characteristics and geographical coordinates.
City
Characteristic

Petropavlovsk

Almaty

Nur-Sultan

Turkestan

Oskemen

Atyrau

Shymkent

-42.5

-22.1

-39.4

-26.4

-49.0

-35.9

-21.7

35.7

37.8

39.2

44.2

43.0

41.0

41.7

194

254

198

279

211

240

304

124

43

42

34

104

42

62

345

450

318

448

441

169

493

Average annual
wind velocity, m/s

2.4

0.7

2.9

2.0

2.4

2.8

1.8

Frost penetration
depth of a
highway, cm

241.1

101.2

222.1

91.3

231.8

131.7

69.3

Geographical
coordinates:
- latitude (n.l.):

54°52'00''

43°15'24''

51°10'48''

43°17'50''

49°58'17''

47°07'00''

42°17'57''

- longitude (e.l.):

69°09'00''

76°55'42''

71°26'45''

68°15'06''

82°36'21''

51°52'59''

69°35'59''

Altitude above sea
level, m

142

787

358

214

287

-25

513

Average multiyear
minimal air
temperature in
January, ºC
Average multiyear
maximal air
temperature in
July, ºC
Number of days
with average daily
air temperature
≥ 0 °C
The largest
thickness of snow
cover, cm
Average quantity
of precipitation per
year, mm

2. Methods
2.1. Test sections
For the purpose of long-term monitoring realization for temperature and moisture variation in points of
pavements and subgrade of highways the test sections have been selected which are located in different
climatic regions of Kazakhstan (Fig. 1) and temperature and moisture sensors have been installed. Sensors
for the test section of “Nur-Sultan-Burabai” highway (km 76+30) were installed in 2009, and for the test sections
of “Almaty-Bishkek” (km 58+895), “Atyrau-Astrakhan” (km 598+50), “Kyzylorda-Shymkent” (km 2097+00) and
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“Oskemen-Zyryanovsk” (km 0+75) the sensors were installed in 2013. Geographical coordinates for the cities
located close to the selected test sections are given in Table 1.
Materials and thickness of pavements layers and soils with their characteristics are represented in
Tables 2 and 3 respectively.

Figure 1. Locations of the test sections of the highways.
Table 2. Pavement structures on the test sections.
Layer
number
1

2

3

4

5
6
Total thickness of
pavement,
cm

Pavement material and thickness, cm
AtyrauAstrakhan

KyzylordaShymkent

Nur-SultanBurabai

OskemenZyryanovsk

Fine-grained
dense asphalt
concrete, 5
Coarse-grained
porous asphalt
concrete, 10
Fine-grained
dense asphalt
concrete, 7
Coarse-grained
cold asphalt
concrete, 15

Fine-grained
dense asphalt
concrete, 8
Fine-grained
dense asphalt
concrete, 6
Coarse-grained
porous asphalt
concrete, 11
Stone treated
with bitumen, 5

Stone mastic
asphalt concrete, 5

Stone mastic
asphalt
concrete, 6
Coarse-grained
porous asphalt
concrete, 9
Stone treated
with bitumen, 12

Fine-grained
dense asphalt
concrete, 3
Coarse-grained
cold asphalt
concrete, 10
Sand and
gravel mix, 10
–

Fine sand and
gravel mix, 25
Coarse sand and
gravel mix, 35
97

Gravel and sand
mix, 60
–

Dusty sand, 20
–

Stone and sand
mix treated with
Portland cement
(7%), 18
Stone and sand
mix, 15
Sand, 20

90

90

80

23

Almaty-Bishkek

Coarse-grained
porous asphalt
concrete, 10
Coarse-grained
high porous asphalt
concrete, 13
Sand and gravel
mix, 42

–
–

Table 3. Type and characteristics of soils on the test sections.
Test section

Type of soil

Liquidity limit WL, %

Plasticity limit
WPL, %

Plasticity number IP

Almaty-Bishkek

Heavy sandy clay
loam

26.6

13.4

13.2

Atyrau-Astrakhan

Heavy silt clay loam

12.4

12.9

Kyzylorda-Shymkent

Silt sand

-

Not plastic

34.8

18.7

16.1

26.8

13.5

13.3

Nur-Sultan-Burabai
OskemenZyryanovsk

Heavy sandy clay
loam
Heavy sandy clay
loam
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2.2. Temperature and moisture sensors
Company “Interpribor” (Chelyabinsk, Russia) produced temperature and moisture sensors on the order
of Kazakhstan Highway Research Institute (KazdorNII). Each sensor, produced in the form of a metal capsule,
contains an element for measurement of temperature based on the effect of thermal resistance and an element
for measurement of moisture through diamagnetic permeability (Fig. 2). Such design concept allows
performing simultaneously the measurement of temperature and moisture in points of a pavement and a
subgrade.
Temperature elements of sensors were calibrated by the producer and moisture elements were
calibrated in the laboratory of KazdorNII. The calibration of the sensors was performed with the use of soils,
selected from the location of their installation.
Installation of the sensors into the pavement and the subgrade layers of the highways was performed
by the specialists of KazdorNII. Measurement ends of the sensors were put on the surface of the highways
and collected in measurement chambers of land system of the set (Fig. 3).

Figure 2. General view of one set of the
temperature and moisture sensors.

Figure 3. View of surface part of the temperature
and moisture automatic measurement system on
the highway “Almaty-Bishkek”.

The depths for temperature and moisture sensors locations on test sections are given in Table 4. As an
example, the scheme of sensors locations in pavement and subgrade of “Almaty-Bishkek” highway is shown
in Fig. 4.
Table 4. The depths for temperature and moisture sensors locations on the test sections.
Sensor
number

Depth for sensor location, cm
Almaty-Bishkek

Atyrau-Astrakhan

KyzylordaShymkent

Nur-SultanBurabai

OskemenZyryanovsk

1

2

2

2

6

2

2

5

10

10

15

12

3

15

20

15

45

23

4

21

30

30

80

35

5

38

90

70

115

70

6

65

115

90

150

105

7

100

140

120

185

140

8

135

165

150

220

175

9

170

190

180

-

210

10

205

215

210

-

245

11

240

240

240

-

280
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Figure 4. Pavement structure and scheme of sensors location on the highway
“Almaty-Bishkek”:
– a sensor of temperature and moisture.
Complete procedure for installation of the sensors was performed in the following consecutive
sequence:
1. A well was developed with diameter of 16 cm and depth 280 cm from the pavement surface by a
machine drilling.
2. Soil was carefully removed from the well, then it was stored in separate portions in a row, and
measures were taken for observance of its initial moisture content without change.
3. The sensor, installation of which was provided in the depth of 280 cm, was laid on the bottom of the
well.
4. A portion of soil was excavated from the subgrade in the depth of 280 cm and filled above the sensor.
5. The soil was compacted physically up to the designed level.
All other sensors were installed by similar way. Portions of soil, excavated from the well, were filled in
reversed order and compacted up to the designed level.

3. Results and Discussion
3.1. Air temperature
Comparison of air temperature variations in the cities of Oskemen (eastern region of the country) and
Shymkent (southern region of the country) shows that they differ considerably between each other (Fig. 5).
The temperature is considerably higher (higher than +40 °C) in the south of the country in a summer season
than in the east of it. And the minimal temperature is considerably lower (it reaches -40 °C) in the east of the
country in a winter season than in the south of it.
Fig. 6 and 7 represent the graphs for an air temperature variation for warm and cold 24 hours on the
test sections of highways located in different regions of Kazakhstan. The graphs have been constructed
according to the temperature values measured by the sensors. As it is seen from Fig. 6, the air temperature
of warm 24 hours is varied quasi-harmonically practically in all considered regions. Meanwhile, as a rule, the
highest temperatures occur between 3 p.m. and 6 p.m., and the least ones occur between 3 a.m. and 6 a.m.
As one should expect, the highest temperature value equal to 37.5 °C has been obtained on
“Kyzylorda-Shymkent” highway (in the south of the country), and the least temperature value equal to 15.5 °C
has been measured on “Nur-Sultan-Burabai” highway (in the north of a country). Daily amplitude of the
temperature for warm 24 hours of northern part of the country was 16.8 °C, and in the southern part of the
country it was equal to 15 °C.
Behavior of air temperature variation for cold 24 hours in the regions is greatly different from that one
of warm 24 hours (Fig. 7). Practically for all the considered highways (except for “Almaty-Bishkek” highway)
the air temperature for the considered 24 hours has been little varied: daily temperature variation was 2.5 °С,
2.0 °C and 3.8 °C for the highways “Nur-Sultan-Burabai”, Kyzylorda-Shymkent” and “Oskemen-Zyryanovsk”
respectively. And for “Almaty-Bishkek” highway the temperature increase for 6 °С from -5.5 °C to 0.5 °C
occurred from 11 a.m. to 4 p.m. and further the temperature was varied within the limits of -3.5 °C and 1.0 °C.
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Figure 5. Graphs of an air temperature variation in the cities
of Oskemen and Shymkent in 2011.

Figure 6. Air temperature variation for warm 24 hours.

Figure 7. Air temperature variation for cold 24 hours.

3.2. Temperature in pavement and subgrade
Daily temperature variations in points of the pavement (in the depths of 10 cm, 30 cm and 80 cm) for
cold and warm 24 hours are shown in Fig. 8-11. It is clearly seen that for warm 24 hours (Fig. 8) a temperature
variation in the depth of 10 cm (on the bottom part of asphalt concrete layers) has a clear harmonicity. A
temperature in this depth is higher than an air temperature. And for cold 24 hours (Fig. 10) the harmonicity for
the temperature variation is interrupted. An amplitude for daily temperature variation is decreased with the
depth increase (faster in winter): the temperature is not practically varied for warm (Fig. 9) and cold (Fig. 11)
24 hours in the depths of 80 cm and 30 cm respectively.
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Fig. 12 and 13 represent the graphs for a temperature distribution in the depth of pavement and
subgrade on test sections for warm and cold 24 hours. The graphs show that the temperature is decreased in
the depth in summer season and it is increased in the depth in winter season. The temperatures in the depth
of 100 cm of “Nur-Sultan-Burabai” and “Kyzylorda-Shymkent” highways were: 21 ⁰С and 37 ⁰С respectively
for summer 24 hours; -4.0 ⁰C and 4.2 ⁰C respectively for winter 24 hours. It is clearly seen (Fig. 18) that for
the considered 24 hours (14 January 2015) the freezing depth for “Atyrau-Astrakhan”, “Almaty-Bishkek”,
“Oskemen-Zyryanovsk” and “Nur-Sultan” highways was 101 cm, 112 cm, 140 cm and 174 cm respectively.

Figure 8. Temperature variation for warm 24 hours in the depth of 10 cm.

Figure 9. Temperature variation for warm 24 hours in the depth of 80 cm.

Figure 10. Temperature variation for cold 24 hours in the depth of 10 cm.
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Figure 11. Temperature variation for cold 24 hours in the depth of 30 cm.

Figure 12. Temperature distribution in the depth of pavement and subgrade for warm 24 hours.

Figure 13. Temperature distribution in the depth of pavement and subgrade for cold 24 hours.
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3.3. Moisture in pavement and subgrade
Moisture distribution in the depth of pavements and subgrade on test sections for warm and cold 24
hours is represented in Fig. 14 and 15. These graphs show that moisture distribution in the depth of pavements
and subgrade (up to 240–280 cm) is of complex nature for all the considered test sections. Moisture values in
pavement layers and points of subgrade of “Almaty-Bishkek”, “Atyrau-Astrakhan” and “Kyzylorda-Shymkent”
highways are between the limits of 2 % and 10 % for warm and cold 24 hours. An exception is only the
“Oskemen-Zyryanovsk” highway. Moisture in this highway is varied between wider limits: 2 % and 17.5 %.
Part of moisture transforms into solid state (ice) at negative temperatures in winter season. This
phenomenon reduces the content of liquid moisture in points of a pavement and subgrade which is clearly
seen in Fig. 16 and 17.

Figure 14. Moisture distribution in the depth of pavement and subgrade for warm 24 hours.

Figure 15. Moisture distribution in the depth of pavement and subgrade for cold 24 hours.
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Figure 16. Temperature distribution in the depth of pavement and subgrade for warm and cold
24 hours on “Oskemen-Zyryanovsk” highway:
is a frost bound.

Figure 17. Temperature distribution in the depth of pavement and subgrade for warm and cold
24 hours on “Almaty-Bishkek” highway:
is a frost bound.

3.4. Cyclic freezing and thawing
To analyze cyclic freezing and thawing (CFT) of a highway pavement the air temperature values have
been used during twenty consecutive winter seasons (from the 1st of January 1992 to the 31st of December
2011) at six geographical points (in the cities of Nur-Sultan, Almaty, Shymkent, Oskemen, Petropavlovsk and
Zhanybek village) located in various regions of Kazakhstan. Geographical coordinates and climatic
characteristics of these communities are given in Table 1. The temperature values have been measured in
the specialized meteorological stations of RSE “KAZHYDROMET” [33].
Fig. 18 and 19 represent the histograms showing visually a dependence between the number of cycles
for freezing and thawing (FT) and cycle duration. It is found out that the number of FT cycles is sharply
decreased with the cycle duration increase. For example, 88–97 % of all FT cycles have a duration up to
100 hours. Meanwhile, the duration for 72–80 % of all FT cycles is up to 200 hours. It should be also mentioned
that the duration of FT cycles is considerably lower in warm regions than in the cold ones. For example, the
largest duration of cycles in Almaty and Shymkent reaches up to 700 hours, in Oskemen it reaches up to 2600
hours, and in Petropavlovsk it reaches up to 3400 hours.
As it is shown in Fig. 20 and 21, there is a reliable correlation relationship between the number of FT
cycles and cycle duration. This correlation relationship for all the considered communities is approximated
with a high accuracy by the following power function:
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Ncycles  a  tcycleb ,

(1)

where Ncycles is the number of FT cycles;

tcycle is a cycle duration, hour:
a, b are coefficients.
Coefficient b shows for how many orders the number of FT cycles is decreased at the cycle duration
increase for one order.
It is found out that there is also a dependence between the number of FT cycles and minimal
temperature of the cycle (Fig. 22): the number of FT cycles is decreased with the minimal temperature
decrease; as one should expect, an absolute value of a minimal temperature in southern region is less (in
Almaty and Shymkent it is above -27 ºC), and in the northern and eastern regions it is more (in Petropavlovsk
it is below -42 ºC, in Oskemen it is below -45 ºC); 80–89 % of all FT cycles have a minimal temperature within
the limits of -0.1 ºC and -9 ºC.

Figure 18. Dependence of the number of freeze-thaw cycles on cycle duration
(cycle duration up to 3400 hours).

Figure 19. Dependence of the number of freeze-thaw cycles on cycle duration
(cycle duration up to 100 hours).

Figure 20. Dependence of the number of freeze-thaw cycles on cycle duration for Almaty.
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Figure 21. Dependence of the number of freeze-thaw cycles
on cycle duration for Oskemen.

Figure 22. Dependence of the number of freeze-thaw cycles
on minimal temperature of cycle.

4. Conclusion
The results of the experimental research for temperature and moisture variation in pavements and
subgrade of the highways located in different regions of Kazakhstan and the analysis of cyclic freezing and
thawing of a pavement, which are of high value at designing of pavements and operation of highways in many
countries of the world, allowed drawing the following conclusions:
1. An air temperature of the upper part of a pavement is considerably varied. In the south the air
temperature is considerably higher (above +40°С) than it is in the north and in the east; in winter season a
minimal air temperature in the north and in the east is considerably lower (it reaches -40 °С) than in the south.
The air temperature of upper part of a pavement is varied quasi-harmonically in warm 24 hours in all
regions. The highest temperatures occur between 3 o’clock and 6 o’clock in the afternoon, and the lowest
ones occur between 3 o’clock and 6 o’clock in the morning.
The behavior of the air temperature is considerably different in upper part of a pavement in cold 24 hours
than that of warm 24 hours: its quasi-harmonic behavior is interrupted.
The temperature of the upper part of an asphalt concrete pavement in warm 24 hours is higher than the
air temperature.
The temperature of a pavement and subgrade is decreased in the depth in summer season, and it is
increased in the depth in winter season.
Amplitude of daily temperature variation in the pavement and subgrade is decreased with the depth
increase: the temperature is not practically varied in a daily cycle in warm and cold 24 hours in the depths of
80 cm and 30 cm respectively.
2. Moisture distribution in the depth of a pavement and subgrade has complicated behavior. The
minimal moisture value is 2 %. The maximal moisture value reaches 10 % in the south, in the north and in the
west, and it reaches 17.5 % in the east.
3. The number of cycles is sharply reduced with increase of FT cycles duration. 88–97 % of all FT
cycles have duration up to 100 hours and 72–80 % of all FT cycles have duration up to 200 hours.
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The duration of FT cycles is considerably lower in warm regions than that of cold regions: the highest
duration of cycles reaches 700 hours in warm regions and it is up to 3400 hours in cold regions.
The number of FT cycles is decreased with the minimal temperature in cycles decrease. An absolute
value of a minimal temperature in cycles is higher in warm regions and it is lower in cold regions. 80–89 % of
all FT cycles have a minimal temperature within the limits of -0.1 °С and -9 °С.
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Abstract. The long-lasting materials are sustainable goal for future, which were improved with various
material combination, such as wood and basalt fibers. When materials with various nature were combined,
properties might be altered and those must be evaluated. This study investigates the effect of basalt fibers
on the wooden structure. Test materials were three various wood frames; pure, reinforced, and basalt fiber
reinforced frames. The materials were analyzed by mechanical tests and elements were modelled with
software package. In mechanical test, the strength value of pure and reinforced wooden structures ranging
from 5.2 to 11.2 kN with a 19–25 mm deformation. The strength and deformation of basalt reinforced frames
varied between 12.0-18.6 kN and 4–6 mm, correspondingly. Finite element modeling supported to the
achieved results in the mechanical tests. It is concluded that basalt fiber reinforced wooden structures are
more sustainable material from the viewpoint of material features.

1. Introduction
Sustainable practices in materials science have received increasing attention last time, such as lightweight, reduced emission and waste amounts, as well as improved material properties. The circular
economy is a model that contributing the principle of sustainability. One strategy of circular economy is to
extend what is made [1]. Therefore, it is essential to improve material, which life cycle is so long-lasting as
possible, such as wooden structures. Wood is a popular material in construction and the market share of
wooden multistory apartments were grown remarkable in the Nordic countries during last decade [2]. The
wooden structures are environmentally less impactful compared to the concrete structures [3], but it still
must be remembered that wood in products should have a design life span that matches timber rotation
periods that might be 35 years and more [4]. Therefore, the improvement of material properties must be
studied with care, such as advanced mechanical properties.
Currently, a large number of lightly loaded structures are being constructed from metal, for example,
summer houses, pavilions, short pedestrian bridges [5]. The loads acting on these structures are noticeably
lower than critical for metal, which has a significant for these structures own weight. For such structures,
metal can be replaced by wooden structures [6]. Wood is barely light, tensile and ecologic material. But
now days, it is not very distributed due its poor strength characteristics in compassion with steel and
concrete as civil engineering material. By reinforcement, it can be made tougher [7]. For example, one way
is to reinforce it by using basalt fiber reinforced polymer [8], like the way wood is repaired using epoxy [9].
Basalt fiber is a sustainable alternative for reinforcement, due to unlimited reserves and simple
manufacturing process, for instance [10]. One approach is to reinforce by combining wood and basalt fiber
reinforced polymer. To obtain a strong contact, the reinforcement of basalt fiber is made directly on wood
[11]–[14]. At the same time, wood receives new properties, such as increased tensile strength [15]. Another
approach, is to use basalt fabric reinforcement [16]–[19]. It can be used as lamination material on wood, or
other construction material. At the same time, mass, volume and geometric characteristics remain
unchanged. Assessing these changes is difficult due to the orthotropicity of wood and the isotropy of basalt
fiber reinforced polymer [29-32]. One of the most relevant methods is mechanical strength testing. But due
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to the limited size of the test benches, it is possible to test only small parts. For testing finished products
and taking into account the maximum number of influencing factors, in any case, the use of finite element
modeling [20]–[25] ensure with strong results validation.
OBJECTIVES
In this study we assessed the maximum possible designs to obtain the relevant results. The objective
of this study was to demonstrate that the functionality of wooden structures that can be improved with the
presence of basalt fiber. The functionality of wooden structures was evaluated by mechanical strength test
and modelling of element with software package. This study offers a contribution to the available knowledge
of basalt fibers’ effects, and an initial basis for further research.

2. Materials and Methods
2.1. Sources of materials and mechanical properties
Three various wooden frames were tested with the following parameters; T1, T2, T3 are pure wood
frames, T1A, T3A – are reinforced T1 and T3 frames, and T1L7, T2L4, T3L3 are different type of frames –
they are reinforced with basalt fiber lamination. The wood used is coniferous, in this case, first class pine,
with a minimum number of knots, exclusively in the center of the canvas. They are shown on Fig. 1.
Pine wood has density from 487 to 520 kg/m3. Pine belongs to the genus of conifers. A total of about
one hundred and thirty species of pine are known. Pine is an evergreen tree containing a large amount of
resin. The most common species in Russia is ordinary pine. Pine is the most used type of wood in Russia.
About 30% of all types of wood used in Russia is pine. Pine wood is not afraid of the effects of fungi, insect
pests, putrefactive damage due to increased resinity. According to this indicator, pine varieties are divided
into the first type (with a high resin content) and the second type (reduced resin content). Resin pine is not
recommended for use in carpentry, since the resin makes it difficult to saw and plan, sticking to tools. When
heated, the varnish coating may rise. High resin content pine wood must be treated before processing. For
this, solvents, acetone, gasoline, alkali solutions, and alcohol substances are used. Also, pine lumber is
divided into grades by the presence of defects (in particular, knots). For class 1 lumber, up to 40 mm thick,
no more than 3 knots per linear meter are allowed, no more than 1/4 of the size of the lumber.

a

d

b

e

c

f

Figure 1. Frame types. (a) T1, T1A; (b) T2; (c) T3, T3A; (d) T1L7; (e) T2L4; (f) T3L3.
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The reinforcement material for frames T1, T2, T3, T1A, T3A is basalt-fiber rowing reinforced with
epoxy-diane resin (Epoxy ED-20).

2.2. Mix design
3

Density of ED-20 is 1166 kg/m in uncured state. Dynamic viscosity, 13–20 Pa * sec, at (25 ± 0.1) °C.
It consists of epoxy groups (20.0–22.5%), chlorine ion (0.001 %), saponified chlorine (0.3 %), hydroxyl
groups (1.7 %). Of the distinguishing features of the ED-20, excellent adhesion to wood and does not cause
corrosion of materials in contact with them. As a hardener was used Polyethylenepolyamine. Its density is
0.956–1.011 g/cm3. Bulk prp mixing with epoxy is 10%.
Basalt roving with a fiber thickness of 10 microns and a linear density of 4800 mg/m, Specific density
2.67 g/cm3. Breaking load is 500–650 mN/Tex.
The result of reinforcement is shown in Fig. 2. And the reinforcement material for frames T1L7, T2L4,
T3L3 is reinforced with basalt fabric, by lamination. The result of reinforcement is shown in Fig. 2. Blueprints
of both types of reinforcements are shown on Fig. 3.
As basalt fabric, was used Basalt fabric TBK-100. The width of the original canvas 1000mm. The
surface density of 190–230 g/m2. Number of threads 9–11 / cm. Breaking load of 780 N. Thickness
0.19 mm.

a

b

Figure 2. The result of basalt fiber reinforcement (a) and the result of basalt fabric reinforcement (b).

a

b
Figure 3. The blueprint of basalt fiber reinforcement (a) and the blueprint of basalt fabric
reinforcement (b).

2.3. Method of research
The research methodology is shown in Fig. 4. First of all, the most suitable designs for mechanical
testing were developed. Minimization of cost was chosen as the main criterion, and therefore, ease of
manufacture. The most attractive shapes would be octagons, hexagons, or a 45-degree square. But these
shapes are quite laborious to manufacture and reinforce, so the shape of a rectangle with edges located at
an angle of 90 degrees was chosen in the form of a frame. The groove for the reinforcing material is
performed in a standard operation for woodworking - by sawing in the form of a groove (it is used in the
manufacture of lumber of the "lining" brand, which has similar dimensions, which is why the production of
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Magazine of Civil Engineering, 100(8), 2020

these strips is very cheap) As the materials, as described above, the most the timber available in the north
is pine. It does not have outstanding mechanical properties, but is inexpensive, readily available and has
few knots. Basalt roving was chosen as a reinforcing material, initially it was planned to use a cord, but it is
much worse impregnated with epoxy resin, as well as basalt sheet (for type 2). To fix the basalt roving in
the groove of the wood, it was decided to use the epoxy resin described above. The main requirement for
the resin is high mobility in the liquid state, for a more uniform impregnation of the roving, and an increase
in the area of adhesion to the wood. Due to the large area of adhesion to the wood, the epoxy resin formed
a monolithic structure, which added additional strength to the reinforced frames. For frame sizes, normal
sizes were used to facilitate the manufacturing process, this is a series of numbers 400, 300, 200, 100.
Then structures were created, representing the frames of various types described earlier, as well as digital
3D models, taking into account the materials used. For the wood-to-wood connection and for the epoxy
resin-wood connection, the bonded type was used because these surfaces are firmly bonded. Then
mechanical tests were carried out, as well as calculation by the finite element method with preliminary
tabular characteristics of materials. After that, comparisons and optimization of the coefficients for the
calculation model were carried out, and the final design was calculated.
Design of basalt fibre
reinforced wooden
construction

Development of basalt
fibre reinforced
wooden construction

Physical strength
testing
Compassion and FEM
coefficient
optimization

Creation of 3d model

Design of more
complicated
construction

Finite element
strength modeling

Figure 4. Research methodology.

2.4. Mechanical testing
The loading was carried out continuously with a hydraulic jack at a speed of 1 kN/min. The load was
measured by an electronic force meter, deflections were measured using dial indicator. Deflections were
measured in the middle of the span at three points across the width of the model. Indications were recorded
by a camera. The scheme of testing is shown in Fig. 5. and camera record of unloaded and loaded frames
are shown in Fig. 6.

Figure 5. Load scheme (L=1000 mm; L’=333 mm; R2=50 mm; h=78 mm).
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a

b
Figure 6. Unloaded frame (a) and loaded frame (b).

2.5. Finite element testing
Element modeling was carried out in the Ansys software package, and in the calculation module static structural. The design scheme is shown in Fig. 7. The loads were set in accordance with the loads
on the test bench.

Figure 7. Design scheme and loads for T3A frame.

3. Results and Discussions
3.1. Testing results
The result of mechanical testing of first type of frames (T1,T3,T1A,T3A) are provided in Fig. 8.
Results of T2 does not provided, because, there was not T2A frame. The destruction of the T3 sample
occurs at a load of 5.2 kilonewton, with a deformation of 19 mm, while the destruction of the T3A sample
occurs at a load of 6.4 kilonewton and a deformation of 24 mm. The destruction of the T1 specimen occurs
at a load of 6.8 kilonewton, with a deformation of 22 mm, while the destruction of the T1A specimen occurs
at a load of 11.2 kilonewton and a deformation of 25 mm.

Kozinetc, K.G., Kaarki, T., Barabanshchikov, Yu.G., Lahtela, V., Zotov, D.K.

Magazine of Civil Engineering, 100(8), 2020

Figure 8. Results of mechanical testing of frames T1, T3, T1A, T3A.
The destruction of the reinforcement wooden frame occurs immediately after the tear of the
reinforcing fiber. Samples of destruction are shown in Fig. 9.

a
b
Figure 9. Crack in the bottom of frame (a), and teared reinforcement material (b), demonstrated
by red arrow.
The result of mechanical testing of second type of frames (T1L7, T2L4, T3L3) are provided in Fig.
10. The destruction of the T1L7 sample occurs at a load of 16.2 kilonewtons, with a deformation of 4 mm,
the destruction of the T2L4 sample occurs at a load of 18.6 kilonewtons and a deformation of 6 mm, the
destruction of the T3L3 specimen at a load of 12.0 kilonewtons and a deformation of 4.2 mm
Previously, it has found that the strength of basalt reinforced timber increased by 10–15 %, and
deflection was reduced 16 %, in the case of glulam [26]. In our case with wooden structures, the properties
were improved even more significant. Stiffness or elastic modulus have received a relatively low value with
basalt fibre-reinforced polymer [27], [28], addressing to need for further enhancement.

Figure 10. Results of mechanical testing of frames T1L7, T2L4, T3L3.
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3.2. FEM
Finite element modeling of samples T3 (Fig. 11) and T3A (Fig. 12) were carried out with the
corresponding materials. The maximum deformations are detectable approximately correspond to those
obtained during mechanical tests. Deformations 19 and 19.8 mm for specimen T3, and 17 and 17.1 mm for
specimen T3A at a load of 5 kilonewtons. This corresponds to approximately a tensile yield strength of
20 MPa in the base material (wood).

a

b
Figure 11. Deformations (a) and von-mieses Stress (b) of pure wood frame T3.

Figure 12. Deformations (a) and von-mieses Stress (b) of pure wood frame T3A.
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3.3. Material Consumption
Table 1. Property information of studied materials and the features of material from
mechanical tests.
№

Frame
name

Frame
cell size,
mm

Bottom
roving
reinforcement

Lower
laminated
planks

Wood
Mass,
kilograms

Reinforcing
material
Mass,
kilograms

Maximum
load, kN

Tensile
yield
strength,
%

Tensile
yield
Strength
per
mass

1
2
3
4
5
6
7
8

T1
T2
T3
T1A
T3A
T1L7
T2L4
T3L3

100×100
200×200
300×400
100×100
300×400
100×100
200×200
300×400

no
no
no
yes
yes
no
no
no

no
no
no
no
no
7
4
3

6.55
3.64
2.43
6.55
2.43
13.34
8.98
7.28

0
0
0
0.22
0.08
0.17
0.10
0.07

6.6
5.6
5.2
11.2
6.2
16.2
18.4
12

100
100
100
170
119
245
329
231

1.01
1.54
2.14
1.65
2.47
1.20
2.03
1.63

The studied materials, are listed in Table 1, including also the results of mechanical strength test by
different parameters. The information in Table 1 show that the studied materials were quite heterogenous,
indicating that several aspects will be accounted in this study, which again increase the reliability of done
work. The ability of wooden frame to carry load will increase when frame was reinforced, but naturally, the
density of materials influences the strength, as “strength per mass” demonstrated.

4. Conclusion
In this article, the results of mathematical and physical modeling of structures using combined
materials (wood, basalt roving, basalt canvas, epoxy) were presented. The research results showed that
structures made of combined materials show increased strength on the influence of external factors. And
thus, we can conclude that the applicability of these materials and structures for the construction of wooden
structures.
With a minimum amount of wood and a minimum reinforcement (sample T3A), an increase in
strength of 19 % is achieved, with a minimum cost of reinforcing material, and destruction occurs at a load
of 6.4 kilonewtons with a deformation of 24 mm, in contrast to the original sample T3, the destruction of
which occurs under load at 5.2 kilonewtons and deformation of 19mm, which makes it, with a weight of
2.43 kg, almost equal in strength to the sample T1, weighing 6.55 kg. For specimen T1A, the reinforcement
leads to an increase in strength by 70%, and fracture occurs at a load of 11.2 kilonewtons with a deformation
of 25 mm, in contrast to the original specimen T1, which fractures at a load of 6.8 kilonewtons and a
deformation of 22 mm.
Laminated samples show even more impressive results, The destruction of the T1L7 sample occurs
at a load of 16.2 kilonewtons, with a deformation of 4 mm, the destruction of the T2L4 sample occurs at a
load of 18.6 kilonewtons and a deformation of 6 mm, the destruction of the T3L3 specimen at a load of
12.0 kilonewtons and a deformation of 4.2 mm. But at the same time, these samples are much more
material-intensive and heavy: 7.28 kg for sample T3L3, 8.98 kg for sample T2L4 and 13.34 kg for sample
T1L7.
In the light of the results, the improved properties of materials encourage researchers to continue
studies in this field and for example, various material amounts and those combination should be studied
more exactly in future. Also, other mechanical tests could describe the nature of material wider, such as
impact strength that describing a momentary strain for material or stiffness that implies the momentary
maximum force whereof deformations will return after the load is removed. In addition, the whole effect of
treatments on the environment could be analyzed, such as life cycle assessment.
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