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Abstract 
 

Compositions of cement and gypsum concretes with aggregates from solid construction and industrial wastes have been 
developed. The most common building waste is shards of ceramics and inorganic glass. 

Phosphogypsum is one of the many-tonnage industrial wastes of the chemical industry in the Tambov region. Complex 
studies of various compositions of concrete have been conducted. Optimum concentrations and sizes of aggregate grains have 
been found. Their main operational properties and the mechanism of deformation and fracture under load have been studied. 
A method for forecasting mechanical durability and deformation in operating conditions has been proposed. An example for 
enclosing hinged concrete slabs has been considered. 
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Introduction 
 

Utilization of industrial wastes is one of the main 
problems of modern building materials science. 
Located in dumps debris is often suitable for reuse as 
active or passive additives to new composite materials. 
Of all types of industrial waste the most used and 
studied are metallurgical slags and ash [1, 2]. 

Back in his days, V.I. Vernadsky wisely noted 
that human economic activities could lead to a global 
catastrophe. It seems that his prophetic statement is 
coming true. This is evidenced by the problem of 
waste as its amount grows 3–4 times faster than the 
population. Every year, each person consumes at least 
20 tons of natural resources, while only 2 % is used for 
the production of goods. The remaining 98 % 
immediately goes to waste. After a while, these two 
percent also becomes waste. Clothes and shoes wear 
out. The equipment breaks down. Therefore, humanity 
does not produce anything except waste. 

The issues of utilization of construction waste are 
in the center of attention, which is explained, first of 
all, by the shortage of raw materials and their rise in 

price [3]. At the same time, construction waste in its 
composition has components suitable for preparing 
building materials for various purposes. The most 
common construction waste is the shards of ceramics 
(brick, tiles, pipes), inorganic glass, expanded clay 
waste, asbestos-cement products (slate, pipes), cement-
chipboards, chipboards, polymer products (paneling, 
sanitary-engineering parts), etc. 

Especially urgent is the problem of utilization of 
asbestos-cement waste (ACW), waste of cement 
bonded particle board (CBPB) and pressed wood-fiber 
board (PWFB), thermosetting polymer materials, since 
with its solution the pollution of the environment will 
be reduced. 

 According to the data of the asbestos-cement 
industry, the amount of dry waste (faulty products and 
asbestos-cement shards, cuttings, chips from turning of 
pipes, dust from cutting and polishing sheets) is  
2.6–4 % of the mass of products [3]. The volume of 
wet waste, which is the sewage sludge, in terms of dry 
matter reaches 1.5–2 % of the mass of the raw 
material. This means that it is necessary to reconsider 
the methods of waste management. 
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In samples of gypsum concrete using asbestos-
cement waste materials, slate shards with the size of 
the fraction 5–10 mm were added. 

Based on the results of tests for compression and 
transverse bending, the strength dependences on the 
DACW content were constructed (Fig. 6). 

As can be seen from Fig. 6, the dependence of 
strength on the content of DACW is extreme.  

Its maximum was reached by adding 20 % of DACW 
by weight. 

To study the effect of expanded clay waste on the 
strength characteristics of gypsum concrete, expanded 
clay crumb of particle sizes from 0.63 to 10 mm in the 
amount of 25, 50 and 75 % by weight of DACW was 
added to the initial mixture with 20 % of DACW. 

Fig. 7 shows the experimental results. As can be 
seen from Fig. 7, the introduction of expanded clay 
granules of 0.63 mm fraction leads to an increase in 
strength with a maximum content of 75 % of the 
weight of DACW. Fraction of 2.5 mm leads to an 
increase in strength with a content of 50 and 75 %. 
Fraction of 5 mm increases the strength of concrete at 
a content of 25 and 50 %. With a content of 25 % and 
50 % of the 10 mm fraction, the strength also increases. 
The content of 70 % of 10 mm and 5mm fractions, as 
well as 25 % of fractions of 0.63 and 2.5 mm, leads to 
a decrease in strength. 

Thus, the increase in strength with the 
introduction of fine fractions occurs at their maximum 
content. For large fractions, the strength increases with 
the introduction of a minimum number of them. This is 
due to the fact that the introduction of a large amount 
of expanded clay granulate fraction of 5mm and 10mm 
causes lack of binder to coat the aggregate [10]. With a 
content of 75 % of the fraction of 0.63 mm, the 
expanded clay fills the spaces between the larger 
aggregate – DACW, which leads to an increase in 
strength because of a good contact of the aggregate 
with the binder and a large surface of expanded clay. 

To study the effect of phosphogypsum on the 
strength of fine-grained concrete, several compositions 
with different percentages of components by mass 
were studied: Cement (C): Sand (S): Phosphogypsum 
(PG). Since the task of ongoing research is the 
utilization of phosphogypsum, it is necessary that the 
mixture contain at least 50 % of it [11]. 

 
Fig. 5. Dependence of strength in bending (1)  

and compression (2) on the type of additive, where CS is 
samples of cement-sand mortar 1: 4; B33 – concretes  
with 33 % of DACW; B33SS - concretes with 33 %  

of DACW and 10 % of sodium silicate;  
B33P – concretes with 33 % of DACW  

and 10 % of PVAC 
 

R, MPa 

Type of material
  CS          B33SS         B33P          B33

1 

2

а) 

σ, MPa

DACW content, %

b) DACW content, %

Fig. 6. Dependence of gypsum concrete strength on the DACW 
content under compression (a), transverse bending (b)

σ, MPa

Fig. 7. Dependence of the strength at transverse  
bending of gypsum concrete on the percentage  

of expanded clay for various fractions

σ, MPa

Expanded clay crumb content, %
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The tests were carried out on the 7th, 14th, 21th, and 
28th day of hardening the samples. The value of the 
tensile strength was taken from the average test result 
of three or five samples. Portland cement M400 was 
used as a binder. 

It was found that introduction of up to 3 % of 
cement into the system did not improve the strength of 
the samples. The presence of more than 3 % of cement 
led to hardening of the system, in which 
phosphogypsum plays the role of aggregate. Fig. 8 
shows the dependence of the strength in transverse 
bending on the time of hardening of various 
compositions of fine-grained concretes with aggregates 
of phosphogypsum and sand. 

According to the test results, it was found that when 
the cement content in the system was up to 25–32 %, 
the strength of the samples with phosphogypsum 
aggregate was higher than that with the aggregate from 
sand of the same grain composition (Fig. 9). 

Since phosphogypsum consists of fine particles of 
less than 0.016 mm in size, the aggregate for fine-
grained concrete can be composed of particles of 
phosphogypsum and larger particles of sand, that is, 
the fine sand fractions can be replaced with 
phosphogypsum. 

According to the results of short-term mechanical 
tests, it can be concluded that phosphogypsum in 
combination with sand can be used as an aggregate for 
fine-grained concretes, with a content of up to 30 % 
more optimal in this case.  

In operation concrete is under sustained action of 
climatic factors. Therefore, the greatest interest is the 

study of their effect on the operational properties of 
concrete. For this, the samples were subjected to 
repeated freezing-thawing [12]. The dependence of the 
strength on the number of freeze-thaw cycles was 
found (Fig. 10). 

As can be seen from Fig. 10 the strength of 
concrete after 200 freeze-thaw cycles fell by 15–20 %, 
which corresponded to 10 years of operation under 
direct atmospheric influence for the central black-earth 
region of Russia. 

Fig. 8. Dependence of the strength in transverse bending  
on the time of hardening of fine-grained concrete  

with aggregates of phosphogypsum and sand: 
1 – C50-S50; 2 – C50-PG50; 3 – C25-S-25-PG50;  

4 – C25-S75; 5 – C9-PG91 
 

Days

σ, MPa
1

2

3
4

5

Fig. 9. Dependence of strength in transverse bending of 
concrete samples with aggregates of phosphogypsum and sand 

from the cement content (% by mass) at the age of 14 days: 
–––––– – Cement-Phosphogypsum;  

- - - – Cement-Sand 
 

Strength limit in transverse bending

Cement content, %

σ, MPa

N, cycles
Fig. 10. Dependence of the strength of cement  

concrete on the number of “freeze-thaw” cycles: 
1 – W/C=0.5, C/S=1:3.5; 33 % of crushed glass with  

particle size of 0.63 mm (central compression); 
2 – W/C=0.5; C/S=1:3.5 (central compression); 
3 – W/C=0.5; C/S=1:3.5 (transverse bending)

2 

3 

1
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Results and discussion 

 
When exposed to elevated temperatures, the 

concrete dimensions changed, causing significant 
thermal stresses in the material. In this connection, it 
becomes necessary to study the behavior of the 
material in the free state when heated at a given rate. 

The investigations were carried out in a linear 
dilatometer on concrete samples at a given constant 
heating rate of 2.8 °C/min [5]. The results are shown in 
Fig. 11. Dependencies are exponential. 

From the obtained curves, the coefficients of 
linear thermal expansion were found 

 0

1 l ,
l T

Δ
α =

Δ
  (1) 

where α is coefficient of linear thermal expansion, 
1 °C; l0 is initial length of the sample, mm; Δl is 
elongation of the sample (mm) with a change in 
temperature by ΔT, °С. 

Since the dependencies are not rectilinear, they 
are divided into linear sections [5]. For each section a 
coefficient of linear thermal expansion is found. Then 
amid is determined by the formula: 

 
1 1

mid
1

n n

n

T T .
T T

α Δ + + α Δ
α =

Δ + + Δ
  (2) 

Table 1 shows the coefficients of thermal 
expansion for concrete of various compositions. 

Studies of water absorption of DACW by weight 
Wm have been carried out (Fig. 12). 

As can be seen from Fig. 12 the maximum water 
absorption is observed in the material B33S  
(33 % DACW + 10 % sodium silicate). This confirms 
the high porosity of this material. In contrast, materials 
with a high surface density and, accordingly, less 
porosity, have a minimum water absorption (B33P, 
PG2). 

Concretes with dry asbestos-cement aggregate 
compositions B33, B33SS, B33P, CS and PG2 
(fraction of 10–20 mm) were subjected to 40 freeze-
thaw cycles. The results of measuring the compressive 
strength are summarized in Table 2. 

Frost resistance of the material is directly related 
to its water absorption, thus the materials with the 
highest water absorption withstood the least number of 
“freeze-thaw” cycles. The greatest degree of frost 
resistance was shown in materials B33 and B33P, 
therefore further studies were carried out with these 
materials. B33SS was not studied due to the 
irrationality of additional studies. 

The results of the study of the effect of UV 
irradiation on the strength parameters of gypsum 
concrete with the addition of DACW are shown in 
Fig. 13. 

As can be seen from Fig. 13, the dependence was 
extreme and reached its peak at 120 hours of 
ultraviolet exposure. Then there was a slight decrease 
in strength. The influence of ultraviolet rays, 
obviously, served as a catalyst for processes leading to 
an increase in strength. However, at the same time, the 
aging process was taking place. Accumulation of 
irreversible changes above a certain concentration led 
to a decrease in strength [13]. 

Table 1
The values of thermal expansion coefficient  

for concrete of various composition 

Concrete composition α·10–4, °С–1 

W/C = 0.5; C/S = 1 : 3.5 14.3 

W/C = 0.5; C/S = 1:3.5; 33 % of crushed 
glass with a particle size of 0.63 mm 18.5 

 

Fig. 12. Dependence of water absorption  
of the material by weight on the time  

of soaking of concrete:  
1 – CS, 2 – B33, 3 – В33P; 4 – Б33SS; 5 – PG 2

t, hours

Wm, %

1 

2 3

4
5 

Δl × 10–2, mm

T, °C

Fig. 11. Dilatometric curves of concrete  
at a heating rate of 2.8 °C/min: 

1 – W/C = 0.5; C/S = 1 : 3.5; 2 – W/C = 0.5; C/S = 1 : 3.5;  
33 % of crushed glass with a particle size of 0.63 mm
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The obtained dependences were reconstructed 

into coordinates lgτ – 103/Т. Graphical-analytical 
method for the Konstanta program was used to find the 
physical constants for all concretes. The values of 
physical constants are in Table 3. 

By substituting the constants in formula (3), we 
can calculate the durability of concrete during 
compression and transverse bending in a wide range 
of basic operational parameters – temperatures and 
loads [15]. 

Boards from DACW can be used as facing panels 
on a metal frame, attached to the exterior walls of 
buildings. Approximate geometric dimensions of these 
panels can be taken as 600 × 600 × 20 mm.  
The main effect in forming a transverse bend from the 
plane of the panel is the wind load. 

 The normative value of the average component of 
the wind load wm at a height z above the ground 
surface can be found by the formula 

0 ,mw w kc=                              (4) 

where w0  is the normative value of wind pressure, for 
the II wind area equal to 0.3 kPa; k is coefficient 
reflecting the change in pressure adjustment to terrain 
type “A” at 10-meter height equal to 1.0; с is 
aerodynamic coefficient, for the windward side equal 
to + 0.8. 

Hence, the wind load on the panel is 
 

0 3 1 0 8 0 24 kPа.mw . . .= ⋅ ⋅ =  
 

We find the stress acting in the plate by the 
formula: 

2 2

2 2
3 3 0 24 0 6 0 324 МРа.
2 2 0 02

mw l . . .
t .

⋅
σ = = =  

With this load and a temperature of + 5 °C, which 
corresponds to the annual average for Tambov, the 
operation time is: 

– for B33 – 5.8 years; 
– for B33P –  62.5 years. 

Products from concrete are subject to deformation. 
Therefore, there is a need to study the mechanism of 
concrete deformation during prolonged compression. 

Samples were made in the form of cubes with 
dimensions of 20 × 20 × 20 mm. The tests were carried 
out in the regime of preset constant stresses and 
temperatures (in the range from 18 to 200 °C) 
according to the following procedure. Samples were 
matured on a test bench at a given temperature in a 
surface-mounted thermal chamber for an hour 
(thermostated) and then loaded to a certain value.  
To perform experiments at elevated temperatures, a 
ring furnace was used and its voltage was regulated by 
a laboratory transformer with an accuracy of ± 10 °C. 
The strain of the sample in time was measured with a 
dial gauge (IC 10) with an accuracy of 0.01 mm. In the 
same conditions, 5–6 samples were tested to obtain a 
single point. The final result was taken as their 
arithmetic mean. 

With prolonged compression at certain intervals 
of time, the deformation of the sample was recorded. 
The tests were carried out at constant temperatures and 
loads. By results, the kinetic curves (Fig. 16) were 
constructed, which are described by an equation of the 
Arrhenius type [16]: 

( )
( ) ( )

( )

0ехр 1 ,d d
m d

m d

U TV V
RT T

⎡ ⎤⎛ ⎞− γ σ
⎢ ⎥⎜ ⎟= − −

⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦     

   (5) 

where V is deformation rate, %/sec; ( )m dV  is ultimate 
material deformation rate; ( )0 dU  is initial apparent 
activation energy; ( )dγ  is structural-mechanical factor; 

( )m dТ  is limiting temperature of material existence,  
σ is load on the sample, MPa; R is universal gas 
constant, kJ/(mol× K); Т is temperature, К.  

To determine the constants in equation (5) 
graphoanalytical differentiation was used [17]. From 
the kinetic curves, the dependence of  the  deformation  

Table 3
The values of the physical constants of equation (3) for fine-grained concrete of various composition 

Composition Type of loading U0, KJ/mol Tm, К lgτm [τ, s] γ, KJ/(mol×MPa) 

W/C = 0.3; C/S = 1 : 3.5 Central compression 53.2 3200 10–0,2 6.01 

W/C = 0.5; C/S = 1 : 3.5 Central compression 64.5 ∞ 10–1,8 4.83 
Transverse bending 85.0 ∞   10–1,55 30 

W/C = 0,5; C/S = 1 : 3.5;  
33 % of crushed glass  
with particle size of 0.63 mm 

Central compression 98.1 ∞   10–2,54 5.77 
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Fig. 16. Dependences: 
a – relative deformation on the load action time at 100 Со;  
b – deformation rate on the relative deformation at 100 Со;  

c – logarithm of the deformation rate on the reciprocal temperature;  
d – apparent activation energy of deformation from stresses;  

– concrete under central compression  
(W/C = 0.5, W/S = 1: 3.5 and 33 % of crushed  

glass with particle sizes of 0.63 mm) 

rate on the value of deformation was constructed 
(Fig. 16 b).  

Further, by extrapolating the linear sections of the 
deformation rate curves to the ordinate axis, the initial 
apparent velocities V0 were determined, the values of 
which were used to plot the logarithm of the initial 
velocity versus the inverse absolute temperature 
(Fig. 16 c).  

The value of the apparent activation energy 
(Fig. 16 c) was determined by the formula 

( )
( )

0
3

lg
2 3

10 /

v
U . R

T

Δ
=

Δ
                     (6) 

and the dependence was plotted in coordinates U − σ 
(Fig. 16 d), the extrapolation of which was used to 
determine U0 on the ordinate axis, and by the tangent 
of the slope angle of this straight line the value γ was 
found.  

To process the experimental results, the Graffdiffer 
program was also used. 

The values of the empirical constants are given 
in Table 4. 

Substituting their values in equation (5), we can 
calculate the rate of deformation of concrete. 

 
Conclusions 

 

The effect of glass waste on the mechanical 
properties of concrete has been studied. It is shown 
that the optimal composition is granules with a 
diameter of 0.63 mm, a concentration of 33 %. 

Composite materials with the use of dry asbestos-
cement waste as aggregates have been developed.  
The dependence of strength on the amount of 
aggregate has been studied. It has been revealed that 
compositions with a content of 20 % dry asbestos-
cement waste by weight are optimal. 

Table 4
The values of empirical constants under 

central compression for fine-grained concrete 

Composition U0,  
kJ/mol 

Tm,  
К 

lgVm,  
%/с 

γ,  
kJ/(mol×MPa)

W/C = 0.3;  
C/S = 1 : 3.5 – 89.2 520.8 – 2.70   – 16.7 

W/C = 0.3;  
C/S = 1 : 3.5 – 60.0 266.7 – 0.89 – 5.9 

W/C = 0.3;  
C/S = 1 : 3.5;  
33 % of crushed 
glass with particle 
size of 0.63 mm 

56.3 178.6 – 1.65 – 4.4 

 

d)

U, kJ/mol 

σ, MPa

lgV0 [V0, %/s] 

103/T, 1/K

14 MPa 

13 MPa

c) 

b)

V0, %/s 

13 MPa 

14 MPa

a) 
t, hours

14 MPa 

13 MPa 
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The effects of climatic factors (cycles of 

“freezing-thawing” and “soaking-drying”) on the strength 
properties of concrete have been investigated. It is 
found that the strength of gypsum concrete is reduced 
by 20 % with 15 freeze-thaw cycles. 

The influence of thermal and ultraviolet aging on 
the strength properties of concrete has been studied.  
It is found that UV exposure of gypsum-concrete 
causes processes leading to an increase in strength.  
The maximum effect is achieved with 120 hours of 
irradiation. 

The influence of expanded clay and 
phosphogypsum on the strength characteristics of the 
material has been studied. The optimum compositions 
are 75 % expanded clay crumb of 0.63 mm fraction 
and 30 % phosphogypsum from the weight of DACW. 

The regularities of destruction and deformation of 
concrete with various aggregates in a wide range of 
specified constant stresses and temperatures from the 
perspective of the kinetic (thermal fluctuation) concept 
of strength have been studied. Analytical dependencies 
related to the main parameters of working capacity – 
operating time, stress, temperature, and deformation 
rate have been found. The values of the physical and 
empirical constants of materials used in these 
dependences and determining these parameters have 
been obtained. 

The possibility of predicting the performance of 
cement and gypsum concretes is shown using the main 
provisions of the thermal fluctuation concept of 
mechanical behavior of solids. 
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