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Abstract. Experimental study of underground polymer pipes under temperature effect is developed in this 
paper by the method of centrifugal modeling to study the process of polymer pipes elongation depending on 
the depth of laying and physical and mechanical properties of soil. The method is based on the use of 
centrifugal installation with PC and software. The experiments were carried out in a centrifuge with an effective 

radius of centrifuge rotation at a working scale of modeling n = 40. Experimental studies were carried out at 

various laying depths of the underground polymer pipes. In the process of conducting experiments, the 
polymer pipe model was subjected to various temperature influences. The temperature effect on the polymer 
pipe model was created using an electric spiral. As a result, it is established that the process of polymer pipes 
elongation over time under soil pressure and temperature factor has a non-linear character; the value of the 
absolute strain depending on the laying depth and the temperature factor may differ by several times. 

1. Introduction 

In the life support system for the population, the pipes made from various materials and of various 
configurations are widely used as water pipelines, gas pipelines, oil pipelines, for transportation of toxic and 
explosive substances in various industries and manufactures. 

Pipelines are widely used in the cities, between the cities and populated localities and in the recent 
decades have been widely used between the countries. Therefore, pipelines are often called “life lines” and 
this shows, that pipelines play an important role in human life. Due to the enormous length and wide 
geographical distribution, the pipelines are located at different laying depths in complex ground conditions and 
under water, in cross profile areas with tectonic faults and in zones of different seismic intensity; they are 
exposed to great exploitative and seismic hazard. Due to the fact that pipelines play a significant role in 
country’s economy, much attention has been paid to their reliable operation, ensuring their seismic safety 
during the exploitation. 

Pipes, as a conducting system, have a rather complex structure, consisting of the straight line and 
curved line areas, intersections nodes and fixing elements. Depending on the complexity of the pipeline system 
designs, considerable length and wide geographical location the pipelines are subject to various seismic 
hazards, such as destruction, soil liquefaction, wave propagation process, pipe-soil interaction, pipe 
displacement relative to soil, pipe separation from soil, etc. 

To solve these problems, a regularity of strain was established. Many researchers from different 
countries have studied the issues of seismic effect on the pipelines stress state. Here we present some results 
of other researchers, close to the subject of the proposed study. As is known, earthquakes can pose a threat 
to the structure integrity of buried pipelines. As a result of constant soil strain around the pipeline in a 
quasistatic way, not necessarily associated with high seismic intensity, the earthquake aftermath can cause 
serious damage. Analysis of the effect of earthquakes showed, that the damage in linear steel pipelines was 
caused by permanent soil strain, such as fracture movements, landslides, lateral compression caused by soil 

https://creativecommons.org/licenses/by-nc/4.0/
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strain; only a few pipelines were damaged as a result of wave propagation [1, 2]. For example, such pipelines 
were damaged during earthquakes in San Fernando [3], in Kobe [4], in Kojaeli [5] and in Chi-Chi [6]. 

Studies of the seismic stress state of buried pipelines are based on certain assumptions that allow 
simulating consideration process with some simplifications, the process requires further refinement. In the 
study of the stress state of underground pipelines under seismic effect, the main point is to simulate the 
process of the pipe interaction with surrounding soil. A seismic analysis of soil interaction with a pipe of finite 
length based on the Winkler model has been carried out and the approach is focused on account for axial 
strains, since bending strains in a buried pipe due to wave propagation have usually a second-order effect [7]. 
To solve the problems of the joint seismic vibrations of the underground pipeline and elastic soil, it is assumed 
that a slippage occurs at the boundary and the shear stresses arising on it are proportional to the relative 
displacement of soil and pipeline particles or their relative velocities of motion [8]. On the basis of the Hamilton-
Ostrogradsky variational principle a system of equations was obtained and the stress state of the pipeline was 
studied, taking into account the displacement relative to the soil medium under arbitrary direction of seismic 
effect [9]. The problem of dynamic stability of underground pipelines of finite length, located in water-saturated 
soils [10] has been solved, the effect of geometric and mechanical characteristics of a pipeline on dynamic 
stability of the “soil-pipe” system has been revealed. The dependence of interaction coefficient of a polymer 
pipe with soil was experimentally determined using data obtained at longitudinal vibrations of underground 
polymer pipelines under seismic loads [11]. 

In recent years the effect of wave propagation on the buried pipeline with a curved axis and their 
interaction with soil was studied in several publications. Numerical analysis of underground pipeline seismic 
behavior at right angle of bending showed an increase in strain in a curved section with increasing radius of 
curvature [12]. Using the elastic model, the quasi-static problems of pipes response at right angle of bending 
to Rayleigh waves were solved and the effect of some basic parameters, such as the wavelength and soil 
strain was determined [13]. 

In [14], mechanical reaction of continuous (welded) underground steel pipelines, crossing active seismic 
faults was considered. These pipelines are subject to strains due to axial, shear and bending loads, and create 
high stresses and strains in critical places that can lead to a pipe breakage. The studies in [15] were based on 
modeling the “soil-pipeline” system using nonlinear finite elements, taking into account inelastic behavior of 
surrounding soil, the soil-pipe interaction and contact, the development of the large inelastic strains in steel 
pipeline, the distortion of the pipeline cross-section and possible local strain and internal pressure. At various 
soil parameters, both for cohesive and non-cohesive soils, the effect of the diameter-thickness ratio of the 
pipeline and the stress-strain of the steel material were studied. 

In addition to the above numerical studies one can cite separate experimental studies for studying the 
stress state of buried polyethylene pipelines [16, 17, 18]. An experimental study was conducted on a centrifuge 
based on the modeling the pipeline response to a seismic discontinuity. During the tests the effect of the fault 
type, fault angle of displacement on mechanical behavior of the pipeline was studied, as well as the effect of 
the pipeline laying depth and diameter, the moisture content in soil. 

In [19] the issue of the interaction effect on the stress-strain state of underground structures in the form 
of a rigid body with a base soil was studied. Viscoelastic characteristics of the bodies interaction were 
determined by theoretical and experimental studies and the graphs of viscoelastic characteristics interaction 
were plotted. 

The results of experimental studies of physico-mechanical properties of the centrifuged and vibrated 
samples were given in [20]. The properties of inhomogeneity of a fresh concrete mix were evaluated to 
determine the changes in water-cement ratio, residual water content and density along the thickness of the 
centrifuged sample, as well as the changes in strength properties of hardened concrete. As a result, a 
numerical experiment to study the carrying capacity of the centrifuged supports of the power lines was 
conducted, taking into account the obtained dependence of the change in concrete strength along the wall 
thickness of the product. 

In [21], an issue of temperature wave propagation along the wall of the hollow cylinder with an abrupt 
change in temperature of internal medium arising from the motion cessation or circulation of a heated flow 
was considered. An algorithm for calculating the temperature field by a numerical method was shown using 
an explicit finite-difference scheme of enhanced accuracy under cylindrical symmetry conditions, under 
boundary conditions of the first kind. The results of calculation of the temperature wave penetration depth were 
given by the considered algorithm depending on time passed after thermal effect. 

The results of numerical solutions of underground and aboveground structures spatial problem taking 
into account the work of the surrounding infinite massif in homogeneous and inhomogeneous areas were 
given by a combined method [22−24]. 

In [25] the definition of rational parameters of the developed compensating device of the pipeline in a 
triangular form was given using the computational-experimental research methods. The coefficient of the 
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compensating device form refinement was obtained by computational-experimental research methods, 
structurally performed using the curved pipe bends, to reduce longitudinal compressive force arising from 
temperature difference to the level of the overall stability of the pipeline in longitudinal direction. 

An aspect of numerical simulation to assess the possibility of the centrifugal modeling of the solute 
substances in adsorptive, radionuclide and reactive solutions [26] was studied. As a result, it was shown that 
it is possible to conduct centrifugal experiments to evaluate physical processes or chemical reactions. 

In the above scientific studies the actual problems of underground pipeline-soil interaction under 
temperature effects have not been experimentally studied. So, the study of underground pipeline-soil 
interaction using the method of the centrifugal modeling is of great scientific and practical interest. 

2. Methods 

2.1. The methods to conduct experimental studies 

Conducting field experiments to study the stress-strain state of pipelines and determine the parameters 
of pipeline interaction with surrounding soil requires large capital expenditures and a long period of time. 
Besides, creating dynamic and static loads identical in each series of experiments is extremely difficult [27]. 
These difficulties in experimental studies can be overcome if to proceed to model experiments, in particular, 
to use the method of centrifugal modeling − one of the most progressive experimental modeling methods [28]. 
In the most complex cases, which are beyond the approximate mathematical modeling and to check the results 
of calculations and design, experimental modeling is used, in which centrifugal modeling is practically the only 
procedure that could predict the state of the system over time [29]. 

Currently, the centrifugal modeling method is widely used in various fields of science and technology. 
Centrifugal modeling as a method is rapidly developing in the world; the importance of the method in 
construction has increased significantly; extensive material has been accumulated that is directly related to 
the solution of actual practical problems [30, 31]. 

Modeling is a tool to study the state of objects and the processes occurring in them. In physical 
modeling, the system under study (a full-scale structure) is reproduced using an equivalent system (model of 
the structures, as a rule, having a smaller size). At the same time, natural processes are reproduced in the 
model in such a way as to obtain the necessary information in the most reliable, simple, quick and cheap way, 
and in some cases even more completely than when observed on a full-scale object or by calculation. 

However, at ordinary physical modeling of earth structures, the nonlinear relationship between stresses 
and strains distorts the entire picture of the stress state of the model compared to a full-scale object, the 
strength in a small model increases. In this case, as a rule, only qualitative information about the object can 
be most easily obtained. In order to achieve complete similarity between the model and the structure (to ensure 
equality of stresses and strength and proportionality of strains) and to obtain the necessary quantitative 
information about the object, it is necessary to increase the weight per unit volume of the model material. 

Only one method opens up this possibility − the method of centrifugal modeling, which is qualitatively 
different from other methods of physical modeling. The qualitative and fundamental difference of the centrifugal 
modeling method is as follows: 

 in centrifugal modeling, the material of full-scale objects is used in models; 

 the model is placed in the field of centrifugal forces (similar to the gravitational field), which increases 
the weight of a unit volume of the model material; 

 in a model located in the field of centrifugal forces, a stress state is created which is identical to the 
one in a full-scale object. 

All this ensures the complete preservation of the physical nature of phenomena and processes under 
study. Compared with the natural conditions, only the time scale of their occurrence changes; this makes the 
centrifugal modeling method progressive and most effective. Using this method, it is possible to make 
significant additions to the calculations, in many cases to get more accurate results; in some cases this method 
allows researchers to solve such complex and not studied until now issues that so far are beyond research 
either by analytical (calculated) way or by field observations. 

Principal relationships. The centrifugal force field (used as a force field, similar to a gravitational one) 

created by the centrifugal machine has n times greater intensity; here n is the linear scale of modeling 

2

1
efR

n
g


 

,                                                                   (1) 
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where ω is the angular velocity of the centrifuge; Ref is the effective radius of rotation; g is the gravitational 

acceleration. 

The model of the structure is placed in the field of centrifugal forces, so far from the axis of rotation and 
the intensity of the centrifugal field is taken so significant that the influence of gravitational forces that distort 
the field of forces in modeling can be neglected. 

The main point of the method can be understood from the following simple example. When modeling 
static stresses under structure own weight, it is necessary to satisfy the condition 

,H idem 
               (2) 

where γ is the weight per unit volume of material (soil); H is the thickness of the soil layer. 

For the natural conditions (full-scale conditions) 

,n vm g 
                                                                        (3) 

where γn is the force acting per unit volume of material (soil) in the gravitational field, mv is the mass of a 

substance per unit volume. 

The acceleration can be changed by causing inertial forces in the system (model) under consideration, 

for which the system must be subjected to some acceleration i. Then the total acceleration vector of the model 

is: 

ma g i 
                                                                       (4) 

and 

m v mm a 
                                                                      (5) 

where, γm is the force acting on a unit volume of this material (soil) in the model in total force field of inertia 

and gravity. 

If the model is done n times less than a full-scale structure, then according to (2) the equality of stresses 

is expressed by 

n m

H
H

n
 

                                                                   (6) 

or 

m nn 
                                                               (7) 

Substituting (3) and (5) in (7), we get 

,v m vm a nm g
 ma gn

                                                       (8) 

that is, the basic rule of centrifugal modeling under considered conditions is that the model is affected by 
volume forces that exceed the force of gravity as many times as the model is smaller than the actual 
structure [29]. 

With this method of modeling, the quantitative characteristics of the phenomena and processes 
observed in the model are directly transferred to the natural conditions through appropriate scale factors, in 
particular: 

;n mn
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where  is the length; S is the area; V is the volume; P is the force; σ is the stress; γ is the volume weight; T 

is the temperature; t is time; n, m are the indices corresponding to the full-scale structure and the model. 
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In case of modeling the motion of mechanical system, time t in centrifugal modeling will be n times less 

than in natural conditions, while in modeling the processes with viscous strains it will be n2 times less. Varying 

the speed of rotation of the centrifuge, according to (2) the desired simulation scale can be selected. An 
account of all possible errors associated with the measurement accuracy and with the accuracy of the 
gravitational field modeling is given in [30–32]. 

Currently, the use of polymer pipes to convey various media (water, gas, oil, etc.) is growing rapidly. 
This is due to the advantages of the pipes made of polymer materials as compared to metal pipelines. 
Therefore, studies of the polymer pipe behavior under various static and dynamic loads are relevant. With this 
in mind, we have investigated the effect of the temperature factor on the stability of polymer pipes laid in the 
ground at various depths. 

The proposed experimental research technique can be used to study the behavior of underground 
pipelines made of various materials, taking into account their geometric parameters and soil conditions under 
temperature effect. 

2.2. Experimental studies 

Experimental studies of polymer pipes under temperature effect have been carried out on a modernized 
centrifugal installation of the Institute of Mechanics and Seismic Stability of Structures of the Academy of 
Sciences of the Republic of Uzbekistan. The existing measuring complex based on the light-beam 
oscillographs was replaced by a new recording system “sensor + amplifier + analogous digital converter + 
personal computer + software”. The created program of sensor signals registration allowed us to avoid the 
use of photographic paper and chemical processing, to significantly reduce the processing time and to observe 
the experiment in real time on the computer monitor. The results of instrumental measurements in numerical 
and graphical form are given immediately after the end of the experiment. The data obtained during the 
experiment are saved as files and can be reused later. 

A four-channel measuring complex was used to conduct model experiments on a centrifugal unit. Three 
measuring channels were intended for recording signals from strain gauges installed on the object under study 
and one channel for recording the centrifuge speed using an optical sensor. 

It should be noted that in recent decades, the use of polymer pipes for transporting various media (water, 
gas, oil, etc.) has increased rapidly. This is due to the advantages of the pipes made from polymeric materials 
when compared to metal pipelines. Therefore, the studies of the behavior of polymer pipes under various static 
and dynamic loads are relevant. 

With this in mind we have investigated the effects of the temperature factor on the strain in polymer 
pipes embedded in ground at different depths. The experiments have been carried out in a centrifuge with an 

effective radius of rotation Ref = 1.75 m, with a working scale of modeling n = 40 (Fig. 1). Experiments have 

been carried out using the carriage 1 (Fig. 2, a) with dimensions: working section length – 35.2 cm; working 
section width − 23.8 cm; working section height – 30.0 cm. 

  

Figure 1. General view of a centrifugal installation with a measuring complex. 
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a. b.  

Figure 2. (a) – a carriage with a tube model located on an earth base: 
1 – a centrifuge carriage; 2 – a tube model; 3 – a displacement sensor. 

(b) – a tube model with heating system: 4 – a tube model; 5 – a spiral, 6 – a quartz tube 

A polymer tube 4 (Fig. 2, b) was used as an experimental sample (tube model P4004T) with the following 

geometrical dimensions: total tube length lm = 28.2 cm, outer diameter of the tube d1m = 2.2 cm, internal 

diameter of the tube d2m = 1.5 cm, tube wall thickness ∆m = 0.35 cm, working section length of the tube 

lm = 26.3 cm. 

Accordingly, the geometrical dimensions in full-scale conditions are: the total length of the pipe 

ln = 11.28 m, the outer diameter of the pipe d1n = 0.88 m, the internal diameter of the pipe d2n = 0.60 m, the 

wall thickness of the pipe ∆n = 0.14 m, the working section length ln = 10.52 m. 

Characteristic features of the sample material of polymer pipeline of P4004T brand are as follows: 
density 9.41–1.53 kN/m3, tensile yield strength 23000 kN/m2 and elongation of 250 %. 

To carry out the experiments, a quartz tube 6 (Fig. 2, b) was placed inside a model made of a polymer 
tube to isolate and uniformly distribute the temperature along the contour. Inside the quartz tube, a spiral 5 
was placed (Fig. 2, b), which heated up the system to the desired temperature, the value of which was 
controlled by the LATR autotransformer. 

To determine the laws of temperature change under different heating conditions, preliminary an 
experiment has been conducted with a tube located on soil surface. A loamy soil of disturbed structure with a 

volume weight of γ = 14.5 kN/m3 and moisture-content W = 9 % was chosen as the soil sample. One end of 

the tube model was rigidly fixed, and the other end could move freely along the tube axis. The displacements 

of the free end of the tube model ΔZ have been recorded using a strain gauge, calibrated in advance. When 

voltage was applied to the electric coil, the model of the tube heated up and lengthened, and the change in 

tube temperature ΔT has been determined from the relation: 

,nZ T Z   
            (10) 

where ΔZ is the elongation of the tube determined from the calibration data, Z is the tube length at room 

temperature, α is the coefficient of temperature expansion of the tube material α = 1.5 × 10-4 1/deg. 

Having determined the law of temperature variation over time, the experiments then have been carried 
out to determine the displacements of a model of an underground hot-water system made of polymer pipes at 
different depths of embedment in soil. So, in a compacted soil, by centrifuging for 30 minutes (which in nature 
conditions corresponds to 33 days), a foundation was built up on which the model of tube 2 was bedded 
(Fig. 2, a), and then it was filled up with soil. One end of the tube was fixed rigidly in the centrifuge carriage a 
specially made strain gauge sensor 3 was installed at the second free end to measure the tube displacements 
relative to soil at various temperatures. 

At the level of the upper part of the pipe model, a sensor was installed to measure the soil pressure on 
the pipe. Before heating the tube, the filling was compacted by rotating the centrifuge for 25-30 minutes. 

The values of displacements of the model of underground hot-water system under temperature changes 
depending on the voltage on the heating element have been determined by the readings of the computer 
based on the calibration data. The depth of laying the model pipe in the experiments was changed from 3.0 to 
9.0 cm, which in full-scale conditions corresponds to the depth of laying from 1.2 to 3.6 meters. According to 
the results of the experiments and analysis of the data obtained, graphs of changes in the tube elongation 
were constructed for different heating modes and depths. 
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3. Results and Discussion 

Fig. 3 shows the dependences of polymer tube elongations over time after stabilization of the centrifuge 
rotation at different depths and voltage variations on the heater. 

Fig. 3 (a) shows the dependences of the tube elongation over time when the centrifuge is rotated within 
20-25 minutes: curves 1, 3, 5 correspond to the elongations of the tube lying on the soil surface; curves 2, 4, 

6 correspond to tube elongation located at a depth of Hm = 3 cm. Curves (1, 2), (3, 4), (5, 6) are obtained 

when the tube is heated, caused by a change in voltage on the heater at 15 V, 10 V, 5 V, respectively. 

a. b.  

Figure 3. The dependence of polymer tube elongations over time  
on the voltage change in the heater at different depths. 

Fig. 3 (b) shows the dependences of the tube elongation over time, located at the depth Hm = 6 cm 

(curves 7, 9, 11) and Hm = 9 cm (curves 8, 10, 12), caused by a voltage change on the heater. Curves (7, 8), 

(9, 10), (11, 12) are obtained by rotating the centrifuge for 30-35 minutes at the voltage of the heater 15 V, 
10 V, 5 V respectively. 

The instrumental data obtained show that the tube elongates with the temperature increase, and the 
tube deformation at the beginning of its heating process for 15-20 minutes is non-linear; then at constant 
temperatures, the tube displacements reach the maximum values and remain constant. The elongation of the 
tube lying on the soil surface differs significantly from the one of the embedded tube, depending on the depth. 
In general, with an increase in the depth of the tube, its elongation decreases markedly depending on the 
temperature acting on it. 

Fig. 4 shows the change in soil pressure depending on the depth of the tube embedment at centrifuge 
rotation for 25-30 minutes. As seen from the figure, at the beginning of centrifuge rotation the soil pressure on 
the tube increases almost in direct proportion. During the first minutes, when the centrifuge begins its rotation, 
the pressure increases minimally. After 4 minutes of acceleration and stabilization of the rotational speed of 
the centrifuge, the pressure in soil is increasing for about 13 minutes; this is associated with soil compaction. 
The experiment shows an increase in soil pressure on the structure and its tendency to its asymptotic value 
depending on the duration of the centrifugal forces. 

 
 

Figure 4. Pressure changes in soil depending  
on the tube depth. 

Figure 5. Dependence of tube elongation  
on temperature at different depths:  

1 – free location; 2 − Hm = 3.0 cm;  

3 – Hm = 6.0 cm; 4 − Hm = 9.0 cm. 

Fig. 5 shows the dependences of the tube model elongation on temperature at different depths of its 

embedment: 1 − at free location on the soil surface; 2, 3, and 4 − at depths of embedment Hm = 3.0 cm, 
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Hm = 6.0 cm and Hm = 9.0 cm respectively, which in nature laying depth corresponds to Нn = 1.2 m, 

Нn = 2.4 m и Нn = 3.6 m. 

At constant value of the tube depth its elongation increases with an increase in temperature, and at 
constant values of temperature with an increase in soil pressure, the elongation of the tube decreases 
depending on its depth. 

4. Conclusion 

As a result of the present work, the following conclusions can be outlined: 

1. With an increase in the depth of the polymer tube at the same temperature, the tube elongation 

decreases markedly. At a constant temperature T = 600 C, the tube displacement in a free state is at 

Нm = 0 cm, Um = 2.1 mm; at Нm = 3.0 cm, Um = 1.6 mm; at Нm = 6.0 cm, Um = 1.35 mm; and at Нm = 9.0 cm, 

Um = 1.2 mm, which as a percentage is 76 %, 64 % and 57 % of the free state of tube displacement. 

2. With an increase in the temperature effect at the same depth, the tube elongation increases. At a 

constant depth of tube embedment Nm = 6.0 cm, at an increase in temperature from T = 30 °C to 60 °C, the 

tube elongation increases from 0.26 mm to 1.3 mm. 

3. With an increase in depth the values of soil pressure on the tube increase, tending to a certain 
asymptote. 

4. The developed measuring system to record experimental data using a computer as a recording 
device made it possible to observe the experiment in real time and store the data obtained from the sensors 
in files. 

5. The results obtained can be used in calculation and design of underground polymer pipelines for 
earthquake resistance. 

6. In the future, the authors will conduct extensive research on this topic with various samples of 
polymer pipelines under various ground and temperature conditions. 

7. At the moment, in scientific literature there are no results of experimental studies on underground 
polymer pipelines using the centrifugal modeling method. Therefore, the research results are not compared 
with the results of other scientific studies. 
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Abstract. Turning waste into construction materials recently gets much attention from the researchers in 
the world due to the advantages of not only the eco-friendly environment but also the positive enhancement 
of material characteristics. Thus, this study investigates the feasibility of the use of a ternary mixture 
consisting of cement, ground granulated blast-furnace slag (GGBFS), and fly ash (FA) for producing foamed 
ultra-lightweight composites (FULC) with the designed dry density of approximately 700 kg/m3. The FULC 
specimens were prepared with various FA/GGBFS ratios (16/24, 20/20, and 24/16) and foaming 
agent/water ratios (1/60, 1/80, 1/100, and 1/120). The constant water-to-binder ratio of 0.2, cement content 
of 40 % by mass, and superplasticizer dosage of 0.2 % by mass were applied for all FULC mixtures. 
Properties of the FULC specimens were evaluated through laboratory tests of compressive strength, dry 
density, thermal conductivity, water absorption, and thermal behavior following the relevant ASTM 
standards. Additionally, both the microstructure observation and cost analysis of all FULC mixtures was 
performed. Test results show that reducing GGBFS content resulted in a reduction in the compressive 
strength, dry density, thermal conductivity, and cost of the FULC. A similar trend could be observed when 
reducing the concentration of foam in the FULC mixtures. As the results, the 28-day compressive strength, 
dry density, thermal conductivity, water absorption, and cost of the FULC were in the ranges of  
4.41–5.33 MPa, 716–729 kg/m3, 0.163–0.182 W/mK, 41.5–48.5 %, and 15.3–20.9 USD/m3, respectively. 
Furthermore, the FULC exhibited excellent performance under fire conditions as the maximum temperature 
at the internal surface of the FULC and the normal brick walls were 122 °C and 318 °C after 120 minutes of 
firing, respectively. Consequently, both GGBFS and FA had enormous potential for the production of FULC. 

1. Introduction 
Vietnam is facing the demand for housing because of the increase in population density, while the 

land for construction is limited. That is the reason for the existence of high-rise buildings or skyscrapers, 
which solves the issues involving human shelter as well as land use. On account of these problems, the 
solutions are pointed to resolve the situation that buildings have to face up to the heavy-weight and such 
things as comfort. Foam concrete (FC) is invented to serve sustainable development and respond the 
human life, and FULC is one of the possible products involving to FC. FC is known as durable, lightweight 
construction materials, which provide the construction industry lots of advantages by decreasing cost, 
insulation capacity, and fire resistance of structures [1]. 

On the other hand, the cost of materials is crucial concerned having a significant effect on the 
construction; it occupies nearly 60 % of the total cost of building construction [2]. The using of FC can 

https://creativecommons.org/licenses/by-nc/4.0/
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replace a brick wall to lighten the weight of the building and to cheapen the foundation cost. The smooth 
surface of foam concrete reduced the cost for plastering as well as construction price. Moreover, the 
lowering of the air-conditioning cost is in parallel with the reduction of heat flow [3]. Containing an amount 
of pore (having a total volume of at least 20 %) and having a lot of artificial air-void trapped inside its 
specimens by using a suitable foaming agent are the excellent characteristics of FULC [4, 5]. The use of 
FULC provides impressive performance to the building, for the structure of FULC create insulations from 
heat and act as sound-proof [1]. It is well-known as perfect, an insulating material that is going to hit wide 
distribution in construction. 

Nowadays, scientists have been investigating the enhancement of FULC properties to find out and 
maximize the application. That FULC productions have been using day by day, the scientific research on 
FULC will continue to exploit its characteristics to improve construction development. There are ranges of 
scientific journals that investigate the production of FULC, to mention that FC has advantages of thermal 
insulation properties, fire-resistant, and durability [6−8]. The idea of increasing the level of thermal 
protection and improving the humidity regime using a wall made of lightweight materials has been well-
applied by Russian researchers [9, 10]. Thus, FULC is invented to serve sustainable development and 
respond the human life. Having said that FULC is a potential material that can multiply research to discover 
the leading topic. In spite of the application are widening, the production of FULC gradually become tougher, 
which is due to the scarcity of input material such as cement. The issues related to cement production are 
becoming seriously because of environmental problems. Currently, the world's annual demand uses more 
than 4 billion tons of cement [11], not mentioned it exhaust approximately (5 % CO2) [12] to the 
environment. Coupled with the growth of the industry, the ongoing conduct of research topics on using 
industrial waste to minimize a substantial environmental agent and maximize the production of construction 
material has been continuing. These studies on FC by using industrial waste that can be mentioned such 
as the addition of ultrafine GGBFS provided an increase in the compressive strength of FC when using 
GGBFS as partial cement replacement [13] or the substitution of sand by FA in FC mixes lower foam volume 
because of FA fineness [14]. 

This investigation focuses on the combination of blended binders, including FA, GGBFS, and 
ordinary Portland cement (OPC) to manufacture and aim to assess the characteristics of FULC. The topic 
thereby contributes to the science of FULC in particular and concrete in general. 

2. Materials and Methods 
2.1. Materials 

Type-I OPC conforming to ASTM C150, GGBFS conforming to ASTM C989, and FA conforming to 
ASTM C618 were used as the binder materials in this study. Specific gravities and chemical compositions 
of cement, GGBFS, and FA are listed in Table 1. 

As can be seen, cement and GGBFS comprised CaO and SiO2 majorly, whereas high content of 
SiO2 and Al2O3 was found in FA. Fig. 1 shows the particle size distribution of GGBFS and FA. Fig. 2 shows 
the morphology of raw materials consisting of GGBFS and FA by using scanning electron microscopic 
(SEM). It can be seen that GGBFS had irregular shapes, while FA contained a lot of spherical particles with 
different sizes. 

Table 1. Specific gravity and chemical compositions of raw materials. 
Properties Cement GGBFS FA 

Specific gravity 3.15 2.92 2.26 

Chemical composition 
(wt.%) 

SiO2 20.0 35.6 55.3 
Al2O3 4.2 11.3 22.7 
Fe2O3 3.1 0.5 5.9 
CaO 62.4 41.0 5.7 
MgO 4.2 6.5 1.6 
K2O 0.4 0.6 1.5 

Na2O 0.3 0.3 3.8 
 L.O.I* 1.75 4.71 2.74 

*L.O.I – loss on ignition 
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Figure 1. Particle size distribution of raw materials. 

 
(a) FA 

 
(b) GGBFS 

Figure 2. SEM images of raw materials. 
The mineralogical compositions of GGBFS and FA were determined by using X-ray diffraction (XRD), 

as shown in Fig. 3. The non-crystalize phase existed in the GGBFS structure without any peak whereas 
the high intensity of quartz was found in FA, which is considered as crystalize phase. 

 
Figure 3. XRD patterns of raw materials. 

In this study, the pale brown liquid EABASSOC foaming agent with a specific gravity of 1.02 and pH 
(in solution) of 6.7 and type-G superplasticizer (SP) sourced from China with a specific gravity of 1.34 were 
used for the preparation of FULC samples. 

2.2. Mixture proportions 
Six mixture proportions are prepared in this study, as shown in Table 2. Constant percentages of 

foam, water, and SP contents were 5, 16, and 0.2 % by mass of FULC, respectively. The content of 40 % 
cement by weight of FULC was kept constant to assess the influence of FA and GGBFS on properties of 
FULC. The proportions of FA and GGBFS were in the range of 16–24 % by mass of FULC. It was reported 
that the foaming agent/water (F/W) ratio affects the formation of the void and porosity of FULC. Therefore, 
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the F/W ratios of 1/60, 1/80, 1/100, and 1/120 were prepared to evaluate the effects of the F/W on the 
characteristics of FULC. 

Table 2. Mixture proportions of FULC. 

Materials 
% by mass 

M1 M2 M3 M4 M5 M6 

Cement 40 40 40 40 40 40 

FA 16 20 24 20 20 20 

GGBFS 24 20 16 20 20 20 

Foam 5 5 5 5 5 5 

Mixing water 16 16 16 16 16 16 

SP 0.2 0.2 0.2 0.2 0.2 0.2 

F/W* 1/80 1/80 1/80 1/60 1/100 1/120 

*F/W − foaming agent-to-water ratio 

2.3. Mixing procedure and specimen preparation 
All of the materials were kept in anti-moisture bags to prevent the moisture before mixing. The foam 

was initially generated from different F/W ratios (as shown in Table 2) using a foam generator. After making 
the foam, the mixing procedures can be started as follows: Firstly, cement, FA, and GGBFS were dry mixed 
uniformly in a laboratory mixer for 1 min. Mixing water with SP was then gradually added to the dry mixture 
and allowed to mix for 2 min to obtain a uniform fresh mixture. Finally, the foam was added to the fresh 
mixture and mixed for another 2 min to get a homogenous fresh paste. 

After mixing, the fresh pastes were cast in 50-mm-per-side cube-shaped molds, as seen in Fig. 4. 
The surfaces of the specimens were then sealed with plastic films to avoid water loss. All specimens were 
de-molded for 24 h after casting and cured in water until the designated test ages. The finished products 
were put in laboratory conditions and remolded after 24 h. Right that, all FULC specimens were cured at 
room condition until the day of testing. 

 
Figure 4. FULC specimens. 

2.4. Test methods 
Compressive strength of FULC specimens was tested at the ages of 3, 7, 14, and 28 days according 

to ASTM C109, which can be considered as the modified standard for testing compressive strength of the 
prepared 50×50×50 mm FULC specimens. 

After the compression test, the small pieces obtained from the broken FULC specimens were used 
for analyzing their microstructure by scanning electron microscopy (SEM). The experiment was performed 
following the guidelines of Hwang and Huynh [15]. In addition, density, water absorption, and voids of 
specimens were measured per ASTM C642. The thermal conductivity (TC) was recorded using a portable 
device model ISOMET 2014 as described by Hwang and Tran [16] to measure the correlation between 
density and porosity as well as the voids inside FULC. 
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It is noted that three specimens of each FULC mixture were subjected to each test, and the average 
value of the three specimens was reported. 

2.5. The temperature distribution in the wall by a finite element model 
Heat transfer through walls is the energy transmission process that involves objects having different 

temperatures. The heat transfer typically goes following three different patterns, including heat conduction, 
heat convection, and thermal radiation. Therefore, modeling of heat transfer must consider the whole solid 
bodies of a wall, as well as the convection and radiation between the substantial mass of the wall and the 
external heating sources [17]. 

Basic equations of heat transfer as described in equation (1) [18, 19]: 

2 ,TT c
t

∂
λ∇ = ρ

∂               (1) 

where: λ is the thermal conductivity, W/(m.K); c is the specific heat, J/(kg.K); ρ is the density, kg/m3;  
∇2T = div(grad T) is the Laplace temperature operator. 

A variety of boundary conditions, including temperature conditions, heat flow conditions, convection 
boundary conditions, radiation boundary conditions is often solved in heat transfer analysis. In this study, 
temperature conditions and convection boundary conditions were used as boundary conditions to solve the 
problem of heat transfer and equation (2) can be described as follows [20]: 

( )– ,c cq h T T=               (2) 

where: Tc = Tc(t) is the temperature of the convective medium, °C; T = T(t) is the temperature of the solid 
surface, °C; h is the convection coefficient, W/(m2.K). 

The wall of size 3.3×1.1×0.1 m was modeled in ANSYS APDL software. The specific heat, thermal 
conductivity, and density of brick walls were given as a function of temperature in the range  
20 ≤ T ≤ 1200 °C. For simplicity in computational analysis, according to studies [21–23], this simulation 
assumes the average value of specific heat, thermal conductivity, and density, as given in Table 3. The 
temperature profile of the wall was plotted by exposing the wall to the standard fire curve ISO 834, as shown 
in Fig. 5. 

 
Figure 5. Temperatures versus time curves of standard fire curve ISO 834. 

Table 3. Material properties. 

No. Property FULC wall* Normal brick wall 

1 Thermal conduction coefficient, W/(m.K) 0.380 1.25 

2 Specific heat, J/(kg.K) 0.85 0.92 

3 Density, kg/m3 716 2090 

4 Convection coefficient, W/(m2.K) 25 25 

*FULC − foamed ultra-lightweight composite 
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Furthermore, the thermal conductivity of the FULC wall was compared with that of the normal brick 
wall under fire conditions to evaluate the thermal characteristics of FULC. It is noted that normal brick is 
one of the most popular and widely used construction materials in Vietnam. Therefore, it is chosen for the 
comparison with the FULC in order to demonstrate the advantages of using FULC instead of normal brick 
in terms of thermal behavior. 

3. Results and Discussion 
3.1. Compressive strength 

Compressive strength development of the FULC specimens with various FA/GGBFS ratios is shown 
in Fig. 6. It can be seen that the FA/GGBFS ratio affected the compressive strength of FULC. The higher 
the FA/GGBFS ratio, the lower the compressive strength, regardless of age curing. There was an increase 
in the compressive strength of FULC when using the smaller amount of FA and higher amount of GGBFS 
(i.e., the higher FA/GGBFS ratio). The increase in compressive strength was due to the existence of FA 
and GGBFS, which filled the voids between grains and contributed to the better size distribution of the 
matrix, resulting in a reduction of porosity (as can be observed in Fig. 8) and thereby, improving 
compressive strength [24, 25]. In addition, Wang et al. [24] and Tangpagasit et al. [26] previously reported 
that the reactions between reactive SiO2 and Al2O3 available in source materials and Ca(OH)2 formed from 
cement hydration created secondary hydration products such as C–S–H and C–A–S–H. The amount of 
these products increased over time, and they filled voids inside FULC, resulting in the denser structure. 
This may be a possible explanation for the strength results obtained in the present study. 

 
Figure 6. Compressive strength development of the FULC specimens  

with various FA/GGBFS ratios. 
In general, the use of a higher amount of foam negatively affects the compressive strength of the 

FULC specimens, especially at the early ages [27]. The effect of F/W ratios on the compressive strength of 
FULC specimens is shown in Fig. 7. The high amount of foam (i.e., the low F/W) decreased the 
compressive strength of FULC. This behavior was due to an increase of void volume and the negative 
influence of foam on the pore size distribution and the quality of binding skeleton, resulting in a decrease 
in the final strength of the porous matrix [28, 29]. 

 
Figure 7. Compressive strength development of the FULC specimens with different F/W ratios. 
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3.2. Microstructure 
The microstructure of FULC samples was shown in Fig. 8 by using a scanning electron microscopy 

technique (SEM). As seen in Fig. 8(a), M1 remained the unreacted GGBFS particles with angular shapes 
that formed the non-homogeneity structure inside the FULC specimen. The appearance of GGBFS and a 
suitable superplasticizer decreased air-void spaces and narrowed air-void size distributions [30]. Fig. 8(c) 
shows that the higher amount of unreacted FA particles. It indicates that FA played a role as an inert 
component, instead of pozzolanic material. The filler role of FA resulted in a more uniform distribution of 
pores and prevented from merging and overlapping of pores at higher foam content [31]. 

In addition, the air-void spaces were formed when adding the high amount of foam to FULC 
specimens, as shown in Fig. 8(b), (d), (e), and (f). The expansion of internal pores volume gradually 
exposed as seen in Fig. 8(d), (b), (e), and (f) with the use of F/W at the levels of 1/60, 1/80, 1/100, and 
1/120, respectively. Thus, the inclusion of foam restructured and changed characteristics through the 
formation of bubbles inside the FULC specimen. It leads to increase porosity and thus minimize TC property 
of the FULC. The previous research proved that the properties of foam concrete have no relation with air-
void shape because of the approximately same shape of all air voids and independence of foam volume 
[31]. Cebeci [32] also proved that the large voids do not change the characteristics of the fine pore structure 
of hardened cement paste. Moreover, it is found that the amount of foaming agent used affected not only 
the physical properties but also the production cost of the FULC. 

  

(a) M1 (b) M2 

  
(c) M3 (d) M4 

  
(e) M5 (f) M6 

Figure 8. SEM images of the FULC specimens at 28 days. 
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3.3. Dry density and water absorption 
Table 4 lists the engineering properties of FULC mixtures. The density of all of the FULC specimens 

was in the range of 716–728 kg/m3. The higher the foam amount, the lower the density of FULC. The 
inclusion of foam released air-entrapped parts leaving the void spaces and increased the porosity inside 
the FULC structure. As a result, the density of FULC specimens reduced, and their water absorption 
increased. Moreover, the introduction of foam leads to the reduction of FULC production cost significantly 
from 20.9 USD/m3 for FULC with F/W = 1/60 to 15.3 USD/m3 for FULC with F/W = 1/120 (Table 4). 

Table 4. Engineering properties of the FULC specimens. 

Mixtures Dry density 
(kg/m3) 

Thermal conductivity (W/mK) Water 
absorption (%) Cost (USD/m3) 

SSD* OD** 

M1 726 0.454 0.178 44.4 18.6 

M2 721 0.445 0.175 45.7 18.0 

M3 717 0.438 0.168 46.9 17.5 

M4 728 0.495 0.182 41.5 20.9 

M5 719 0.441 0.171 46.7 15.6 

M6 716 0.380 0.163 48.5 15.3 

*SSD – saturated surface dry condition; **OD – oven dry condition 

Although it can be seen the relationship between the dry density of the FULC and its compressive 
strength and water absorption rate through the data provided in Table 4 and Fig. 6 and 7, these relationships 
are clearly displayed in Fig. 9 and 10. 

Fig. 9 shows the relationship between dry density and compressive strength. It can be expressed by 
equation (3) with R2 = 0.93: 

21248.4 232.6 25.3 .y x x= − +             (3) 

It is reasonable that the higher dry density of the FULC was proportional to its higher compressive 
strength value. As aforementioned, the lower the amount of foam in the FULC mixtures, the lower the 
porosity of the FULC samples. Thus, the denser structure of the FULC samples resulted in the higher dry 
density, which consequently leads to the higher compressive strength of the FULC samples, as can be 
seen in Fig. 9. 

 
Figure 9. The relationship between dry density and compressive strength  

of the FULC specimens at 28 days. 
Moreover, Fig. 10 shows the relationship between dry density and water absorption. There was an 

adverse relationship between dry density and water absorption, as shown in a representative equation (4) 
with R2 = 0.91: 
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2523.2 10.9 0.14 .y x x= + −             (4) 

The negative correlation is due to the characteristics of FA, whose crystal contained a considerable 
amount of quartz phase. Hence, the involvement of FA in the chemical reaction of the system is limited and 
thus releasing the gaps inside the FULC structure. The excessive addition of foaming agent commonly 
created air-voids and thereby, resulting in the low density and the low compressive strength [31]. 
Furthermore, the air-void parameters, including volume, size, and spacing, influenced strength and density 
[31]. It was also found that the air-void size distribution is one of the essential micro-properties affecting the 
strength of foam concrete [33]. 

 
Figure 10. The relationship between dry density and water absorption  

of the FULC specimens at 28 days. 

3.4. Thermal conductivity 
The 28-day TC values recorded for the FULC specimens at both saturated-surface-dry (SSD) and 

oven-dry (OD) conditions are given in Table 4. 

 
Figure 11. The relationship between dry density and thermal conductivity  

of the FULC specimens at 28 days. 
As the results, the TC values were in the range of 0.380–0.495 W/(m.K) and 0.163–0.182 W/(m.K) 

for the FULC specimens in SSD and OD conditions, respectively. Thus, the SSD-TC of the FULC 
specimens was about 2.5 times higher than the OD-TC of the FULC specimens. This finding is supported 
by the previous results reported by Kim et al. [34] as the TC was proportional to the moisture of the 
specimens. The TC results from Table 4 also reveal that the effect of FA/GGBFS ratios on the TC of the 
FULC specimens was less significant than the impact of F/W ratios TC of the FULC specimens. Papa et 
al. [35] previously reported that higher void volume resulted in lower TC of the material. On the other hand, 
Fig. 11 shows the linear correlation between TC and the dry density of FULC specimens at the age of 28 
days as higher dry density was associated with higher TC values. 

3.5. The behavior of FULC under fire condition 
To create the finite element models in ANSYS APDL software, multiple tasks have to be completed 

for the model to run correctly. In this thermal model plane, 55 was used for the wall. This element is available 
in the elements library of ANSYS APDL, as shown in Fig. 12. 
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Figure 12. Finite element model. 

Temperature distribution in the wall exposed to fire depended on space and time. The temperature 
of the points (Node 1 – the center of the wall and Node 2 – the inside surface of the wall) for the two types 
of walls, including the FULC wall and normal brick wall, was analyzed as shown in Fig. 13. 

  

a. Node 1 b. Node 2 
Figure 13. The temperature at Node 1 (a) and Node 2 (b) in the FULC wall and normal brick wall. 

It is easy to observe the difference of temperature distribution between the center (Node 1) and outer 
points (Node 2) of the FULC wall and the normal brick wall. After 120 minutes of fire, the variation of 
maximum temperature at the center and surface of the normal wall brick and the FULC wall was 14.30 % 
and 61.49 %, respectively. As expected, the FULC wall had better insulation performance than the normal 
wall brick. This behavior is in good agreement with the result of the TC test. 

4. Conclusions 
The feasibility of the use of a ternary mixture of cement, GGBFS, and FA for producing FULC was 

investigated in this study. The mechanical and thermal properties of FULC were further evaluated. The 
following conclusions can be made based on the experimental outcomes: 

1. 28-day compressive strength of the FULC ranged from 4.41 to 5.33 MPa, which can be classified 
as Grade 5.0 of foamed lightweight concrete as stipulated by TCVN 9029–2017 Vietnamese standard. 
There was an increase in the compressive strength of the FULC (from 4.96 MPa to 5.25 MPa) when using 
the lower amount of FA and a higher amount of GGBFS. Moreover, the inclusion of a higher amount of 
foam negatively affected the compressive strength of the FULC specimens as the reduced strength from 
5.33 MPa to 4.41 MPa was observed. 

2. Dry density and water absorption of the FULC at 28 days were in the ranges of 716–729 kg/m3 
and 41.5–48.5 %, respectively. The higher the foaming agent amount, the lower the density, and the higher 
the water absorption rate of the FULC. 

3. After 28 days, the thermal conductivity of the FULC in SSD and OD conditions were in the ranges 
of 0.380–0.495 and 0.163–0.182 W/mK, respectively. The inclusion of more foam resulted in more void 
volume and thus lower TC value. Foam contributed to the comfort of the building by lowering thermal 
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transfer. Furthermore, it is interesting to find that the effect of FA/GGBFS ratios on the TC of the FULC 
specimens was less significant than the effect of F/W ratios TC of the FULC specimens. 

4. After 120 minutes under fire, the maximum temperature at the center of the FULC wall and the 
normal brick wall was 317.7 and 122.30 °C, respectively. Whereas, the maximum temperature at the outer 
surface of the FULC wall and the normal brick wall was 684.0 and 586.20  C, respectively. Thus, The FULC 
exhibited better performance under fire conditions in comparison with the normal brick. 

5. It could be observed from the SEM images of the FULC specimens that the air-void spaces were 
formed when adding a high amount of foam to FULC specimens. On the other hand, the foam not only 
affected the physical properties of FULC but also lowered the cost for the production of FULC when taking 
into account the effectiveness of optimization of the content of the use of a foaming agent. The material 
cost of the FULC mixtures ranged from 15.3−20.9 USD/m3. 

6. Consequently, industrial waste products such as GGBFS and FA can be potentially used for the 
production of FULC. In future work, the characteristic of FULC incorporating various types of waste 
materials should be investigated to enhance the background of the present study. 
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Abstract. The article is devoted to the development of mathematical dependence of determination the natural 
oscillation frequencies of reinforced concrete span structures according to the physical, mechanical, geometric 
and energy characteristics of their elements and materials. Carrying out and processing the results of the 
experimental studies as well as the analysis of literature revealed the ways of reducing the error of the existing 
mathematical dependences in determining the natural oscillation frequencies of the span structures. The use 
of Griffith’s energy approach, the account of the nonlinear law of stiffness changes and the subsequent 
approximation of the experimental data made it possible to reduce the error of the mathematical dependence 
in the process of determination the natural oscillation frequencies of span structures by 4.4 times. The effect 
obtained makes it possible to apply the developed mathematical dependence to monitor the technical condition 
of the reinforced concrete span structures and the numerical determination of the boundaries of their technical 
condition categories. 

1. Introduction 
The object of research is span-bearing reinforced concrete structures, which make up 40% of the total 

volume of building structures. One of the ways to assess their technical condition is vibration diagnostics. 

Today vibrodiagnostics is an extremely popular is an extremely popular method of technical monitoring 
because it gives the possibility to assess the technical condition of different systems. Also it can be used to 
assess seismic loads on buildings and structures, both of natural (earthquakes, wind loads) [1, 2] and of man-
made origin (aircraft take-off, launch of space rockets, traffic, etc.) [3]. 

Among the advantages of vibrodiagnostics the reduced (compared to other methods of nondestructive 
control) errors [4, 5] can be called. In addition, the natural oscillations frequency as a diagnostic feature of 
vibrodiagnostics takes into account the physico-mechanical, geometric, structural and other factors that 
characterize the decrease of the bearing capacity of the structural element in the assemblage. 

By means of vibrodiagnostics the technical condition of various buildings and structures [6−8] can be 
assessed. On the one hand, they include unique buildings, such as launch facilities of rocket and space 
complexes, the source of structural vibrations in them being the launch of the carrier rocket [9]. On the other 
hand, it can be buildings of historical heritage [10, 11], bridge structures [12, 13] or concrete columns [14], the 
source of oscillation in them is the load of man-made origin (technoseismic). 

In the process of assessing the technical condition category of buildings and structures the relationship 
of diagnostic signs of vibrodiagnostics with defects and destruction occurring in structures is of special interest 
[15]. 

The article [16] gives the analysis of the results of the vibration method used to determine the degree 
of damage in the structures. The software module developed for the localization of these damages is also 
given. The article shows that the natural frequencies of structure vibration, as well as the forms of their 
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oscillations are the most important characteristics that allow to obtain information about the state of the 
structure. 

In [17] a new feature is developed and proposed for the vibration methods – the index of damage. This 
step has been done in order to detect and locate damage in composite beams. The new method is compared 
with similar methods, for example, the deformation energy method. 

The article [18] discusses the possibility of using the computational and intelligent methods of structural 
monitoring of the composite materials. It is emphasized that the composite materials, unlike metal, can have 
an ideal appearance without visible damage, although they may have many microdefects inside. In this case, 
it is necessary to use the SHM (Structural Health Monitoring) system. 

In [19] the problem of damage detection in building constructions at external excitation is considered. 
The paper proposes a new index called the modal participation coefficient which is obtained on the basis of 
experimental data on the environmental vibration assessment. 

In article [20] it is shown that at the origin of microcracks or at the development of the main crack in a 
structure the potential energy of deformation which can create an acoustic signal is released. This signal can 
be recorded on the surface of the product as an acoustic emission. 

As the literature review shows, the relationship of vibrodiagnostic features with the characteristics of 
defects and damages formed in the structure during operation, as well as with the energy of crack formation 
has not been considered up to date. 

In addition, there is no data concerning the relationship of diagnostic features with the structure, phase 
composition of the construction material, as well as the presence of microdefects in it which are not detected 
during the visual inspection. 

The present international normative documents [21, 22] do not include the quantitative indicators that 
determine the categories of technical condition of buildings and structures and the safety of their operation. 

The existing methods of quality monitoring of the building structure technical condition require the 
determination of a large number of physical and mechanical characteristics and geometric parameters of 
elements and materials of structures for control calculations. The access to building structures for determining 
these characteristics is difficult in most of the buildings and structures in use (ceramic tiles, plaster, drywall, 
flooring, suspended ceilings, etc.). 

Then it will be urgent to develop the quantitative characteristics of the transition of one category of the 
technical condition of the structure into another, which will increase the accuracy and efficiency of determining 
its technical condition. The basis of the development is the experimental determination of the natural oscillation 
frequency. 

The goal of the study: to increase the reliability of monitoring the technical condition of load-bearing 
reinforced concrete structures by using vibration diagnostics. 

Research problem: on the basis of the conducted experimental studies, we obtain a mathematical 
dependence of the natural vibration frequency of span structures on the physical-mechanical, geometric, and 
energy characteristics of their elements and materials; error of the obtained mathematical dependence should 
be significantly reduced in comparison with the existing ones. 

2. Methods 
From the analysis of the literature it follows that the accumulation of defects and damages in the span 

concrete beam causes a decrease in its rigidity and the frequency of its own oscillations under the load action 
[23]. 

Analysis of the possibility of calculating the natural oscillation frequency of the structure shows that 
there is an analytical formula for determining the dependence of the natural oscillation frequency of span 
structures on a number of parameters, including the spatial stiffness of the section (1), [24]. However, the error 
in the determination of the natural oscillation frequencies for this dependence is as high as 35 %. 

 

2
0

,D
mL

φ
λ =                                                                             (1) 

where EID =  is spatial stiffness of the structure (it changes at the formation and the development of defects 
and damages), Nm2; E is reduced modulus of elasticity of the material of construction, Pa; I is moment of 
inertia of the cross section, m4; ϕ  is dimensionless frequency factor depending on the type of the construction 



Magazine of Civil Engineering, 98(6), 2020 

Sychova, A.M., Zarin, S.V., Matskevich, A.V. 

and the method of its fixing; 0L  is construction span, m; m is the structure mass distributed in the span per 
unit length (takes into account the actual load on the structure), Hsec2/m2. 

The task of the study was to develop a mathematical formula of determining the frequency of natural 
oscillations of span concrete structures with reduced error for its further application to control their technical 
condition. 

The main scientific idea of the work is as follows. 

1. To date the following relationship, Formula (2), is used to calculate the spatial stiffness D in Formula 
(1). This dependence makes it possible to determine the value of stiffness only at the final stage of the structure 
operation, Fig. 1, due to the fact that it takes into account the physical and mechanical characteristics of the 
structure’s material prior to their destruction. 

( )' ,b s sD E I I I= + α + α                                                                 (2) 

where bE  is the deformation module of the compressed concrete, Pa; I  is the moment of inertia of the 

concrete section relative to the center of gravity of the reduced cross-section of the element, m4; ',s sI I  is 
moments of inertia of the cross-sectional areas, respectively, of the stretched and compressed reinforcement 
relatively to the center of gravity of the reduced cross-section of the element, m4; α  is coefficient of reduction 
of reinforcement to concrete. 

 
Figure 1. Stages of the span structure operation. 

The work suggested that to reduce large errors in the determination of the natural oscillation frequency 
(Formula 1) it is necessary to consider the stiffness changes over the full life cycle of the construction, which 
in turn will allow to take into account nonlinear work of concrete during the operation of long-span structures. 
This can be realized if we take into account the law of rigidity variability in the process of calculation. 

In the Formula 1 the paper proposes to use the dependence in order to calculate the spatial stiffness 
(3), [9]. The choice is dictated by the fact that it includes the law of rigidity variability. This law is based on the 
force approach and is taken into account by the value of the ratio of the bending moment from the external 
load to the limiting bending moment perceived by the cross section (M/Mmax). 

 min
0

0 max
1 1 ,D MD kD

kD M
 

= − − 
 

  (3) 

where k  is correction factor depending on the duration of the load; 0D  is stiffness of the cross section of the 
element under the assumption of a linear relationship between stresses and strains and the absence of cracks, 
Nm2; minD  is the minimum value of the section stiffness in the state preceding its destruction, Nm2; M  is 

bending moment from the external load, Nm; maxM  is the ultimate bending moment resisted by the section, 
Nm. 

In addition, this mathematical dependence deals with two stiffness: the stiffness of the cross section of 
the element under the assumption of a linear relationship between loads and strains and the absence of 
cracks, 0D , and the minimum value of the stiffness of the section in the state preceding its destruction, .minD  

It is assumed that the use of Formula (3) in Formula (1) will lead to a significant reduction in the error in 
determining the natural oscillation frequencies of span structures. This effect should be especially evident at 
the initial and final stage of the design, since the dependence (3) includes the rigidity of the structure, D at 
these stages of its operation. But, since the law of rigidity variability (M/Mmax) is based on the force approach 
which does not reflect the nonlinear operation of concrete at the intermediate stage of the structure operation 
the error is likely to change insignificantly. 

2. It is assumed that since the decrease in the frequency of natural oscillations and spatial stiffness is 
connected with the formation of defects and damage, then in the dependence (3) it is necessary to use the 
energy law reflecting the mechanics of destruction of the construction material. Further reduction of the error 
can be realized by using energy rather than force approach, for example Griffith’s approach [24] (Formula 4) 
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in order to reflect the law of rigidity variability. This dependence is derived by Griffith for brittle materials which 
are known to include concrete. 

 ,2 γlU =∆   (4) 
where l  is crack length, m; γ  is surface crack energy, Nm. 

The energy approach can take into account not only the geometric characteristics of structures (in terms 
of l) but also the physical and chemical characteristics of the material (in terms of γ ). Their joint contribution 
will allow to take into account the nonlinear operation of concrete and reduce the error of numerical 
determination of the natural oscillation frequency of span structures. 

3. Results and Discussion 
To confirm the assumptions made in the work it is necessary to solve the following steps: 

1) while determining (on the basis of experimental data) the frequency of natural oscillations of the span 
structures by substituting Formula (3) in Formula (1), Formula (5) obtained allows to assess the magnitude of 
the error  

 

min
0

0 max
4
0

1 1
;

D MkD
kD M

mL

 
− − 
 λ = φ  (5) 

2) to carry out the experimental investigations in order to establish the relationship between the natural 
frequency of the span structures and the energy of destruction according to Griffith, and correspondingly, the 
characteristics that are reflected in this formula: defects and damages emerging in construction is indicator l 
and physico-chemical characteristics of the materials of these structures is figure .γ  

3) to identify the type of function describing the nonlinearity of changes in the law of stiffness variability 
based on Griffith’s energy approach; to derive a new mathematical dependence and determine the magnitude 
of its error. 

In accordance with the tasks stated, at the first stage the experimental studies were carried out in order 
to establish the relationship between the natural oscillation frequency of the structure and the index M/Mmax 
(Formula 3). 

The experiment was carried out on the reinforced concrete beams of factory production 1 PB-10-1P, 
their parameters being shown in Table 1 and Fig. 2 and 3. 

Table 1. Geometrical and physical-mechanical parameters of beams 1 PB-10-1P and their 
elements. 

Brand 
Dimensions, mm 

Weight, kg bE , 
MPa 

sE , 

MPa L 0L  b 'b  h 0h  a 'a  d 

1 PB-10-1P 1030 930 120 80 65 53 12 18 4 20 3×104 2×105 

 

 
 

Figure 2. The rated scheme of the beam’s  
1 PB-10-1P. 

Figure 3. The beam cut 1 PB-10-1P. 

To ensure a constant bending moment in the middle of the span the rated scheme shown in Fig. 2 was 
used. 

At the initial stage the sample without defects and damages was fixed on the stand (Fig. 4) and the first 
forms of natural oscillations of the sample were excited while determining its natural frequencies  
(Fig. 5) with the device VIC-3-2. 



Magazine of Civil Engineering, 98(6), 2020 

Sychova, A.M., Zarin, S.V., Matskevich, A.V. 

  
Figure 4. Fixing the test sample on the stand. Figure 5. Excitation of the first forms  

of the sample oscillation with the determination 
of its natural frequencies. 

Next, a step-by-step application a static load to the sample was performed (Fig. 6) on the test press IP-
100 with the increments of not more than 10 % of the destructive load, followed by a repetition of the initial 
stage. At the final stage a destructive load was applied to the sample and the natural oscillation frequency of 
the beam was estimated. 

 
Figure 6. Load application to the sample according to the diagram (Figure 2). 

The readings obtained were recorded into the table. After each step of load application the value 
M/Mmax was calculated and a map of defects was drawn up: the total length of the cracks was determined; 
the spalling of the concrete compressed zone, the pulling of the reinforcement and its rupture in the stretched 
zone, and so on were fixed. 

Then the dependence of the beam natural oscillation frequency on the ratio value of the bending 
moments was constructed, M/Mmax, Fig. 7. 

 
Figure 7. The rated and experimental graphs of the dependence  

of the natural oscillation frequency on the relative bending moment. 
As we can see from the figure, the error of the rated determination of the natural oscillation frequency 

in accordance with the proposed Formula (5) at the initial (without defects) and final (before destruction) stage 
of the construction operation is greatly reduced (as shown by the comparison of experimental and calculated 
data, from 35 to 8 %, i.e. 4.4 times), which confirmed earlier assumptions and differs significantly from the 
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results of other authors [4]. From the figure it also follows that, unlike the experimental curve, the rated one 
has a linear character. This special feature may be the reason why the error of the mathematical model 
remains the same at the intermediate stage of operation of the beam, which also confirms the assumptions 
made. This implies the need to move to a nonlinear form of dependence describing the law of stiffness changes 
in Formula 5. Proceeding from the nature of the experimental curve, it is assumed to be described by the 
exponential dependence properly. 

At the second stage, in accordance with the tasks of the study, it was necessary to establish a correlation 
between the frequency of natural vibrations of the beam and the energy of destruction according to Griffith 
and the geometric and physical-chemical characteristics of the beam’s material (reinforced concrete). 

Table 2 shows the relationship obtained on the basis of the experimental data between the natural 
oscillation frequency of the span beam and the relative length of the cracks formed in it when the load is 
applied. This relationship is obtained in the work for the first time. The presence of cracks was assessed 
visually. The table shows that with an increase in the relative length of cracks during the transition from the 
initial to the final stage of the beam operation the frequency of the natural oscillations is reduced by 2.1 times. 

Table 2. The relationship between the natural oscillation frequency of the beam and the relative 
cracks length. 

The natural frequency, λ, Hz 82 72 63 57 50 45 42 41 40 38 38 

Relative total cracks length 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
 

Then, in order to identify the relationship of the natural oscillation frequencies of the span structures 
with the presence of microdefects in them and with the physical and chemical properties of the materials of 
these structures, electron microscopy of the samples (Fig. 8) at the initial and the final stages of the span 
structure, as well as their derivatographic analysis (Fig. 9, Table 3) were performed. 

However it was assumed that the magnitude λ  will be interconnected not only with the length of the 
visually defined crack but with the presence of microcracks, their contribution to the process of reducing the 
bearing capacity and the subsequent destruction of the concrete beam being very large. In other words, if 
there are no visible cracks on the surface of the concrete, and the number of invisible microcracks increases 
and the bearing capacity of the span structure falls, this effect will affect the value of the frequency of its own 
oscillations. 

a)  

b)  
Figure 8. Results of concrete samples data processing by means of the electron microscopy:  

a) the initial stage of the structure operation, b) the final stage of the structure operation. 
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                                       а)                                                                                       b) 

Figure 9. Data of the derivatographical analysis of samples:  
a) the initial stage of structure operation, b) the final phase of structure operation. 

According to the results of analysis of microscopic tests the relative density of microcracks, ρrel, m-1, as 
the ratio of the total length of cracks of the structure to its surface area was obtained (Table 3). 

Table 3. Results of physical and chemical analysis of samples. 

Stage of the structure 
operation 

Natural oscillation 
frequency, Hz 

Total density  
of macrocracks, 

relρ , m-1 

Total density  
of microcracks, 

relρ , m-1 
Loss of water  

in the gel phase 

Initial 85 0 6800 67 
Final 40 22 77109 33 

 

Table 3 shows that the total density of microcracks increases by more than an order of magnitude with 
a decrease in the natural oscillation frequency of the span structure by 2.1 times. In this case the total density 
of microcracks increases only by 2 times. This may indicate that the presence of macrocracks plays an 
important role in reducing the frequency of natural vibrations of the concrete structure and this value can reflect 
the internal invisible processes of destruction in the material. 

The derivatographic analysis of the samples carried out showed that the amount of water in the gel 
phase at the final stage of the structure’s operation as regards the initial one falls by 2 times. This fact can 
probably be explained by the fact that the gel phase as a component of the cement stone of the span beam is 
more brittle in relation to other phases and is a source of the formation and development of cracks. In this 
case the destruction of this phase occurs as shown also by the decrease in the amount of chemically bound 
water in it [25]. 

Physical and chemical studies carried out confirm the assumption about the interrelation of both 
geometric and physico-chemical characteristics of the material with the frequency of natural oscillations of the 
superstructure made from this material. These results are obtained for the first time. 

Further it was necessary to determine the value of the surface energy of cracks included in Griffith’s 
formula. Due to the complexity of determining this value on the edge angle of wetting because of the capillary-
porous structure of the concrete, a search was made for the physical value of the material surface by which it 
can be determined. Analysis of the literature data showed that when increasing the surface hardness of non-
metallic inorganic materials their surface energy also increases [26]. 

It was suggested that if we derive a mathematical relationship between these indicators, then after 
measuring the hardness of the crack surface, it is possible to determine its surface energy. 

Proceeding from the above mentioned conclusions, the results of the approximation of the experimental 
data (Fig. 10) gave the possibility to obtain for the first time the empirical dependence of the surface energy 
of nonmetallic bodies of different nature on their hardness according to Mohs scale, Formula (6). 

 
0.32

0.35 .
HMohseγ =  (6) 
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Figure 10. Dependence of surface energy of non-metallic materials  

on their hardness according to Mohs scale. 
The dependence obtained was used to calculate the surface energy of cracks in the experimental beam, 

which allowed to calculate the relative failure energy according to Griffith, ∆U/∆Umax. 

At the third stage, the mathematical processing of experimental data by using the regression analysis 
was carried out in order to identify the type of function describing the nonlinearity of the change of the law of 
stiffness variability on the basis of Griffith’s energy. 

The output parameter and the variable factors are shown in Table 4.  

As an output parameter the stiffness variable function obtained from Formula (5) was used. 

 

Table 4. Initial data for the construction of mathematical equations. 

2 4
0

0 2

0 min

L mkD
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kD D

λ
−
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the stiffness variability function 

1
max

PX
P

=  the relative load 

2
max

nX
n

=  the relative number of cracks 

3
max

UX
U
∆

=
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 the relative energy according to Griffith 

4
max

crc

crc

aX
a

=  the relative crack’s width 

 

Linear and exponential types of equations were used in the construction of the models. For the 
convenience of the coefficients comparison in the regression equations relative variable parameters were 
used. 

The obtained regression equations of various types and classes are given below. For each equation the 
calculated and tabular values of Fisher’s criterion are given, by means of their comparison the adequacy of 
the equations obtained was estimated. 

A linear model describing the individual influence of each of the four factors 1 2 3 4, , ,X X X X  

 1 2 3 40.68 0.04 0.93 2.40 0.80 .Y X X X X= − + − +   (5) 
Fisher’s criterion rated is 2.92.  

Fisher's criterion table ( )60.56 1.55.F =  

2.92 > 1.55, hence the model describes the experimental data adequately. 
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An exponential model describing the individual influence of each of the four factors 1 2 3 4, , ,X X X X  

 1 2 3 40.02 3.54 2.67 6.53 1.62 .X X X XY e − + − +=   (6) 

Fisher’s criterion rated is 24.01.  

Fisher's criterion table ( )60.56 1.55.F =  

24.01 > 1.55, therefore, the model describes the experimental data adequately and properly. 

From the Formulas (7 and 8) it follows that the most significant factor is the relative energy of crack 
formation according to Griffith, and the nonlinear exponential dependence (8) is more adequate according to 
Fisher’s criterion in regard to the linear one, which confirms the previously stated assumption. 

Further, we approximates the experimental data by the least squares method to obtain the dependence 
of the natural frequency of the structures on the relative Griffith energy, Formula 9. 

 

max
5

min
0

0

4
0

1 1 1

.

U
UDkD e

kD

mL

∆
−

∆
    − − −      λ = φ   (9) 

The experimental and new calculated curves obtained from the approximation results are shown in 
Fig. 11. The figure shows that the error has significantly decreased (as shown by the comparison of 
experimental and calculated data, the error has decreased up to 8 % at all stages of the structure operation), 
which confirms the previously stated assumption. In comparison with the existing mathematical dependence 
[7], the error is reduced by 4.4 times. 

 
Figure 11. The dependence of the natural oscillation frequency of the beam  

on the relative energies according to Griffith. 
The validity of the obtained model application for the real structures and buildings is justified by the 

application of the theory of similarity [9]: 

1) the physical similarity of the mathematical dependence developed is taken into account by the 
corresponding coefficients in Formulas 1 and 3 which it includes; 

2) the law of the stiffness variability on the basis of Griffith energy used in the mathematical dependence 
developed is chosen in the form of dimensionless quantity. 

4. Conclusions 
1. On the basis of Griffith’s energy approach the mathematical dependence of the determination of the 

natural oscillation frequency of the span structures is developed. 

2. It is shown that the error of the mathematical dependence developed is reduced by 4.4 times in 
comparison with the existing formulas. 

3. It is shown that the value of the natural oscillation frequency of the span beam is reduced by 2.1 times 
in the presence of defects and destruction at the final stage of its operation in regard to the initial one. 

4. According to the physico-chemical investigations it is shown that at the final stage of the structure 
operation the relative density of microcracks in the span beam increases by an order of magnitude in regard 
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to the initial stage, the relative density of macrocracks increases by 2 times, the amount of gel water being 
reduced by 2 times. 

5. For the first time the mathematical formula linking the surface energy of nonmetallic inorganic 
materials with the hardness of their surface is obtained. 
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Abstract. This paper presents a review of the author’s research of the effect of different grinding units’ on the 
physical and chemical profile and geometry of quartz powders. Thus, when quartz sand is being treated in a 
vortex layer machine for 3–5 minutes, the mean particle size decreases from 235 to 6–7 μm, and the maximum 
size – from 498 to 81–77 μm. In this case, the specific surface area of the quartz powder, determined by the 
BET method, is 1.14–1.5 times larger than that of the powder obtained in other grinding units. It was shown 
that only the treatment of quartz sand in the vortex layer machine allows identifying this process as mechanical 
activation. The same positive results were obtained when treating building lime in the machine. There is an 
intensification of the building lime hydration process observed. The rational treatment time of the lime-sand 
compounds mixture in the vortex layer machines is 5 minutes. For compounds obtained from such mixtures 
at the age of 28 days, an increase in compressive strength by 209 % and bending strength by 172 % is 
observed. A decrease in the porosity of the compounds by 24 % was also found. Increasing the time of 
treatment of a lime-sand mixture in the vortex layer machine for more than 5 minutes has shown a slight effect 
on the physical and mechanical properties of the materials obtained. 

1. Introduction 

The actual problem for the construction industry is to increase strength and durability of construction 
composites. One of key propriety area is the increase of physical and mechanical properties of lime-sand 
compounds, reducing the energy intensity of production. In compliance with topic of this article the subject of 
investigation is to study the effect of treatment of lime-sand and quartz powder on the physical and mechanical 
properties. 

Nowadays, various types of grinding mills and disintegrators are used for grinding raw components [1]. 
It is known that during the grinding process the dispersion of particles, the roughness of their surface and, in 
some cases, the crystallinity degree of the raw components coating surface are being changed. These 
changes affect the interfacial intensity of physiochemical processes, which often leads to accelerated hydration 
and hardening of inorganic binder compounds [2−6]. 

Therefore, with all other things being equal (dispersion, component type), the impact of the grinding 
equipment type on the strength properties of the building compound seems natural. In particular, they tried to 
explain the different strengths of lime-sand materials by the different shape of quartz powder particles, their 
different structural strength and different solubility both in water and in different environments, etc. [7]. 

The paper [8] gives a hypothesis which associates the compounds strength with the quantity, speed 
and inter-beat intervals of disintegrator grinding bodies. 

The papers [9, 10] present the results of a comparison of different grinding machines, including the 
vortex layer machine, and testify that the strength of the obtained building compounds primarily depends on 
the machine power rating and the treatment time. The frequency and velocity of the working bodies’ impacts 
on the mill charge is secondary. 

The paper [11, 12] highlights that the type of a grinding machine significantly affects the surface 
properties of the powder obtained from quartz sand. Thus, in a ball mill the surface of the specified powder is 
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smooth and flawless, in a centrifugal mill – the particles are sharp-edged and have a large number of cracks. 
In a bowl mill the powder contains a large number of sharp-edged grains. 

The main task of materials science is to search new technological methods for the increase stability and 
durability of lime-sand compounds, reduce energy intense technique. 

The study purposes were determination of the effect of lime-sand in VLM on surface area and 
morphology and also determination of the influence of mixed girding with lime-sand on the physical and 
mechanical properties. 

According to the study purposes the following tasks were appointed: 

– to indicate properties of quartz sand by the dependence of the type of grinding machine; 

– to determine the effect of the treatment duration of lime-sand in VLM on temperature change kinetics 
in the slaking time; 

– to established banding and compression strength of lime-sand products by treatment of lime-sand in 
VLM. 

2. Research methods 

A natural consequence of the previously established patterns is the dependence of the reactive capacity 
of the quartz powder on the crystallinity degree of the quartz surface layer and the total surface of the powder 
in contact with the medium (that is, taking into account the surface roughness, the presence of cracks). In a 
certain variation range of these powder properties, an increase in the compound strength should be observed 
(this statement is a consequence of the general theory of composite materials). Moreover, for each 
compounding “hydraulic binder – quartz powder” system the variation range properties will be individual. 
Therefore, of particular interest is the study of the “building lime – quartz powder" system, the components of 
which were treated in the vortex layer machine (VLM). The design and the treatment technique of components 
in the VLM are presented in the paper [13]. 

For the research, the 1st grade building calcium quicklime meeting the requirements of EN 459-1:2010 
"Building lime – Part 1: Definitions, specifications and conformity criteria". The quartz powder was obtained 
from the quartz sand of the Kama-Ustinsky field deposit, which meets the requirements of  
DIN EN 12620-2008 “Aggregates for concrete”. The quartz sand fineness modulus is 1.2. 

A size-consist analysis of the quartz powder was carried out on a Shimadzu SALD-2300 laser light 
scattering particle size analyzer. 

The median diameter D50 (the average diameter with respect to which half of all sample particles by 
mass will be larger and the other smaller) and the diameter D98 (diameter with respect to which 98 % of all 
sample particles by mass will be smaller) were chosen as the main size distribution index. For the original 
quartz sand, the D50 value is 234.6 μm, and D98 is 498.4 μm. 

The indicated quartz sand is also characterized by the dependence of the grain geometry on the type 
of grinding machine (Table 1). To obtain a quartz powder with roughly the same specific surface area, the 
grinding time in mills was 45–117 minutes, and in the VLM – only 5 minutes. 

Table 1. Quartz powder properties depending on the type of grinding machine. 

Property 
Grinding machine type 

ball bowl centrifugal VLM 

Specific surface area, m2/kg 230±20 250±20 253±20 254±20 

Specific area under BET, 
m2/kg 

6540 7120 8670 9860 

Particles size, μm: 

− D98 

− D50 

 

120 

12 

 

85 

8 

 

75 

6 

 

77 

6 

Roughness coefficient 28.4 28.5 34.3 38.8 

 
The data analysis (Table 1) shows that for quartz sand treated in various types of machines, the specific 

surface area and the average equivalent particle diameter differ slightly. The research results obtained by the 
BET method indicate that the specific surface area of the quartz powder treated in the VLM is 1.14–1.51 times 
larger than the specific surface area of the quartz powder treated in other studied machines. This indicates 
the formation of a rougher surface of the quartz powder treated in the VLM. The quantitative parameter 
characterizing the formation of a rough surface is the roughness coefficient (Table 1), equal to: 
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where Sud,g is the specific surface area, calculated according to the size-consist using the classical geometric 

formula establishing the relationship between the particle diameter and its specific surface; Sud,BET is the 

specific surface area determined by the BET method. 

3. Results and Discussion 

A logical consequence of an increase in the phase interface area is an increase in the number of reaction 
products formed at the interface boundary. Here, the authors purposely do not rely on “increase in reactive 
capacity”, “increase in activity”, etc. as the indicated terms (reactive capacity, activity) for processes running 
at the interface phase boundary depend not only on the contact area (extensive factor according), but also on 
the change rate in the substance physical properties (intensive factor according to [14]). 

The specified features are clearly demonstrated in Fig. 1 and 2. Fig. 1 shows optical micrographs of 
quartz powder grains, and Fig. 2 – images obtained using the Auger microprobe JAMP-9500F (JEOL). 

a)  b)  

c)  d)  
Figure 1. Micrographs of quartz powder grains (magnification 100×): 

quartz sand grains; b) quartz powder after grinding for 5 minutes in the VLM;  
c) the same in a centrifugal mill; d) the same in a ball mill 

a)  

c)  

b)  

d)  
Figure 2. Electronic images of quartz powder grains: 

a) treated in a ball mill (4000×); b) the same in a centrifugal mill (20000×);  
c) the same in the VLM (10000×); d) the same in the VLM (75000×). 
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The particles of quartz powder treated in a ball mill have a smooth, flawless surface, which proves the 
grinding effect. The surface of the powder milled in a centrifugal mill is shard-edged with a fracturing pattern 
indicating the splitting action of the grinding machine. There are inclusions in the particles of quartz powder, 
indicating the impact effect during treatments in a centrifugal mill. 

The particles of quartz powder treated in the VLM have a layer-like structure, a high degree of surface 
roughness, a large extended network of cracks, as well as impact-resulted inclusions. A feature of VLM-
treatment is that when grinding quartz sand particles, separation occurs along individual conglomerates 
(Fig. 2 c), and not along cleavage surfaces, as it is in the case of ball and centrifugal mills (Fig. 2 a, b), which 
illustrates the VLM power rating. 

The physical change of the silica in the powders obtained can be estimated by the change in its 
solubility. The silica content by dissolution in alkalis was defined. The results are presented in Table 2. 

Table 2. The content of alkali-soluble soluble silica in the obtained powders treated in various 
grinding machines. 

Grinding machine type 

Alkali-soluble soluble silica content 

Time after grinding*, days 

0 10 20 30 

Ball 
0.0110 / 

1.6810-6 

0.0093 / 

1.4210-6 

0.0093 / 

1.4210-6 

0.0093 / 

1.4210-6 

Bowl 
0.0130 / 

1.8310-6 

0.0110 / 

1.5410-6 

0.0110 / 

1.5410-6 

0.0110 / 

1.5410-6 

Centrifugal 
0.0180 / 

2.0810-6 

0.0167 / 

1.9310-6 

0.0167 / 

1.9310-6 

0.0167 / 

1.9310-6 

VLM 
0.0320 / 

3.2410-6 

0.0290 / 

2.9410-6 

0.0290 / 

2.9410-6 

0.0290 / 

2.9410-6 

Notes: the numerator presents the content of alkali-soluble soluble silica in wt. %; and the denominator – the same in 
% / m2; * – the powders were stored under natural conditions. 

The presented data (Table 2) clearly point to an increase in solubility of alkali-soluble silica for powders 
treated in the VLM. Given the natural dependence of the solubility of the substance on the contact area  
[15–20], the criterion confirming this conclusion is written as: 

,

,

1 1 ,
ud n i

p
ud i n

S C
k

S C

   
       

  

                                                      (2) 

where the index “n” indicates the parameters of the base powder (in this case, the powder treated in a ball 

mill); C standing for the content of alkali-soluble silica. 

The values of kp are presented in Table 3. 

Table 3. Values of the kp criterion. 

Property 
Grinding machine type 

ball bowl centrifugal VLM 

kp criterion - 0.96 0.72 1.83 

 
As can be seen from Table 3, an increase in solubility is observed only for quartz powder treated in the 

VLM more intensively as compared with an increase in the powder total surface (Table 1). 

After storage under natural conditions, in all cases there is a decrease in the alkali-soluble silica content. 
The most intense decrease in alkali-soluble silica is observed for powders treated in ball and bowl mills, 15.5 
and 15.4 % respectively. The lowest value of this parameter is observed for a centrifugal mill – 7.2 %, for the 
VLM – 9.4 %. These changes are observed only after 10 days of storage of the powders, and then stabilization 
is observed. 

Summarizing the data presented, we can conclude that VLM quartz powder treatment is a very effective 
way leading to the formation of a quartz powder with a highly rough surface. The VLM treatment conditions 
have a natural effect on the particle size distribution of quartz powder: an increase in the VLM treatment time 
leads to a shift in the distribution maximum to the area of smaller sizes (Fig. 3). It should be noted that the 
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maximum is diffused with almost uniform distribution of various diameters particles after treating quartz powder 
in the VLM during 3 minutes. 

 

Figure 3. Quartz powder particles distribution: 1 – not VLM-treated; 2 – VLM-treated for 20 sec.; 
3 – the same during 1 min; 4 – the same during 3 min. 

In addition, it is significant that there is a fairly rapid decrease in both the average and maximum particle 
sizes in the VLM. Thus, when quartz powder is treated for 3 minutes, the average particle size D50 decreases 
from 235 to 7 μm, and D98 – from 498 to 81 μm. 

Such influence on quartz powder should affect the properties of the structural formation of the “building 
lime – quartz powder” system. Such properties at the first stage were the temperature and the lime slaking 
time. The determination methods were in accordance with EN 459-2:2010 "Building lime – Part 2: Test 
methods". 

Additionally, the effect of both VLM-treatments and its duration (3 and 5 min) were studied. The 
temperature change kinetics of the lime test is presented in Fig. 4, showing an increase in the temperature 
and a reduction in the slaking time with an increase in the VLM-treatment time. The change in the qualitative-
quantitative characteristics/the rate of reaching the maximum temperature: 

 max max ,T t T
                                                               (3)

 

(here Tmax – is the maximum temperature; t(Tmax) is the time to reach the maximum temperature) 

demonstrates an increase in the chemical reaction rate of Ca(OH)2. Thus, for the original building lime 

ύ0 = 29.8o C/min, for building lime treated in the VLM, ύ3 = 38.0 и ύ5 = 52.7 oC/min respectively, 3 and 5 min.  

a) b) 

  
Figure 4. Kinetics of heat generation during a lime slaking treatment (a) and the dependence  

of dT/dt on the hydration time (b): 1 (Т1) – original building lime; 2 (Т2) – treated for 3 min in a VLM;  

3 (Т3) – the same for 5 min (Ti – lime slaking time). 

Another important kinetics feature of Fig. 4 is the presence of sections at T = f(t), characterized by 

different changing rates (Table 4). 
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Table 4. Parameters of kinetic dependences of heat generation during the slaking of  
lime treated in a VLM. 

Type of lime 

Sections characteristics 

Section I Section II Section III Section IV 

kI 
Tmax, 

oC 

t(Tmax), 
min 

kII 
Tmax, 

oC 

t(Tmax)
, min 

kIII 
Tmax, 

oC 

t(Tmax), 
min 

kIV Tmax, 
oC 

t(Tmax), 
min 

Original 32 52 1 36 70 1.5 3.6 74.5 2.75 – – – 

VLM-treated  
for 3 min 

64 36 0.25 26 49 0.75 32 73 1.5 1.6 75 2.75 

VLM-treated  
for 5 min 

72 38 0.25 
32.
8 

79 1.5 -1.2 77.5 2.75 – – – 

 

The presented data on kinetics of the heat generation during the slacking of lime lead to the conclusion 
that the lime treated in a VLM is characterized by a more intense interaction with water in the initial hydration 
period: in the first section, the k1 coefficient is greater than the same indicator for the original lime. Moreover, 
very valuable information is contained in the dependence dT/dt = f(t) presented in Fig. 4 b, which demonstrates 
that the processes of VLM-treated lime interacting with water are significantly more intense. The above follows 
not only from the value of dT/dt, but also from the amplitude and frequency of oscillations dT/dt in the time 
interval 0–2 min. Such temperature fluctuations are typical for the building lime hydration kinetics. The 
peculiarity of the building lime treated in the VLM is the shift of the velocity of the temperature peak to the 
origin of coordinates (for VLM treatments during 3 minutes) and an increase in the number of peaks for VLM 
treatments during 5 min should be noted that for the building lime treated in a VLM, a shift in time of reaching 
dT/dt = 0 is also observed. In consequence, for the original building lime, this condition is satisfied at t0 = 2.75 
min, for VLM-treated lime – 2.25 and 1.75 minutes for treatments during 3 and 5 minutes respectively. 

Y. Khint proved the possibility to obtain silicalcite in different disintegrators. These devices are 
technically complex. Moreover, the rapid wear of the titanium alloy pins has led to the loss of the initial leading 
position of these machines in mechanical activation.  

In this regard, we have obtained data on the effect of joint VLM treatment of building lime and quartz 
sand on the kinetics of changes in the strength of lime-sand products, hardened in natural conditions (Table 
5) for the first time. The ratio of quartz sand to lime was taken equal 3:1. The strength of lime-sand products, 
the content of unhydrated grains were determined in accordance with EN 459-2:2010 "Building lime – Part 2: 
Test methods". 

Table 5. Banding and compression strength of lime-sand products. 

Time of 
VLM 

activation, 
min 

Average strength values, MPa, in days 
Average 
density, 
kg/m3 

Porosity, 
% 

Unhydrated 
lime grains 
content, % 

2 3 7 28 

Rbt Rb Rbt Rb Rbt Rb Rbt Rb 

0 
0.31 

100 % 
1.5 

100 % 
0.51 

100 % 
2.4 

100 % 
0.67 

100 % 
3.2 

100 % 
1.2 

100 % 
5.3 

100 % 
1530±31 16.4±0.3 3.8 

1 
0.35 

113 % 
1.77 

118 % 
0.56 

110 % 
2.7 

112 % 
0.73 

109 % 
3.6 

112 % 
1.3 

108 % 
5.8 

109 % 
1545±31 15.8±0.3 3.3 

2 
0.38 

123 % 
2.08 

138 % 
0.64 

125 % 
3.26 

136 % 
0.83 

124 % 
4.32 

135 % 
1.46 

122 % 
7.0 

132 % 
1555±31 15.2±0.3 2.1 

3 
0.42 

135 % 
2.4 

160 % 
0.68 

133 % 
3.72 

155 % 
0.91 

136 % 
4.99 

156 % 
1.65 

138 % 
8.2 

155 % 
1560±31 14.3±0.3 0.9 

4 
0.48 

155 % 
2.74 

182 % 
0.77 

151 % 
4.32 

180 % 
1.04 

155 % 
5.71 

178 % 
1.79 

149 % 
9.5 

179 % 
1560±31 13.5±0.3 0.3 

5 
0.56 

181 % 
3.2 

213 % 
0.91 

178 % 
5.25 

219 % 
1.19 

177 % 
7.01 

219 % 
2.07 

172 % 
11.1 

209 % 
1570±31 12.8±0.3 0 

8 
0.56 

181 % 
3.28 

218 % 
0.92 

180 % 
5.28 

220 % 
1.20 

179 % 
7.03 

220 % 
2.07 

172 % 
11.5 

217 % 
1570±31 12.5±0.3 0 

Notes: Rbt – is the ultimate bending strength, Rb – is the ultimate compression strength showing the absolute value of the 

indicator in the numerator and the relative one in % of the control in the denominator. 

Table 5 shows that the maximum strength values of lime-sand compounds are observed after 5 minutes 
of a VLM-treatment of dry mixtures. For these compounds at the age of 28 days, the compressive strength 
increases by 209 %, and bending – by 172 % compared with the control composition. A further increase in the 
VLM treatment time almost never leads to significant changes.  
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A typical feature of all compounds obtained is a relatively lower rate of increase in the bending strength 
than in compression. With an increase in VLM-treatment time, a decrease in the porosity of lime-sand 
compounds up to – 24 % relative to the control composition is observed. When a mixture is treated in a VLM 
for more than 4 minutes, the presence of unhydrated lime grains is not observed, which is consistent with the 
results of the authors [14]. 

4. Conclusions 

1. It was established that when quartz sand is treated in the VLM for 3–5 minutes, the average particle 
size decreases from D50 = 235 to 6–7 μm, and the maximum – from D98 = 498 to 81–77 μm. A similar quartz 
powder particles distribution can be obtained by means of treatments in spring and centrifugal mills for  
45–117 minutes. That being said, the specific surface area of the quartz powder, determined by the BET 
method, increases significantly (by 1.14–1.5 times). 

2. The peculiarity of VLM treatments is that when quartz sand particles are being ground, separation 
occurs along individual conglomerates, and not along cleavage planes, as compared to ball and centrifugal 
mills. 

3. It was found that only for quartz powder treated in a VLM, an increase in solubility is observed more 
intensively as compared with an increase in the total powder surface. This allows us to conclude that the 
quartz sand treatment in a VLM leads to its mechanical activation, i.e., a nonlinear increase in the 
physiochemical property (in this case, solubility) with an increase in the interface phase is observed. 

4. The building lime VLM treatment leads to a reduction of the lime slaking time from 2.75 minutes to 
1.75 minutes, which naturally decreases with increasing treatment time in the VLM. In this case, there is a 
significant increase in the maximum hydration temperature, which illustrates an increase in the reactive 
capacity of building lime. 

5. The kinetics of the lime-sand mixtures strength gain depending on the VLM treatment was 
established. The rational treatment time in the VLM was determined. It was found that when a VLM treatment 
lasts more than 5 minutes, the compressive strength of the lime-sand compound at the age of 28 days 
increases by 209 %, and the bending strength – by 172 %, as compared with the control composition. 
Moreover, there is a decrease in the porosity of the compound by 24 %. An increase in the VLM treatment 
time for more than 5 minutes does not lead to significant changes in the physiotechnical parameters of the 
studied compounds. 
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Abstract. The article presents the results of studies of the influence of multicomponent modifier on the 
properties of cement pastes and self-compacting concretes. To reduce the cost of self-compacting concretes 
as well as to enhance their properties in fresh and hardened state the multicomponent modifier has been 
developed. It consists of ground granulated blast furnace slag, superplasticizer on the base of sulphonated 
naphthalene formaldehyde condensate, shrinkage-reducing admixture based on the polypropylene glycol 
derivative, and sodium sulphate set accelerator. The workability of SCC mixtures is considered from the 
rheological properties of cement pastes formulated from self-compacting concrete. The properties of fresh 
SCC have been tested according to EFNARC Committee’s suggestions. A partial replacement of Portland 
cement with granulated blast-furnace slag decreases hydration activity of the cementitious material resulting 
in contributing to higher flowability of cement paste. Shrinkage-reducing admixture in a combination with 
superplasticizer provide the effect of decreasing apparent viscosity of Portland cement-slag pastes. Sodium 
sulphate set accelerator coupled with superplasticizer and shrinkage-reducing admixture increase both the 
apparent viscosity of cement-slag paste and slump retention of SCC mixture. The multicomponent modifier 
provides an improvement of the properties of fresh (increased slump flow and slump retention) and hardened 
(28-day compressive strength comparable to control sample and decreased drying shrinkage) SCCs. 

1. Introduction 
Self-compacting concrete (SCC) is a high performance material which is able to flow under its own 

weight and completely fill formwork, while maintaining homogeneity even in the presence of congested 
reinforcement, then consolidating without any vibration and achieving full compaction [1–3]. The cement paste 
composition as well as paste volume have a predominant effect on fresh concrete properties as compared 
with water or powder content individually (for a given combination of aggregates) [4]. In order to achieve SCC 
of high fluidity and to prevent the segregation and bleeding during transportation and placing, the formulators 
employ high Portland cement (PC) content and use superplasticizers (SPs) and viscosity modifying 
admixtures. However, cost of such concretes remarkably increases associated with the use of high volume of 
Portland cement and chemical admixtures [5, 6]. It is one of the disadvantages of SCC responsible for key 
problems of modern materials science, which are very topical today. 

The use of mineral additions in particular ground granulated blast furnace slag (GGBFS) reduces the 
material cost of SCCs and improves the properties of fresh and hardened concretes [5, 7]. Apart from the 
economical, technical and technological benefits, the use of waste materials such as GGBFS as a partial 
replacement of the Portland cement can result in a more sustainable concrete [8]. This problem has recently 
attracted an increased attention [9]. Besides, it must be taken into consideration that partial replacement of 
Portland cement by mineral additions affects the required dosage of superplasticizer [10, 11]. For instance, 
when SP was added with GGBFS concrete mixture became more flowable [12]. Furthermore, an increased 
content of ground granulated blast-furnace slag decreases the dosage of superplasticizers to achieve the 
desired workability [13]. This effect corresponds to usual practice of the cost-effective production of SCCs 
because synthetic superplasticizers are the most expansive components of concretes. 

https://creativecommons.org/licenses/by-nc/4.0/
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A variety of superplasticizers from different basic groups is available at the construction market. 
Traditional sulphonated naphthalene formaldehyde (SNF) condensates can be inexpensive amongst 
available admixtures; but they are not capable of addressing to the issues of high-performance concrete, 
where long workability is required without affecting the strength. SPs based on polycarboxylate (PC) polymers 
are more effective for water reducing capability and for preventing slump loss, for they can disperse cement 
particles not only by electrostatic repulsions, but also by strong steric hindrance effects [14]. On the other 
hand, although PC SPs could maintain the workability of concrete for a long period, their application in 
preparing flowing concrete is limited due to economic reasons. In other words, SNF is still the main SP used 
instead of PC polymers because of the relatively low cost. However, care must be taken to prevent rapid slump 
loss of concrete mixture when SNF SPs are used [15]. 

The results reported by S. Chandra and J. Björnström [16] indicate that slump loss of concrete mixture 
with SNF SP is associated with the relatively large adsorption of SP by the aluminate phase of cement. There 
is a competition between SO42- ions and molecules of SP for adsorption on the cement particles. It has been 
observed that the addition of alkali sulphates (e.g., Na2SO4) can lead to improvements in the rheological 
properties of cement paste. On the other hand, the sodium sulphate could play the role of a multifunctional 
admixture of SCC. In recent  years, scientific work has focused on improving properties of binders (e.g., long 
setting time, low early strength etc.) containing large quantity of mineral additions [17]. The effect of GGBFS 
on the setting time is more pronounced at high level replacement in binders [18]. To avoid the risk of 
segregation of SCC associated with the aforementioned effect the sodium sulphate can be used as a set 
accelerator. The use of GGBFS must be considered also with respect to its possible effect on plastic shrinkage 
cracking, especially when concreting under hot weather condition [19]. Thus, shrinkage-reducing admixture 
(SRA) can be used to mitigate the risk of cracking. This kind of admixtures provides a reduction of drying 
shrinkage by reducing the surface tension of capillary water. Moreover, SRA can reduce the water diffusivity 
in concrete in order to achieve an enhanced durability [20]. On the other hand, the incorporation of SRA 
resulted in slight increase in the workability of fresh concrete [21]. 

Thus, as mentioned in [22] superplasticizers may play the role of a peculiar center for the formation of 
multicomponent complex modifier that provides any concrete needs, in particular SCC [23]. The aim of this 
investigation was to assess the effect of the developed cost-effective multicomponent modifier containing 
sulphonated naphthalene formaldehyde superplasticizer, ground granulated blast furnace slag, shrinkage-
reducing admixture, and sodium sulphate set accelerator on the properties of cement pastes and self-
compacting concretes, which has not yet been investigated. The key factor for a successful formulation of 
SCC is clear understanding the role of various constituents in concrete mixture and their effect on the fresh 
and hardened concrete properties [24]. The objectives of the study included: i) rheological properties (apparent 
viscosity and yield stress of cement pastes), ii) setting time and compressive strength of binders, iii) properties 
of self-compacting concretes with or without the multicomponent complex modifier. 

2. Materials and Methods 
2.1. Materials 

Commercial Ordinary Portland cement type I OPC (Taslooja Cement Factory, Iraqi Specifications Limits 
I.Q.S. No.5/1984) and ground granulated blast furnace slag with specific area of 414 m²/kg and specific gravity 
of 1.91 g/cm3 were used as cementitious materials. The chemical composition and physical properties of 
cementitious materials are given in Table 1 and Table 2, respectively. 

Table 1. Chemical composition of the cementitious materials used. 

Compound composition Abbreviation 
Percentage by weight 

OPC GGBFS 
Silica SiO2 20.21 35.11 
Lime CaO 64.69 40.09 

Alumina Al2O3 2.93 13.52 
Iron oxide Fe2O3 3.23 0.75 

Sulfate SO3 2.41 0.35 
Magnesium MgO 1.79 6.57 

Loss On Ignition L.O.I 3.11 3.61 
Lime Saturation Factor L.S.F 0.97 – 

Insoluble Residue I.R 0.66 – 
Table 2. Physical properties of ordinary Portland cement. 

Properties Units Limits I.O.S No.5 1984 Test result 

Specific Surface Area (Blaine method) m²/kg ≥ 230 315 

https://www.sciencedirect.com/science/article/pii/S0008884602008384#!
https://www.sciencedirect.com/science/article/pii/S0008884602008384#!
https://www.sciencedirect.com/topics/engineering/enhanced-durability
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Setting time min   
Initial setting (Vicat) min ≥ 45 125 
Final setting (Vicat) min ≤ 600 270 

Compressive strength MPa   
3 days  ≥ 15 18.2 
7 days  ≥ 23 24.8 

28 days  – 44.3 
 

A normal weight sand (fine aggregate FA) of 4.75 mm maximum size and 2.65 specific gravity as well 
as normal weight coarse aggregate (CA) of 9.5 mm maximum size and 2.6 specific gravity were used for 
producing normal weight concrete. Table 3 illustrates the grading of fine and coarse aggregates used 
respectively. The grading is conformed to the limits of Iraqi specifications I.Q.S. No.45/1984 and ASTM C330. 

Table 3. Sieve analysis of aggregates. 

Sieve size, mm 
Selected aggregate grading, % 

Test result Limits of 
fine coarse I.Q.S. No.45/1984 ASTM C330 

12.5 – 100 – 100 
9.5 – 84.6 – 80–100 

4.75 100 30.6 90–100 5–40 
2.36 90.8 4.5 85–100 0–20 
1.18 81.5 0 75–100 0–10 
0.6 62.3 – 60–79 – 
0.3 25.8 – 12–40 – 

0.15 8.4 – 0–10 – 
 

Two types of chemical admixtures: polypropylene glycol based shrinkage-reducing admixture 
(Mapecure SRA-25, Mapei) and sulphonated naphthalene formaldehyde-based superplasticizer (Conmix 
SP1B) were used. The properties of chemical admixtures are the follows: Conmix SP1B – solids content 35 %, 
pH–value 9, specific gravity 1.20, recommended dosage 0.8–2.0 % liquid and 0.3–0.8 % dry, Mapecure  
SRA-25 – pH–value 8.5, specific gravity 0.99, recommended dosage 1.0–2.0 % liquid. 

The proportions of cement pastes with the multicomponent modifier formulated from self-compacting 
concrete are summarized in Table 4. The water demand (w/b ratio) was changed for preparing a standard 
consistency of cement pastes (Vicat test). The SP dosage (liquid) has been limited to the saturation value. 
Beyond this value, an increase in the SP dosage does not significantly affect the standard consistency of 
cement pastes at given water/binder ratio. 

Table 4. The proportions of cement pastes. 

Cement paste OPC, % GGBFS, % SP, %* SRA, % Sodium 
sulphate, % w/b 

CP-1 100 – – – – 0.260 
CP-2 65 35 1.0 – – 0.208 
CP-3 65 35 1.0 1.5 – 0.190 
CP-4 65 35 1.0 1.5 1.5 0.210 
* weight of SP (35 wt. % solution SNF), a dosage of 1 % of liquid SP is comparable to a dosage of 0.35 % of a SP 

in a solid form. 

2.2. Test Procedures 
Vicat apparatus mold was used to determine the standard consistency of cement paste as per 

ASTM 187–11 “Standard Test Method for Amount of Water Required for Normal Consistency of Hydraulic 
Cement Paste”. The paste should be of normal consistency when the plunger of the Vicat apparatus 
penetrates into the paste 5 mm to 7 mm above the bottom of the mold in 30 s after being released. Consistency 
was determined by taking an average of three tests. After the standard consistency had been established, the 
setting time was determined (as per ASTM 191–08 “Standard Test Method for Time of Setting of Hydraulic 
Cement by Vicat Needle”). 

Recently, many researchers have investigated SCC from the rheological point of view and specifically 
focused on the paste rheology [25]. The rheological behaviour of a fluid such as cement paste, mortar or 
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concrete mixture is most often characterized by at least two parameters, 𝜏𝜏0 and µ, as defined by Bingham 
equation [26]: 

0τ τ µγ= +                (1) 

where τ    is the shear stress applied to material (Pa), 0τ  is the yield stress (Pa), µ is the plastic viscosity 
(Pa⋅s), and γ  is the shear strain rate (s-1). 

Shear stress values, as well as plastic viscosity and yield stress of cement pastes at different shear 
rates were obtained using rheometer RHEOTEST® RN 4.1 (RHEOTEST Medingen GmbH) with cone-and-
plate measuring system according to DIN 53018-1 “Viscometry; Measurement of the Dynamic Viscosity of 
Newtonian Fluids with Rotational Viscometers; Principles”. The technical characteristics of the cone-and-plate 
measuring systems are the following: plate P1 Ø 38, viscosity rang 100–108 mPa s, cone K1 Ø 38/0.3°, 
viscosity rang 100–106 mPa s, shear rate 2–20000 s-1. The cement paste was mixed manually for 5 minutes 
in a porcelain crucible and poured into the viscometer. 

The proportions of self-compacting concrete are summarized in Table 5. A constant water/binder ratio 
(w/b = 0.38) was used at all SCC to compare the mixtures and to evaluate the effect of admixtures on the 
properties of fresh SCC. The following mixing procedure was used to prepare SCC mixture: well-stirring 
aggregates with Portland cement and ground granulated blast furnace slag together for a minute, adding 70 % 
of necessary water and mixing during 2 min, then adding the remaining 30 % of water containing 
superplasticizer, shrinkage-reducing admixture and set-accelerator. The mixing procedure was continued for 
another 5 min. 

Table 5. The proportions of self-compacting concrete. 

Component Units SCC-1 SCC-2 SCC-3 

OPC kg/m3 440 286 286 
GGBFS kg/m3 – 154 154 

Fine aggregate kg/m3 885 885 880 
Coarse aggregate kg/m3 796 796 796 

SP l/m3 9.2 9.2 9.2 
SRA l/m3 – 36.7 36.7 

Sodium sulphate kg/m3 – – 6.6 
Water l/m3 158 121.3 121.3 

w/c – 0.38 0.58 0.58 
w/b – 0.38 0.38 0.38 

 

The properties of SCC were tested according to EFNARC Committee’s suggestions [2] and ASTM 
C1610/C1610M–10 “Standard Test Method for Static Segregation of Self-Consolidating Concrete Using 
Column Technique”. The slump-flow SF and T500 time tests were used to assess the flowability and the flow 
rate of self-compacting concrete in the absence of obstructions. A standard slump cone was used for the test 
and the concrete was poured into the cone without consolidation. Slump flow value represented the mean 
diameter (measured in two perpendicular directions) of concrete mixture after lifting the standard slump cone. 
When the cone is withdrawn upwards the time from commencing upward movement of the cone to when the 
concrete has flowed to a diameter of 500 mm is measured; this is the T500 time. Slump flow value of SCC was 
also measured after 45 min of mixing to evaluate the slump loss. 

The L-box test was used to assess the passing ability of self-compacting concrete to flow through tight 
openings including spaces between three reinforcing bars and other obstructions without segregation or 
blocking. The filling hopper of the L-box was poured with concrete. After 60 ± 10 s the gate of hopper was 
raised so that the concrete flowed into the horizontal section of the box. When movement has ceased, the 
vertical distance, at the end of the horizontal section of the L-box, between the top of the concrete and the top 
of the horizontal section of the box at three positions equally spaced across the width of the box was measured. 
By difference with the height of the horizontal section of the box, these three measurements are used to 
calculate the mean depth of concrete as H2 mm. The same procedure is used to calculate the depth of concrete 
immediately behind the gate as H1 mm. The passing ability PA is calculated from the following equation: 
PA = H2/H1. 

Cubes 50 mm × 50 mm × 50 mm and 100 mm × 100 mm × 100 mm were used to evaluate the 
compressive strength of cement paste and concrete, respectively. Tests were conducted at different test age: 
3, 7, and 28 days. All experiments were performed on three specimen replicates. The average values are 
brought in the discussion of the test results. All specimens remained in a humidity chamber 
(90 % < RH < 95 %) until the time of testing, for 28 days. 



Magazine of Civil Engineering, 98(6), 2020 

Marshdi, Q.S.R., Al-Sallami, Z.H.A., Zaichenko, N.M. 

Prisms (three specimen) 100 mm × 100 mm × 400 mm were used to evaluate the drying shrinkage of 
concrete. The specimens were cured for 24 h at 20 °C and 100 % relative humidity and then were demoulded. 
Then, the specimens were exposed to drying in a humidity chamber at 23 ± 2 °C and 50 ± 5 % relative 
humidity as per ASTM C157/C157M “Standard Test Method for Length Change of Hardened Hydraulic-
Cement Mortar and Concrete” for 90 days. 

3. Results and Discussion 
3.1. Rheological Properties of Cement Pastes 

Fig. 1 represents the behaviour of the steady state effective viscosity of the cement pastes as a function 
of shear rate throughout the 30–270 s-1 rate interval. For very low shear rate of 30 s-1 cement pastes show 
high dynamic (apparent) viscosity, which continuously reduces with increasing shear rate. The reference 
cement paste without GGBFS and any admixtures (CP-1) with w/b = 0.26 has the highest value of the apparent 
viscosity at the low shear rate of 30 s-1. When the superplasticizer is added and a part of Portland cement is 
replaced by ground granulated blast furnace slag, the water requirement of the cement paste of standard 
consistency (CP-2) decreases up to w/b = 0.208. In comparison with the reference cement paste, the value of 
the apparent viscosity at the low shear rate of 30 s-1 reduces to 36 %. The electrostatic attractive forces, 
existing among cement particles and causing agglomeration, are neutralized by the adsorption of the anionic 
polymer negatively charged, such as SNF SP [27]. 

 
Figure 1. Rheological behaviour of cement pastes as a function of the shear rate. 

Beyond a certain shear rate value – 240 s−1, in the case of the reference cement paste the latter one 
behaves as a power-law shear thinning fluid. The power-law rheological behaviour is followed by a Newtonian 
plateau, where the apparent viscosity approaches a final value, the so-called plastic viscosity. The plastic 
viscosity is virtually independent of shear rate. In accordance with [6] the shear thinning part of the rheogram 
can be attributed to shear-induced dispersion of cement aggregates. The higher the shear rate, the finer the 
aggregates at equilibrium between shear breakdown and Brownian activated rebuilding (along with hydration) 
are. For a given solid volume fraction, the viscosity will decrease when the aggregate size decreases. The 
smallest value of the apparent viscosity over the whole range of shear rate has the cement paste with addition 
of the ground granulated blast furnace slag, superplasticizer and shrinkage-reducing admixture (CP-3). 
J. Mora-Ruacho et al. [28] reported that the incorporation of the SRA resulted in increasing the workability of 
fresh concrete. In a combination with SNF superplasticizer, this effect is stronger. Besides, ground granulated 
blast furnace slag also makes a contribution to decreasing the apparent viscosity. It is in a good agreement 
with the results reported in [24]. 

On the other hand, it must be emphasized that the surface area of GGBFS is higher (414 m2/kg) as 
compared with cement (315 m2/kg), so GGBFS has the higher fine fraction content. Nevertheless, the effect 
of superplasticizer on the rheological properties of cement paste with granulated blast furnace slag 
corresponds to the data [29] relating to the effectiveness of superplasticizers to the growing percentage of 
finest fraction. The finest particles improve the fluidity of cement paste with superplasticizer. In accordance 
with [30] the GGBFS acts as a good flowability aid up to 30 wt. % in OPC–GGBFS system. The GGBFS has 
a high specific surface area and roughly spherical particles which fill into the spaces made by larger particles 
of cement and decrease frictional forces of this material. In addition, the replacement of OPC with GGBFS 
decreases hydration activity of the sample resulting in contributing to high flowability of this system. 

The plastic viscosity of the CP-3 sample is the smallest among the investigated cement pastes and 
reaches the value 0.7 Pa·s when the shear rate is above 200 s-1. However, when the set-accelerator of sodium 
sulphate (Na2SO4) is added (CP-4), the water requirement slightly increases up to w/b = 0.21. On the other 



Magazine of Civil Engineering, 98(6), 2020 

Marshdi, Q.S.R., Al-Sallami, Z.H.A., Zaichenko, N.M. 

hand, the values of the apparent and plastic viscosity are higher as compared with the cement paste without 
set-accelerator (CP-3). 

It should be noted that the cement pastes possess also a yield stress. However no significant effect of 
GGBFS and chemical admixtures (SP and SRA) on the values of yield stress of cement pastes has been 
identified (CP-1: 0τ  = 58.4 Pa, CP-2: 0τ  = 56.5 Pa, CP-3: 0τ  = 56.0 Pa, CP-4: 0τ  = 57.3 Pa). This fact must 
be taken into account because it is necessary for all SCCs to have relatively low yield stress values in order 
to self-consolidate. 

3.2. Setting time and compressive strength of binders 
The original formulation of cement paste (CP-1) has the following values of setting time – the initial 

125 min and the final 270 min. Experiments demonstrate that due to the addition of SP and GGBFS (CP-2) 
the hydration process takes longer and retards the initial setting time up to 142 min (13 %). However, it does 
not affect the final setting time so much. The addition of GGBFS in a combination with SP and SRA (CP-3) 
retards the hydration process more significantly: the initial setting time increases up to 185 min (48 %) and the 
final setting time increases up to 420 min (56 %). On the other hand, the addition of sodium sulphate (CP-4) 
significantly decreases the initial setting time up to 154 min (23 %) and the final setting time up to 315 min 
(17 %). 

The compressive strength of the cement paste specimens at the age of hardening 3, 7, and 28 days is 
presented in Table 6. The values of the compressive strength of every formulation increase with increasing 
their age. However, it was found that all values of early compressive strength (3 and 7 days) of cement pastes 
with GGBFS and admixtures (CP-2, CP-3, and CP-4) are smaller as compared with the control sample  
(CP-1). Primarily, it is due to the effect of dilution of binder by the granulated blast furnace slag that confirms 
the slower initial rate of hydration of cement containing GGBFS as a cement replacement as opposed to the 
reference OPC. Besides, the formulation CP-3 contains shrinkage-reducing admixture, which retards the 
hydration process of ordinary Portland cement pastes as well as alkali-activated slag systems [31]. This effect 
is more pronounced at the early stages of hydration. 

Table 6. Compressive strength of cement pastes. 

Sample 
Compressive strength, MPa (%) 

3d 7d 28d 
CP-1 27.8 (100) 42.4 (100) 68.4 (100) 
CP-2 24.6 (88.5) 41.3 (97.4) 74.3 (108.6) 
CP-3 19.7 (70.9) 30.4 (71.7) 66.8 (97.7) 
CP-4 26.2 (94.2) 39.6 (93.4) 72.1 (105.4) 

 

At the age of 28 days of hardening, the value of compressive strength is practically identical with those 
of the reference formulation. Furthermore, the results show that the compressive strength of CP-4 in the 
presence of 1.0 wt. (%) Na2SO4 is 5.4 % higher than CP-1 sample. It is in a good agreement with obtained 
data [32] that indicate the beneficiating effect of 0.8 wt. (%) Na2SO4 on the mechanical properties of concrete. 
This occurs probably due to the activating effect of the sodium sulphate set accelerator on hydraulic and 
pozzolanic properties of granulated blast furnace slag to yield adhesive and cementitious compounds [33, 34]. 

3.3. Properties of self-compacting concretes 
In accordance with [2] all tested concrete formulations (SCC-1, SCC-2, and SCC-3) refer to the following 

classes: slump-flow SF-1, viscosity VS1/VF1, passing ability PA2, segregation resistance SR-2 (Table 7). In 
the case, when the value of initial slump flow of SCC-1 is 552 mm, these results for SCC-2 and SCC-3 under 
the constant water/binder ratio and superplasticizer content are 4.5 and 2.4 % higher, respectively. Several 
factors could increase the workability parameters: i) higher volume fraction of cement paste at a constant 
water/binder ratio due to the lower specific gravity of granulated blast-furnace slag; ii) higher specific surface 
area of GGBFS improves the particle packing, reduces the inter-particle spacing, and decreases frictional 
forces between cement and slag particles; iii) the availability of the shrinkage-reducing admixture. At this point, 
the effect of SRA on the concrete mixture rheology was taken as secondary and not evaluated individually in 
this study. For example, cases occurred where the addition of SRA in High Performance SCC had little 
influence on the rheological behaviour of the mixtures over time [35]. Thus, the use of mineral addition of 
GGBFS with increased specific area was likely the dominant factor in increasing the slump flow of SCC-2(3). 
This hypothesis is proved by the data indicated an improvement of the properties of fresh and hardened SCCs 
having a constant water/binder ratio of 0.44 and total binder content of 450 kg/m3 and including only ordinary 
Portland cement as the binder as well as binary (OPC + GGBFS) cementitious blends. The replacement levels 
for GGBFS were 20, 40, and 60 % [5]. 
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The admixtures of SRA (SCC-2) as well as SRA + sodium sulphate (SCC-3) improve the slump 
retention of concrete mixtures in terms of 45 minutes after mixing (61 % for SCC-1, 75 % SCC-2, and 89 % 
SCC-3). As for the SCC-2 mixture the slump retention of 75 % appears due to the retardation effect of the 
shrinkage-reducing admixture SRA-25. As for the SCC-3 mixture apart of the mentioned effect of SRA, the 
addition of inorganic alkali salt, in particular, the sodium sulphate contributes the improvements in the 
rheological properties of cement paste (concrete mixture) as well as slump retention, especially when 
superplasticizer on the base of naphthalene formaldehyde condensate was used. This is due to the concurrent 
adsorption of sodium sulphate ions and superplasticizer on the surface of cement and mineral addition 
particles [36]. Whereas the results obtained may not be generalized, they are consistent with the concepts of 
SO42-/SP competition. The presence of SO42- ions leads to decreasing adsorption of the superplasticizer, 
leaving more of the latter available in the solution phase for paste fluidification; the fluidity of cement paste 
increases, accordingly, with the amount of sodium sulphate Na2SO4 added [16]. 

Table 7. The properties of self-compacting concrete. 

Properties Units SCC-1 SCC-2 SCC-3 
Initial slump flow mm 552 577 565 

Slump flow after 45 minutes mm 337 433 503 
Viscosity T500 s 2.0 1.8 2.0 

Passing ability (L-box test) H2/H1 0.87 0.89 0.86 
Segregation resistance % 13.2 14.0 9.6 

Compressive strength at MPa    
3 days  22.4 12.8 17.8 
7 days  31.7 21.7 26.5 

28 days  45.8 34.4 38.8 

Drying shrinkage micro 
strain -302 -225 -207 

 

Compressive strength of SCCs at the early (3 and 7 days) and at the design (28 days) age of hardening 
coupled with drying shrinkage were determined to evaluate the hardened concrete properties. A similar data 
reported in [7], related to the influence of partial replacement of Portland cement with ground granulated blast-
furnace slag (SCC-2 and SCC-3) on the values of early compressive strength have been obtained. The test 
results show that the compressive strength of the reference SCC-1 is higher by 75 % (3 days) and 20.5 % 
(7 days) as compared with SCC-2, by 31.5 % (3 days) and 16.4 % (7 days) as compared with SCC-3, 
respectively. This means that the hydraulic and pozzolanic activity of GGBFS in concrete formulations was 
not sufficient to enhance compressive strength at the early age. At the age of 28 days of hardening SCC-2 
and SCC-3 still demonstrate the lower values of compressive strength as compared with the reference SCC-
1 (by 25 and 15 %, respectively) but not to the degree that occurred at the early age. Besides, it is necessary 
to mention the effect of sodium sulphate admixture on the activity of GGBFS and concrete compressive 
strength. 

One of the most visible effects of using the shrinkage-reducing admixture in the formulations of SCC-2 
and SCC-3 is a decreased early compressive strength of concrete. However, the reduction in strength can be 
compensated, probably, by the lowering water/binder ratio without compromising the workability of concrete 
mixture, because as mentioned above SRA slightly improves the rheological properties of cement paste (w/b 
ratio of cement paste CP-3 is the lowest amongst the investigated cement pastes of standard consistency). 
Therefore, the value of compressive strength of CP-3 at the age of 28 days essentially corresponds to the 
reference formulation CP-1. The value of compressive strength of the cement paste CP-4, however, which 
contains the multicomponent modifier is 5.4 % higher as compared with CP-1. 

It has been found also that SRA provides decreasing drying shrinkage of SCC-2 and SCC-3 concretes 
by 25–31 %. 

4. Conclusions 
The following conclusions can be reached regarding the expected influence of the multicomponent 

modifier consisting of ground granulated blast furnace slag, the sulphonated naphthalene formaldehyde-
based superplasticizer, shrinkage-reducing admixture based on a polypropylene glycol derivative, and sodium 
sulphate set accelerator on the rheological properties and hardening process of cement pastes formulated 
from self-compacting concretes. 

1. The cement-slag paste (partial replacement of OPC with 35 wt. % GGBFS) with addition of 
superplasticizer and shrinkage-reducing admixture has the smallest value of the apparent and plastic viscosity 
over the whole range of shear rate. 
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2. No significant effect of GGBFS and chemical admixtures on the values of yield stress of all four OPC-
GGBFS pastes has been determined. 

3. GGBFS, SNF SP, and SRA affect the strength development rate of OPC-GGBFS pastes. Shrinkage-
reducing admixture retards the hydration process of OPC-GGBFS cementitious blend (the initial and final 
setting time increases, early compressive strength decreases). However, when the sodium sulphate set 
accelerator is used there is no retardation effect due to the presence of sulfates ions increasing the hydraulic 
and pozzolanic activity of GGBFS. 

4. The chemical admixtures of SRA and SRA + sodium sulphate improve the slump retention of SCC 
in terms of 45 minutes after mixing. The obtained results are consistent with the concepts of SO42-/SP 
competition. The presence of SO42- ions (from Na2SO4) leads to decreasing adsorption of the superplasticizer, 
leaving more of the latter available in the solution phase for paste fluidification. 

5. The use of shrinkage-reducing admixture in the formulations of SCC-2 and SCC-3 decreases early 
compressive strength of concrete. However, the reduction in strength could be compensated, probably, by the 
lowering water/binder ratio without compromising the workability of concrete mixture, because SRA slightly 
improves the rheological properties of cement paste. 

6. SRA provides decreasing the drying shrinkage of SCC-2 and SCC-3 concretes by 25–31 %. 
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Abstract. Possibility to obtain high alite Portland cement of alternative raw materials was established by 
complete replacement of clay component with electro-phosphoric (EPS) slag. This technology allowed 
disposal of considerable volume of slag with production of high grade cement and reduction of CO2 emissions. 
Fuel saving was about 15 % increase in productivity of kiln was 10−15 %. It was detected after industrial tests 
that some rheological properties of slag were unknown. We studied properties of limestone-residual slag, 
aimed at production of clinker with alite content 69.6 and 65.4 %. EPS slag was weak structuring element at 
the initial stage of coagulative structuring. An increase in the volume concentration of solid phases led to an 
increase in viscosity, dynamic shear stress, and plastic strength. With an increase in concentration by 3 % 
from 35 to 38 %, fluidity decreased by 20 mm, and mobility by 1.3 times. Increase of bulk concentration of 
solid phases led to increase in viscosity, dynamic stress viscosity, and plastic strength. With the increase in 
concentration by 3 % from 35 to 38 %, fluidity had been decreased by 20 mm, and mobility by 1.3 times. 
Further growth of concentration led to reduction of these indicators by an order. Coarse limestone-residual 
slag with moisture content 37 % preserved its mobility during 26 days. Under static conditions, critical structural 
strength (100 g.cm2) of slag was achieved during 24 days. In case of proper mixing, duration of slags’ mobility 
shall be increased. Therefore 37 % can be recommended for lower limit of slag moisture. 

1. Introduction 
The industrial program of the Government of the Republic of Kazakhstan defines the task of stimulating 

the investment flow of the country's economy, which requires improving the quality of construction, in which 
the development of technology for the production of binders continues to play a leading role. The problem of 
improving the quality, reducing energy intensity, finding more productive and economical methods for the 
production of Portland cement remains relevant. An effective way to solve the problem is to increase the alite 
content in cement, accelerating the rate of reaction of its formation, but not increasing the clinker calcination 
temperature, for which purpose a new type of raw material, granulated electro-phosphoric slags (EPS) slags, 
instead of the traditional clay component of the Portland cement raw material mixture, was investigated. The 
use of granular phosphoric slag in a Portland cement mixture as a complete clay substitute for the production 
of high alumina Portland cement has shown the promise of this direction. In this role, this material has not 
been previously investigated. By the beginning of this work, it was known that the addition of EPS slag to the 
limestone-clay mixture has a mineralizing effect on the clinker formation process. Phosphate-containing 
composites are distinguished by high construction and operational properties of concrete [1]. Recently, this 
direction has been intensively developed in China and other countries [2, 3]. In connection with the use of EPS 
slags as a raw material component in the production of cement by the wet method, it becomes necessary to 
study the stability of sludge prepared from such raw mixes. The wet method of cement production, widespread 
in Russia, Kazakhstan, and other CIS countries, has many edges over the dry one [4]. 

EPS slag is characterized by relatively low melting and softening temperature (1050−1100°C), and on 
90 % consists of lime and silica, and molar ratio is close to monocalcium silicate; contains admixtures of 
phosphoric anhydride and calcium fluoride. The first is stabilizer of β-C2S, and the second is effective 
mineralizer of silication. EPS slag has following variation limits of chemical composition, mass. %:  
CaO = 44.1 ÷ 50.6 (47.1); SiO2 = 39.3 ÷ 43.0 (42.0); Al2O3 = 1.9 ÷ 3.0 (2.3); Fe2O3 = 0.4 ÷ 2.3 (1.0);  
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MgO = 2.2 ÷ 4.1 (3.2); P2O5 = 0.2 ÷ 4.0 (1.8) and F = 1.7 ÷ 3.4 (2.5) (average contents, derived by statistical 
processing of the results of chemical analyses, which were carried out during 4 years, are given in brackets). 

Using EPS slags as primary component in production of cement, it is necessary to study stability of 
slags, prepared from such primary mixtures. 

Task on production of cement with given features and structure is of great importance, sludge with 
desired properties and structure. It is known, that kinetic stability of limestone-clay slag depends on dispersion 
and concentration of solid phases, and energy state of particles surface. Slags on the basis of granular blast 
furnace slags have increased settleability versus to limestone-clay. This is related to higher density of slags 
and low content of colloidal size particles. Raw slags on the basis of phosphorus slag also have higher 
sedimentation. Increase of slag content in raw mixture from 14 to 45 % leads to increase in rate of 
sedimentation of raw slag by 4–8 %. 

Established, that tixotropy is peculiar to structure formation of limestone-clay slag and coagulation 
structure is easily broken by system stirring. Raw mixes from belite component contain 35−55 % of dicalcium 
silicate, depending on quality and quantity of initial raw materials, which means that slags are not only got 
thicker, but set. Systems, including granular blast-furnace slags or microsilica [5], are characterized by similar 
feature. 

Performing pilot testing of new technology, we knew that slags demonstrate solidification during long-
term storage. Works, devoted to cement raw slags, containing slags of phosphorus production, are small-
scale and related to partial clay replacement. Alternative works [6−19] do not contain information on behavior 
of slag. The study [20, 21] is related only to rheology of activated phosphorus slag. Stated circumstances 
determined necessity to study structural and mechanical properties of slags of limestone and EPS slag (their 
stability, viscosity structural strength, dynamic and static shear stresses).  

The aim of the article is to evaluate and find out possibility and conditions in order to obtain stable slimes 
of contained limestone and phosphoric industrial slag. At the same time stability means possibility of slime to 
preserve solid-state phases in suspension. 

2. Methods 
2.1. Raw materials 

Raw materials were limestone from the Astahov deposit of the Karaganda Cement Plant (Central 
Kazakhstan) and granular slag from the Taraz phosphate plant (South Kazakhstan). Chemical composition of 
raw materials is given in Table 1. 

Table 1. Chemical composition of limestone and granular electro-phosphoric slags, mass. 

Raw 
material CaO SiO2 Al2O3 Fe2O3 MgO MnO R2O F P2O5 TiO2 S 

loss of 
ignition* 

Limestone 53.62 1.98 1.16 0.52 0.53 0.46 no 0.23 0.03 traces 0.05 42.00 
Slag 45.70 41.50 2.32 0.61 4.00 0.58 0.38 1.95 1.97 traces 0.35 0.47 
Clay 7.92 55.20 12.11 6.15 2.77 − 2.91 − − − 0.10 11.99 

*ignition losses. 

The density of slag was 2.92 and that of limestone 2.71. The density of clay was about 2.60–2.65. 
Limestone excels in purity and has the titer 95.75 %. Comparison of data from the table with the 
abovementioned bulk composition demonstrated that slag sample is chemically representative. Potable water 
is used for preparation of raw slug.  

2.2. Research methods 
Limestone – slag slime was studied by the Nurse method [22] for high alit clinker. Saturation coefficient 

(SC) was taken 0.93 and 0.97 which correspond to 69.6 % and 65.4 % alit content. 

The density was determined by pycnometer (bottle) method at 200 C in toluene. Particle-size distribution 
was determined by sedimentation analysis of pipette method. Grain shape was evaluated by using of 
microscope NU-2. The features of interaction between the studied objects aggregates with water were 
estimated on the electronic microscope UEMV-100K. 

The specific surface was determined by a standard surface meter T-3 based on the principle of air 
permeability of powder materials. Suspension was prepared by means of the LE-305 type mixer. 

According to fluidity slime moisture content was determined by its flow and optimal diameter was about 
70 mm. Fluidity was defined using fluidity meter TN-2 (of the RHTU n.a. D. Mendeleyev system). Slime 
thickening (decreasing of fluidity) during a time was tested in static conditions. 
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Assessment of sedimentation was accompanied by establishment of sedimentation volume, its moisture 
capacity and changes over time. Observation continued till achievement of constancy of sedimentation 
volume. Rotary viscosimeter “Rheotest – 2” (Germany), Waler-Rehbinder device and Rehbinder cone-and-
plate rheometer (modified device of VNIINGP, Russia) were used during study of structural-mechanical 
properties of primary cement slurries. Calculating formulas were adjusted depending on development of 
system structure. 

2.3. Samples preparation 
Raw materials were grinded by laboratory tumbling mill with using of standard grinding balls loading. 

There were prepared two samples. The first sample had the remainder on the 008 sieve 8 %, the second 
sample 14 %. 

Limestone slime, slag slime, two component mixed slime and to compare slime from horizontal stank 
of Karaganda cement plant (KCP) were studied. The control slime was stored in a hermetically sealed vessel 
and was subjected to numerous and careful hashing. All this could improve its sedimentation stability and 
other indicators. 

Experimental slimes were tested in a freshly prepared form, i.e. in more adverse conditions in 
comparison with the control slime. It gives more reliable relative results of supervision. 

Two tests were carried out at different dispersion. The first test was carried out at 8 % remainder on 
008 sieve. The second test was carried out at 14 % remainder on 008 sieve. Such sifting was the same with 
low and high limits of grinded material in plants. Controlling plant slime has residual on 008 sieve 14.4 %. 
Limestone-slag slime was tested at 37 % of moisture content that was typical for industrial slime. KCP slime 
that was used in tests had 39.5 % and 37 % moisture content. 

3. Results and Discussion 
3.1. Sludge of a mixture of limestone and granulated phosphoric slag 

Materials dispersion. The data of the dispersion are shown in Table 2. 

Table 2. Specific surface and results of sedimentation analysis of the powders. 

Sample Specific surface, 
m2.kg 

Remainder, mass. %. 
on the sieve 

Content, mass. % 
Fractions, mm 

0.2 0.08 ˃ 0.06 0.06 – 
0.01 

0.01 – 
0.005 

0.005 – 
0.001 0.001 

Granulated phosphoric slag 
S – 1 2325 0.6 14.0 33.34 55.06 5.95 4.55 1.10 
S – 2 2908 0.4 8.0 14.75 72.50 6.30 4.30 2.15 

Limestone 
L – 1 4563 0.6 14.0 14.83 80.77 1.20 2.72 0.48 
L – 2 5278 0.7 8.0 13.20 82.10 0.70 2.15 1.85 

 
The data presented in Table 2 show that the granulated slag of phosphoric production in comparison 

with limestone is more coarse-dispersed when crushed. In case of slag the bulk (about 90 %) of particles has 
the size more than 10 mc. The raised grinding subtleties by means of decreasing the remainder from 14 to 
8 % increase the 0.06−0.01 mm fraction yield at the expense of fraction that is larger than 0.06 mm. At this 
the number of fractions less than 10 mc remains almost without change. 

In limestone there are more fractions that are smaller than 60 mc and their yield grows with increasing 
the general fineness of grinding i.e. with reducing the quantity of particles that are larger than 80 mc from 14 
to 8 %. 

According to the content of fraction that is smaller than 60 mcm the specific surface of materials 
changes. With the remainder of 8 % the specific surface of limestone exceeds that of slag 1.8 times and with 
the remainder of 14 % − almost twice. 

Form of grains. Viewing the powders under the microscope showed that particles of slag have a flat-
limited detrital form with acute corners and twisting sides. Configuration of grains in most cases is irregular. 
There are met grains of the extended form.  

Limestone units are more isometric in comparison with slag grains, but they also have an irregular shape 
with twisting outlines. 
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Sedimentation of slimes. Sedimentation was studied with the use of slimes which component 
compositions are presented in Table 3. 

The solid phase of the KCP slimes contains to 80 % of limestone and 3−5 % of scale. The other part is 
presented by clay slate. 

Table 3. Component composition and technological indicators of slimes. 

Slime 
Composition of the mix, mass. % Slime humidity, 

% 
Slime fluidity, 

mm 

Volume concentration 
of dispersed phases, 

% S − 1 S − 2 L − 1 L − 2 

1 100 − − − 29.0 70.0 45.60 
2 − 100 − − 30.0 70.0 44.41 
3 − − 100 − 30.0 63.0 46.27 
4 − − − 100 30.0 61.0 46.27 
5 41.4 − 58.6 − 30.0 69.0 45.54 
6 41.4 − 58.6 − 37.0 97.0 37.90 
7 − 41.4 − 58.6 30.0 70.0 45.54 
8 − 41.4 − 58.6 37.0 92.0 37.90 

KCP slime 39.5 68.0 35.94 

Note: S – slime, L – limestone 

In limestone-slag slimes the content of limestone is reduced to 60 % but in spite of this it is the prevailing 
component. In addition, it is necessary to consider the developed specific surface of limestone. 

The total surface of limestone and limestone-slag slimes exceeds the slag surface about three times. 
In this regard it would be possible to expect the decisive effect of limestone on the properties of slimes. In 
reality there is not observed such a picture. 

For example, fluidity of limestone-slag slimes (Table 3, slimes 5 and 7) coincides with fluidity slag (1 
and 2) but not with calcareous (3 and 4) suspensions. Similarly, the KCP slime fluidity is strongly affected by 
humidity of the clay component. 

Limestone-slag slimes in a freshly prepared state in comparison with the KCP slime of identical fluidity 
show water requirement nearly 10 % less. It is entirely connected with the feature of interaction of phosphoric 
slag with water. As there were tested only freshly prepared slimes, it must be kept in mind the initial stage of 
water interaction here. 

Comparing concrete figures, it is possible to note that slag suspensions are characterized by the 
smallest values of the lower limit of humidity (29−30 %). These suspensions with identical humidity surpass in 
fluidity the calcareous ones. The reason is probably in the coarse dispersion of slag suspensions and their 
smaller a little volume concentration. 

Calcareous suspensions with humidity of 30 % show rather high fluidity, too. 

In sedimentation duration experimental slimes, as well as the KCP slime don't practically differ from 
each other. The bulk of the disperse phase in them sediments already in 20 min. despite all distinctions in 
humidity, fluidity, specific surface and volume concentration spoken above. 

Initial moisture capacity of the sediment. Sedimentation volume after 20 min. in Limestone-slag slimes 
(Table 4, slimes 5 and 8) does not depend on the fineness of grinding the furnace charge at all and is mainly 
defined by their humidity. Slimes 6 and 8 of high humidity (37 %) forms sediments with moisture capacity of 
61.32 % whereas the same slimes (5 and 7) at 30 % humidity allocate sediments with moisture capacity only 
about 54 %. 

Sediments of Limestone-slag slimes and the KCP slimes with identical humidity has almost equal 
moisture capacities. 

However, Limestone-slag slimes of equal fluidity sediment with allocation of a denser deposit in 
comparison with the KCP slime. 

The smallest moisture capacity belongs to the deposit of slag suspension prepared from the powder of 
the remainder on the 0.08−14 % sieve. However, the low moisture capacity of sediments is not characteristic 
of slag suspensions. The moisture capacity of their sediments raises with increasing the fineness of grinding. 
So, for example, moisture capacity of slime sediment twice surpasses moisture capacity of calcareous 
suspensions sediments, though the specific surface of slag flour is less than the of calcareous 1.6−1.8 times. 
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Table 4. Moisture capacity of slime sediments. 

 

Final moisture capacity of the sediment, i.e. the stabilized sedimentation volume of the KCP slime is 
57.7 % less than in calcareous and slag slimes. But the deposit of plant slime is condensed very slowly: within 
11 days and in experimental ones this consolidation comes to the end in one day. 

The final moisture capacity of Limestone-slag slimes sediments still depends on their humidity, though 
to a lesser extent than in case of the initial moisture capacity. 

In values of the final moisture capacity Limestone-slag slimes sediments do not significantly differ from 
the KCP slime after a daily storage if their humidity coincides. 

Suspensions 2, 3 and 4 are almost identical by the final moisture capacity. 

Changing sedimentation volume of slime in time (Table 5). The largest duration belongs to changing 
sedimentation volume of the KCP slime, i.e. 11 days. 

Table 5. Sedimentation characteristics of slimes. 

Slime 

Time of count from the experiment beginning, min. 

20 40 60 80 100 120 140 

Sedimentation volume changing, % 

1 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
2 100.00 97.16 95.14 94.53 94.53 94.53 94.53 
3 100.00 99.00 99.00 99.00 98.60 98.20 96.00 
4 100.00 99.38 98.97 98.77 98.56 98.36 97.33 
5 100.00 98.96 98.34 97.52 97.10 96.69 96.28 
6 100.00 98.70 97.30 95.90 94.50 93.20 85.30 
7 100.00 98.98 98.58 97.97 97.37 96.56 95.75 
8 100.00 98.70 97.70 96.50 95.50 95.50 87.70 

KCP 100.00 99.35 98.88 98.35 97.83 97.66 91.63 
 

The time of sedimentation volume stabilization of limestone-slag slimes makes 24 hours. The same is 
observed for calcareous suspensions. 

Coarse-dispersion slag suspension (Table 5, slime 1) gives a compact deposit right after sedimentation 
and its volume does not decrease later on. The duration of changing sedimentation volume in the second slag 
suspension is equal to 80 min. 

Viscoplastic properties of slimes. In these experiments initial materials and furnace charges were the 
same as were described above. Humidity of slimes covered the lower and top limits of admissibility for each 
type and include one intermediate point. 

Slag and calcareous suspensions are tested at limit temperatures, Limestone-slag slimesat 40 and 
60 ℃; such temperatures are most probable industrially.  

The curve of slime currents is given in Fig. 1−4. As it should be expected, they did not pass through the 
beginning of coordinates. 

Slime 
Initial moisture 
capacity after  

20 min., % 

Final moisture 
capacity, 

% 

Initial and final moisture 
capacities ratio, 

% 

Sedimentation volume to 
slime volume ratio, 

% 

1 48.97 48.97 100.00 89.37 
2 54.77 52.16 95.23 98.21 
3 53.46 51.52 96.97 99.40 
4 53.54 52.27 97.63 99.59 
5 53.80 52.01 96.67 98.57 
6 61.32 54.67 89.16 98.00 
7 53.89 51.85 96.21 98.80 
8 61.32 55.93 91.21 98.00 

KCP 63.66 58.80 92.37 98.93 
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For limestone (Fig. 1) at humidity 40 and 43 % the relation between the shearing effort and the gradient 
of speed remains almost linear. At 28 % humidity a straight line is bent when approaching the axes of shear 
stresses. 

 
Figure 1. Curves of limestone suspensions currents depending on the speed of rotation 

(N, turns.sec.) of the mobile internal cylinder of the viscometer, on loading (P, g) rotating the 
cylinder: 1 – the remainder on the sieve 0.08 – 8 %, humidity – 40 %. temperature 10 °C;  

2 − the remainder on the sieve 0.08 – 14 %, humidity – 43 %, temperature 60 °C;  
3 − the remainder on the sieve 0.08 – 14 %, humidity – 28 %, temperature 60 °C. 

Rectilinear nature of the considered dependence remains also for slag at humidity 37 and 43 %. In case 
of 28 % humidity the relation is complicated-stepped (Fig. 2) and the initial character of the relation between 
the shearing effort and the gradient of speed reminds a system having a fragile failure. 

 
Figure 2. Curve of slag suspensions currents depending on the speed of rotation of the mobile 

internal cylinder (N, turns.sec.) of the viscometer, on loading (P, g) rotating the cylinder:  
1 – the remainder on the sieve 0.08 – 14 %, humidity – 37 %. temperature 10 °C;  
2 − the remainder on the sieve 0.08 – 8 %, humidity – 43 %, temperature 80 °C;  
3 – the remainder on the sieve 0.08 – 8 %, humidity – 28 %, temperature 80 °C. 

The bends of curves of the Limestone-slag slimes currents are sharp at 40 and 46 % humidity (Fig. 3). 
The LCPZ slime has a similar dependence at all tested temperatures (Fig. 4). 

 
Figure 3. Curve of limestone-slag slimes depending on the speed (N, turns.sec.) of rotation of the 

mobile internal cylinder of the viscometer, on loading (P, g) rotating the cylinder:  
1 – the remainder on the sieve 0.08 – 14 %, humidity – 40 %, temperature 40 °C; 2 

 – the remainder on the sieve 0.08–8 %, humidity – 31 %, temperature 60 °C;  
3 – the remainder on the sieve 0.08 – 8 %, humidity – 46 %, temperature 60 °C. 
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Figure 4. Curve of the KCP slime currents depending on the speed of rotation of the mobile internal 

cylinder (N, turns.sec.) of the viscometer, on loading (P, g). rotating the cylinder: 
1 – 10 °C; 2 – 20 °C; 3 – 40 °C; 4 – 60 °C;  

5 – 80 °C (the remainder on the sieve 0.08 – 14 %, humidity – 37 %) 
The curve of the calcareous and slag slime current at 31 % humidity has a flatter initial bend. 

Viscoplastic properties of slimes are presented in Table 6. 

Table 6. Viscoplastic properties of slimes. 

Slime Humi-
dity, % 

Volume 
concentration 
of dispersed 
phases, % 

Temperature, 
°C 

Largest 
plastic 

viscosity, 
(ηo), poise 

Smallest 
plastic 

viscosity, 
(ηm), poise 

Static shear 
stress (θs). 

dn.cm2 

Dynamic 
shear stress 
(θd). dn.cm2 

1 37 36.8 10 23.9 9.5 51 51 

2 
28 46.8 

80 
not defined 7.6 107 107 

43 31.2 30.0 3.6 28 28 

3 
28 48.7 

60 
67.3 0.9 28 305 

43 32.8 35.4 0.7 32 32 
4 40 35.6 10 53.6 0.4 42 42 
5 40 35.0 40 82.8 1.1 34 43 

7 
31 44.3 

60 
122.6 3.4 31 88 

46 29.6 20.6 2.8 35 45 

KCP 37 38.4 

10 117.4 0.4 46 195 
20 95.7 0.8 28 175 
40 74.2 0.5 31 131 
60 34.4 0.7 28 173 
80 27.5 0.6 33 157 

 

The difference θd − θs is not large in limestone-slag slimes (Table 6, slimes 5 and 7). 

In the KCP slime θd ˃ θs is 4–6 times as large. 

In slag and limestone suspensions θd = θs, excluding coarse-dispersion limestone suspension with 28 % 
humidity and 60 ℃ temperature that has θs = 28, and θd = 305 dn.cm2. 

Static shear stress. Slimes differ from each other but little in this indicator. Slag suspensions do not 
enter here. 

In general, in slag suspensions θs significantly depends on their humidity: the lower is humidity, the 
larger is θs. For example, at 28 % humidity slag suspension has θs = 107 dn.cm2. 

Dynamic shear stress. It is high when humidity of slimes is low. Those are suspensions: a slag one with 
28 % humidity (θd  = 107 dn.cm2); a calcareous one with 28 % humidity (θd = 305 dn.cm2); and a calcareous, 
and slag slime with 31 % humidity (θd = 88 dn.cm2). 

Limestone-slag slimes in comparison with the plant slimes can have θd 2-4 times less. 

Structural (effective) viscosity of slimes is not given here. It is changeable in the limits between ηo and 
ηm depending on the applied loading. Therefore below there are considered the values ηo and ηm that are 
constants under existing conditions. 
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The largest plastic viscosity of limestone-slag slimes at 40–60 °C depends on their humidity. It is high 
at low humidity 31 % (ηo = 122.6 poise). Then there are coarse-dispersion slimes.  

In the KCO slime ηo falls with temperature increase. There is an impression that this slime in ηo has no 
essential advantage before limestone-slag slimes. 

At 10 °C a slag suspension in comparison with the plant slime shows by 5 times smaller viscosity ηo, 
but at 80 °C it is slightly larger in a slag suspension. 

Calcareous suspensions 0 °C have a smaller ηo than in the KCP slime. But at 60 °C and 28 % humidity 
this suspension in this indicator is worse than the plant slime. 

The smallest plastic viscosity of the completely destroyed structure in limestone-slag slimes in 
comparison with the production slime will be higher in connection with the presence of slag in them which 
suspension has always an increased value. Calcareous suspensions and KCP slime have almost identical 
viscosity ηm independent of the temperature (Table 6). 

The difference ηo − ηm in the KCP slime is much larger than in calcareous and slag slime. In the small 
difference ηo − ηm of the latter there appeared the influence of the slag component. 

Slime thickening. For the purpose of studying slimes thickening there were prepared slimes which 
component composition and technological indicators are presented in Table 7. Changing slimes fluidity in 
dependence of their storage duration is shown in Table 8. 

Table 7. Component composition and technological indicators of slimes. 

Note: S – slime, L – limestone 
 

The property to get thick is inherent in all slimes their specificity is shown only in the process duration 
which, except the nature of materials, significantly depends on humidity of slimes. 

Among coarse-dispersion (remainder on the sieve 0.08−14 %) suspensions with 31 % humidity and 
prepared from separate components, the suspension of the granulated slag (5 days) is quickly getting thick 
and limestone – within 8 days. 

The increase in humidity to 34 % did not affect the behavior of calcareous suspension but led to 
increasing the duration of jelling to 11 days for the granulated slag characterized by the remainder on the sieve 
0.08–8 %. 

The most coarse-dispersion calcareous and slag slime (it is designated by Z) containing granulated slag 
but having humidity 37 % kept the mobility within 26 days. This fact shows that in the phenomenon of jelling 
of Limestone-slag slimes their humidity is of great importance. 

The structural durability was determined at the temperature of 25 ± 1 °C and humidity of slimes 37 %. 
When assessing the time of preservation of grouting cements mobility its structural durability is accepted as 
the limit of their pumpability equal to 100 g.cm2. From this point of view calcareous suspensions (Fig. 5) are 
mobile within a very long period of time. Calcareous suspensions gain durability slowly. After 36 days their 
structural durability makes only 14 and 16 g.cm2. 

 

Slime 

Mix composition, mass. % Remainder 
on the 

sieve, % 

Specific 
surface, 
m2.kg 

Humidity, 
% 

Volume 
concentration of 

dispersed 
phases, % 

Fluidity, 
mm S-1 S-2 L-1 L-2 

A 100 − − − 14 196.1 31 43.25 100.5 
B − 100 − − 8 226.5 34 39.93 107.0 
C − − 100 − 14 456.3 31 45.09 65.0 
D − − − 100 8 527.8 34 41.75 70.5 
E 41.4 − 58.6 − 14 342.1 31 44.73 69.0 
F 41.4 − 58.6 − 14 342.1 37 37.89 97.0 
G − 41.4 − 58.6 8 364.2 34 41.03 98.0 
H − 41.4 − 58.6 8 364.2 37 37.90 100.5 
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Figure 5. Changing structural durability of limestone suspensions (humidity – 37 %):  

a − the remainder on the sieve 0.08 – 14 %, b – 8 %. 
Table 8. Changing slimes fluidity depending on the storage duration. 

Designation 
Fluidity, mm 

Period of slime storage, days 
0 1 2 3 4 5 6 7 8 9 

a 100.5 100.5 103.0 93.0 62.0 thickened 
b 107.0 112.5 113.0 114.0 111.5 104.5 104.5 98.0 90.5 75.5 
c 65.0 65.0 63.0 61.0 56.5 48.0 42.0 40.0 thickened 
d 70.5 70.5 70.5 65.0 63.5 57.0 54.0 42.5 thickened 
e 69.0 74.0 70.5 66.5 63.0 53.0 46.5 40.0 thickened 
f 97.0 102.0 105.5 106.0 94.5 101.0 95.0 99.5 99.5 - 
g 98.0 96.5 90.0 84.0 81.0 77.5 71.0 62.0 50.0 43.0 
h 100.5 108.0 104.0 102.0 - 100.0 96.0 92.0 85.5 80.0 

 
The limit of pumpability of a more coarse-dispersion suspension of the granulated slag is reached in 15 

and 23 days respectively for powders, 14 and 8 % of which are characterized by the remainder on the sieve 
008 (Fig. 6). In suspensions of the granulated slags structural durability after two-day storage reaches 13 and 
17 g.cm2. Then it grows rather slowly depending on dispersion of powders till 22 and 14 days. On expiration 
of the specified terms the growth rates of durability sharply increase, especially for a powder from the 
remainder on the sieve 008–8 % which suspension after 27 days of storage has durability about 1400 g.cm2. 
The curve of structural durability coarse-dispersion suspension growth has a step character, the rate of 
increasing durability is slow till 14 days, in the range from 14 to 22 days it is accelerated, then becomes again 
smooth; after 22 days there comes the second stage of sharp hardening. 

 
Figure 6. Changing structural durability of slag suspensions (humidity – 37 %):  
a – granulated slag, the remainder on the sieve 0.08 – 14 %, b – the same, 8 %. 
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Thus, a suspension of granulated slag considerably loses its pumpability. However, mobility of 
calcareous and slag slime is larger when using granulated slag that is seen in Fig. 7. Critical structural durability 
of slimes with granulated slag was reached in 24 days. 

 
Figure 7. Changing structural durability of limestone – slag slimes (humidity – 37 %):  

a – slime with granulated slag, the remainder on the sieve 0.08 – 14 %, b – the same, 8 %. 
Limestone-slag slimes before achieving the critical structural durability are strengthened gradually, then 

the growth rates of durability increase sharply. 

Summarizing, we can say that thickening is due to the dispergation of slag particles, and setting is due 
to the formation of calcium hydrosilicates. This is confirmed by the bands established by the IR method at 
3450 and 1650–1640 cm–1, according to Nakamoto, K and Lazarev, A.N. [23] which relate to crystallization 
water, part of calcium hydrosilicates.  

General observations permitted to establish the following facts:  

1. Phosphoric industrial slags have a higher density than clay. 

2. Limestone-slag slime has a low water requirement ability. This slime flow in 70 mm was reached at 
30 % of moisture content when KCP slime at 39−40 %. 

3. Limestone-slag slime as KCP slime is kinetically unstable. Time of sedimentation is not higher than 
20 minutes. 

4. Initial water-absorbing capacity of sedimentation volume in two slimes was equal at the same 
moisture content. But at the same fluidity limestone-slag slime made denser settlement. 

5. Limestone – slag slime compacted (reducing of sedimentation volume) in 24 hours. KCP slime in 
11 days. Final water − absorbing capacity of limestone – slag and KCP slimes after 24 hours were not very 
different. 

6. Values of static shear stress of slimes were almost equal.  

7. Limestone – slag slime’s dynamic shear stress was almost in 4 times at the same moisture content 
and in 2 times at the same fluidity higher than KCP slag’s. 

8. The difference between dynamic and static shear stresses of limestone – slag slime was not so big. 
At the same time KCP slime’s dynamic shear stress value was in 4-6 times higher than static. 

9. Limestone – slag slime had high plastic viscosity of unbroken structure at the same fluidity with KCP 
slime. But at the same moisture contents these viscosities were almost similar. 

10. Completely broken structure’s viscosity of limestone – slag slime was in 2–3 times higher than KCP 
slime’s. Also it increased in higher temperature whereas KCP slime’s viscosity was not. 

11. In KCP slime the difference between viscosities of unbroken and broken structures was higher than 
this difference in limestone – slag slime. 

12. Moisture content strongly affects the thickening of limestone – slag slime. At 37 % moisture content 
low dispersion slime (008 sieve residual was 14 %) contained granular slag thickened in 26 days. The using 
of molten slime instead of granular did not improve fluidity of limestone – slag slime. 
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13. Limestone – slag slime included molten slime set more quickly. Such slime lost its fluidity in 20 days 
while slime contained granular slag in 24 days. 

All described states are useful for recent prepared slimes at testing in static conditions. In case of 
thorough stirring duration of fluidity keeping must increase. 

Described high density of blast-furnace granular slag is considered by researchers as decreasing factor 
of kinetic stability of cement raw slimes contained that slag. This statement also applies to phosphate slag. 

Coefficient of equal falling (e) of phosphate slag and clay can be calculated by:  

1
,

1
sc

s c

de
d

δ
δ

−
= =

−
             (1) 

Where sδ  and cδ  is slag and clay density, cd   and sd  is diameter of their particles. 

The density of granular slag was 2.92. sd  = 2.60 were used. So after calculations equal falling 
coefficient of slag and clay particles was equal to 1.1. In other words, to obtain slag suspension with the same 
kinetic stability with clay’s it is necessary to increase. At other same conditions dispersion degree of slag 
almost to 10 % in compare with clay. 

Clay is grinded easy. Furthermore, clay can provide considerable product with colloidal size of fraction. 

Granular phosphoric industrial slag at typical grinding provides small amount of colloidal size fraction. 
Increasing of grinding fineness by decreasing of residual on 008 sieve from 14 % to 8 % results in growth of 
60−10 mkm fraction.  

Therefore, the variant to increase of grinding fineness of granular phosphate slag to 10 % in compare 
with clay for kinetic stability is not possible.  

This statement is based on results of slag tests on laboratory grinding mill. The grinding of limestone 
was not done there. At the same residuals on 008 sieve limestone powder had considerably higher fineness. 
Therefore, low dispersion of grinding represents in granular phosphate slag. But it does not mean that such 
material cannot be grinded more finely. For increasing grinding fineness loading components of grinding mill 
must be changed. 

Cement raw slime is kinetically unstable at all. For example, KCP slime settled in 20 minutes. Almost 
the same situation was observed in limestone − slag slime. Therefore, there is no necessarily to achieve kinetic 
stability of limestone – slag slime by increasing of grinding fineness. Consequently, grinding fineness that is 
used in plants (8−14 % remainder on the 008 sieve) recommended. Slime stability can be carried as usual by 
mechanical stirring.  

Moisture content of cement raw slime is important operation property. Low limit of moisture content 
commonly is determined by its fluidity on fluidity − meter device. 

At the determination of low limit moisture content of limestone – slag slime contained phosphate 
industrial slag other properties should be taken into account. Properties are such as initial water – absorbing 
capacity of sedimentation volume, dynamic shear stress and thickening.  

There is an opinion that kinetic stability also depends on moisture content. But this dependence is not 
used in research work because cement raw slime is kinetically unstable.  

According to fluidity and shear stress value for limestone – slag slime 30 % of moisture content would 
be enough. But this moisture content was too low taking into account water – ability capacity of sedimentation 
volume and thickening of slime.  

Water – ability capacity of sedimentation volume of dispersion system is defined by shape of particles 
and distribution of dispersion composition. Structure formation in system increases its sedimentation volume. 

Structure formation at the same time is defined by chemical compositions of solid phases entered into 
dispersion system and their interaction with dispersion system. Mechanism of structure formation in limestone 
– slag slime is serious and big issue that is not considered in this research work. 

Grinded granular phosphate slime generally contains narrow fraction and its grains are anisodiametrical. 
It has good effect on increasing of limestone – slag slime water – absorbing capacity of sedimentation volume. 
But initial water – absorbing capacity of settlement is considerably higher at 37 % moisture content than at 
30 %. 

Thickening of slime also depends on its moisture content. At 30 % moisture content slime thickens 
rather quickly. And at 37 % moisture content slime mobility maintains for 26 days. 
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In accordance with these cases low limit of moisture content for limestone – slag slime can be 
recommended as 37 %. 

Results of that research work show that structure formation of limestone – slag slime occurs from 
commencement. It reveals because slime viscosity does not obey Einstein’s law fluidity curve does not 
intersect coordinate origin, slime has resilient – plastic properties, etc. 

The difference o dη η−  in KCP slime is higher than in limestone – slag slime. So its structuring is higher. 

At the same time resilient is clearer in limestone – slag slime because sθ  and dθ are close. 

At higher moisture content sedimentation volume increasing in limestone – slag slime can be explained 
by decreasing influence of volume concentration of dispersed phases on structure formation.  

Apparently at limestone – slag slime kept in quiescence structure formation should be divided into three 
stages: initial stage, thickening and gelling accompanied with sharp hardening. And only because of last 
structure formation stage some doubts appears about the possibility of limestone – slag slime using at cement 
production. But the fact that slime sets only in quiescence conditions during a long time is omitted. At industrial 
conditions slag slime does not set and can be used at cement production with moist preparation of raw 
materials.  

Experimental – industrial tests at KCP showed that there was no any property abnormality of limestone 
– slag slime in horizontal stank. Slime can settle also in vertical stank if it is not mixed. But it cannot be 
permitted.  

According to P.I. Bazhenov, in Russian the Pykalev and Achinsk plants used nepheline slime as a raw 
component that indicates the possibility of phosphoric slag using in cement production with moist preparation. 
Nepheline slime generally consists of two calcium silicate that has high hydraulic activity.  

3.2. Physical and mechanical properties of lime-slag sludge cement 
Based on the carbonate-slag mixtures sludge the strength properties of cement were studied. 

There were studied 5 mixtures (Table 9) of CaCO3 and granulated phosphoric slag I (mixtures 1 and 2) 
and II (the rest). Mixtures 1 and 3 were composed on the basis of production of a belite clinker, 2 and 4 – an 
alite, and the mixture 5 – a clinker with the 60 % content of alite (SC = 0.67; 1.00 and 0.87). In the last two, 
the amount of limestone is 20–25% less than in clay mixtures. 

Table 9. Mixtures composition, % by weight. 

Component 
Mixture 

1 2 3 4 5 
Phosphoric slag 57.47 39.22 61.42 41.40 46.88 

CaCO3 42.53 60.78 38.76 58.60 53.12 
 

The studies show for obtaining an alite clinker the lime-slag mixture with SC = 1.00 can be burned at 
1400 °C, in which lime is absorbed with reasonably practicable completeness (CaOfree = 0.70 %) for 10 minutes 
(slag contains CaF2 – 5.13 %). 

The product consists of the C3S phase with small inclusions of the C2S phases and fluorite. When 
calculating the amount of alite, it was assumed that at temperatures starting from 1300 °C and above, 
MgO (2.07 %), Al2O3 (1.70 %) are dissolved in the C3S in the form of tricalcium aluminate, Fe2O3 – 0.15% and 
P2O5 – 0.26 %; the C2S phase dissolves the C3P. Dicalcium silicate is being formed at 1100 °C after 3 minutes; 
at 1200 °C and above – from the first minute of heating. The beginning of the C3S formation coincides with the 
end of calcite decarbonization process and slag transformation into the C2S. According to X-ray photographs 
a, b, c (according to the Fig. 8) and d (according to the Fig. 9) in the citric acid draw sediments, there fluorite 
and wollastonite are present. 
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Figure 8. The citric acid draw sediments X-ray photographs 

a – 1100 °C, 5 min; b – 1100 °C, 10 min; c – 1100  °C, 25 min; d – 1200 °C, 5 min;  
e – 1200 °C, 10 min; f – 1200 °C, 20 min; g – 1200 °C, 25 min. 

The amount of free fluorite above 1200℃ decreases with increasing the temperature and duration of 
burning. According to the Fig. 9, g at 1500℃ after 20 minutes there remains a tiny amount of the substance. 
Therefore, the bulk of fluorine was dissolved in calcium silicates. 

 
Figure 9. The citric acid draw sediments X-ray photographs 

a, b, c – 1100 °C, 5, 10, 25 min; d, e, f, g – 1200 °C, 5, 10, 20, 25 min. 
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In the mixture 2, after adding 2 % of the CaF2 into it and burning at 1400℃ for 30 and 60 min., there are 
formed large alite crystals with smoothed angles (according to the Fig. 10). The further increase in burning 
duration at the given temperature or its increase up to 1500℃ leads to a decrease in crystal size to 5 μm. 

 
a     b 

 
c     d 

 
e     f 

Figure 10. Photomicrographs roasted mixture 2 for C3Sc 2% CaF2, x240. 
a – 1400 °C, 30 min; b – 1400 °C, 60 min; c – 1400 °C, 120 min; d – 1500 °C, 30 min;  

e – 1500 °C, 60 min; f – 1500 °C, 120 min 
The mixture 5 with SC = 0.87 shall be also roasted at 1400 °C within 20 minutes (Table 10), i.e. it has 

no advantage over the mixture with SC = 1.0. The samples roasted at 1300, 1400 and 1500℃ within 60, 20 
and 10 minutes consist of alite and belite (according to the Fig. 11). Dicalcium silicate is formed from the first 
minute of heating. The C3S lines (alite) appear on the X-ray radiograph of the cakes roasted for 10, 5, and 3 
min at 1200, 1300, and 1400 °C. 

Table 10. Free calcium oxide of the mixture 5, % by weight. 

Temperature 
°C 

Burning duration, min 
1 3 5 10 15 20 25 30 60 120 

1200 5.82 14.29 14.38 7.27 4.57 4.38 4.00 3.21 3.14 1.75 
1300 9.11 17.37 9.10 4.80 3.10 1.36 1.50 1.91 0.47 0.13 
1400 11.66 17.82 7.11 3.28 1.13 0.33 0.29 0.23 0.13 no 
1500 15.82 8.50 2.24 0.41 0.09 no − − − − 

 
With slow burning, the formation of belite and alite clinkers ends with a practical acceptable 

completeness at 1000 and 1400℃. Under slow burning conditions, as in the case of an abrupt one, reactions 
in the mixture 4 (KN = 1.0) proceed better than in the mixture 5. At 1100 °C, there are formed as much alite 
as at 1200 °C in case of abrupt burning. In the final roasted product of the mixture 4, only the alite lines are 
preserved. Cuspidine, as an intermediate formation, disappears at 1200 °C. 
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Figure 11. The roasted cakes X-ray photographs 

a – C2S, 1200 °C; b, c, d, e – 60% C3S, 900, 1300, 1400 and 1500 °C 
Mixtures for producing high-alumite clinker were tested at the pilot plant of the Cement Research 

Institute. A differential characteristic of the obtained clinkers, to be detected microscopically, is their high 
porosity. It leads to easy grinding. 

3.2.1. Physical and mechanical properties of cement based on phosphoric slag and fuel consumption 
assessment for clinkers 

Standard grid cement obtained with adding 3 % gypsum from clinkers 2-7, high-strength (Table 11). 
The most strength is the cement 6 with SC = 1.00 and containing the maximum alite amount, the least – 
cement 2 with SC = 0.95. However, the cement strength can be defined not only with the SC value. 

Table 11. Cement test results (Water.cement = 0.4). 

Cement 
Density 

standard, 
% 

Setting time, h-min 
Cone flow 
diameter, 

mm 

Breaking stress, MP 
under bending, 

after 
under compression, 

after 

beginning end 3 
days 

7 
days 

28 
days 

3 
days 

7 
days 

28 
days 

2 25.0 2-40 5-00 109 6.5 7.0 7.0 36.7 50.5 50.9 
3 23.5 0-50 1-20 109 5.6 6.9 7.9 30.9 47.1 59.3 
4 23.5 0-50 2-40 108 4.2 6.7 7.1 38.4 48.5 59.0 
5 24.5 0-30 3-10 110 5.3 6.7 7.3 30.9 41.4 57.3 
6 24.5 1-20 3-40 108 6.9 6.6 7.6 34.4 48.4 61.8 
7 24.0 1-50 4-00 110 5.9 6.7 7.2 34.8 49.7 58.8 
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There was made an attempt to determine the effect of sulfur content in cinders and the iron amount 
(Table 12) on cement quality obtained from limestone-slag raw materials with additives. 

Table 12. The content of basic oxides in clinkers, % by weight. 

Clinker CaO SiO2 Al2O3 Fe2O3 P2O5 SC n p 

Used the cinder with the 2.5 % content of SO3 
1 66.65 22.00 2.19 3.75 0.92 0.95 3.70 0.58 
2 66.53 23.65 2.24 3.95 1.04 0.91 3.82 0.57 
3 67.24 21.65 2.24 4.80 1.00 0.99 3.08 0.47 
4 65.34 21.40 2.19 4.83 0.90 0.94 3.05 0.45 
5 66.53 22.35 2.35 5.05 1.07 0.95 3.02 0.46 
6 66.89 21.50 2.49 5.11 0.97 0.99 3.26 0.49 
7 67.24 20.70 2.30 5.20 1.15 1.00 2.76 0.44 
8 65.83 20.70 2.78 6.62 1.04 0.96 2.20 0.42 

Used the cinder with the 12.80 % content of SO3 
1 67.81 22.51 1.90 3.80 1.04 0.98 3.95 0.50 
2 67.24 22.46 1.97 4.20 1.04 0.97 3.64 0.47 
3 66.25 21.85 2.00 4.53 1.02 0.98 3.35 0.44 
4 67.24 22.20 2.00 4.73 1.01 0.98 3.30 0.42 
5 66.11 21.80 1.92 4.95 1.00 0.97 3.18 0.39 
6 67.24 21.75 1.88 5.19 1.00 0.99 3.08 0.36 

 
The data of the table 13 show the following: 

Table 13. Cement test results (water.cement = 0.4; gypsum 5 %). 

Cement 
Density 

standard, 
% 

Setting time, h-min Cone flow 
diameter, 

mm 

Breaking stress, MP 
under bending, 

after 
under compression, 

after 

beginning end 
3 

days 
7 

days 
28 

days 
3 

days 
7 

days 
28 

days 
SO3 in cinder with 2.52 % 

1 22.25 0-45 6-32 107.0 5.1 5.4 7.1 37.0 43.8 53.4 
2 23.85 0-40 6-45 108.0 4.9 5.4 6.5 35.4 42.0 48.2 
3 23.38 2-07 7-27 107.0 4.8 5.2 6.6 35.5 47.5 60.0 
4 24.50 0-37 6-47 116.5 4.6 5.5 6.2 30.5 37.7 52.6 
5 22.75 1-05 6-35 108.0 4.7 5.4 6.4 30.5 40.0 51.7 
6 25.00 2-45 7-05 110 4.8 5.6 6.9 32.5 44.2 49.1 
7 22.50 1-20 7-35 110.5 4.1 5.3 6.0 27.1 40.1 48.6 
8 23.75 1-12 9-15 110 4.1 4.5 5.9 23.3 31.7 37.3 

SO3 in cinder with 12.80 % 
1 20.50 0-57 5-55 115.5 4.9 5.9 6.9 24.5 42.6 55.2 
2 21.25 1-40 10-20 106.5 3.7 4.8 5.8 19.0 32.7 46.2 
3 21.75 1-00 10-53 105.0 3.8 4.9 5.9 20.9 33.4 47.1 
4 21.75 0-56 9-20 110.0 4.4 4.7 5.3 20.9 34.6 47.5 
5 22.00 0-30 9-45 109.0 4.0 4.8 5.9 22.4 31.0 42.4 
6 21.75 0-22 6-17 110.0 3.9 5.1 5.6 23.3 35.5 46.7 

 
− sulfur in cinder and iron oxides in clinker have a significant effect on cements properties. In 

limestone-slag mixtures the low-sulfur cinders should be used; 
− when using low-sulfur cinders the cement of 500 rank can be obtained from the clinker with 

SC = 0.94 and higher. At the same time, the Fe2O3 content in clinker can be brought up to 5 %. Further 
increase in the Fe2O3 amount reduces the cement rank despite its high SC (cements 6−8); 

− with polysulphide cinders the cement of 500 rank can be obtained from a clinker with SC of at least 
0.97 and the Fe2O3 content of not more than 3.80 %. 
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If the last limit is exceeded, cements do not meet the setting time standard requirements. The reason 
for this is, obviously, the high content of magnetite in polysulphide cinders. Clinker mixtures were made of 
limestone and slag with introducing cinders. The content of P2O5 was varied by adding tricalcium phosphate 
in the 3−6 mixture. The SO3 content in the mixture ranged from 0.67−1.25 %. 

Mixtures in the form of bars of 110×110×20 mm were roasted at 1400 °C for 4 hours in a laboratory 
furnace. The temperature was raised to 1400℃ for 10 hours. As a result of prolonged burning the sulfur in 
cinders burned out, the SO3 content in clinkers was leveled out. With an increase in phosphorus content the 
residual sulfur slightly increases in clinkers; it is comparatively larger in the case of using a polysulphide cinder. 

Clinker I. SC = 0.96; n = 3.75; p = 0.77. Alite – 75; C4AF – 10 and C12A7 – 1%. Alite grains have irregular, 
angular, often with a rounded shape; there are also tabular or prismatic grains in splices with each other; 
grains size in cross-section is 0.05−0.2 mm; color is dark gray. 

The intermediate phase fills small cavities between alite grains; irregular excriting shape, the borders 
are wavy, clear; color is light gray to grayish white; dimensions 0.1 mm in cross-section. Clinker porosity is 
25−30 %. 

Clinker 3. SC = 1.00; n = 3.34; p = 0.73, alite – 80; C4AF – 11; C12A7  – 1 %. Alite crystals have irregular, 
isometric, rounded shape, tightly adjacent to each other, form almost continuous drainage aggregate; in some 
areas, the aggregateis so tight that its grain structure cannot be practically differed, and grain boundaries are 
difficult to be determined; grains size in cross-section is 0.05−0.25 mm. The intermediate phase fills cavities 
between the alite grains; with dimensions of 0.01−0.2 mm in cross-section. Clinker porosity is 15−25. 

Clinker 5. SC = 0.96; n = 3.81; p = 0.63; Alite – 78; C4AF – 11 %. Alite grains have irregular, isometric 
shape, less commonly slightly elongated, and are also tightly against each other; sizes of 0.01−0.3 mm with a 
predominance of grains of 0.1 mm. The crystals size of the intermediate phase is 0.01−0.1 mm in cross-
section. Clinker porosity is 35−40 %. 

The clinker crystallization rate using the 8-point Hyprocement system is estimated as average (4 points) 
with the exception for the 3rd (3.5 points). 

The clinkers obtained using a high-sulfur cinder are distinguished by a denser structure and better alite 
crystallization. 

Clinker 2. SC = 0.97; n = 4.24; p = 0.76. Alite – 77; C4AF – 9; C12A7 – 1 %. Alite grains have irregular, 
isometric or slightly elongated shape with different sizes; there are also well-formed tabular or short-prismatic 
grains with slightly rounded peaks; with dimensions of 0.05−0.4 mm in cross-section. The intermediate phase 
is located in the alite grains interstitial tissue, repeating outlines of the latter; with dimensions of 0.01−0.15 mm 
in cross-section. Clinker porosity is 10−15 %. 

Clinker 4. SC = 1.00; n = 4.12; p = 0.63. Alite – 82; C4AF – 10 %. Alite grains, except in very rare 
exceptions, fill cavities without gaps; with dimensions of 0.01−0.2 mm. Clinker porosity is 10−15 %. 

Clinker 6. SC = 0.96; n = 3.68; p = 0.58. Alite – 72; C4AF – 10; C2F – 1 %. Alite grains have irregular, 
isometric or elongated shape, are also tightly against each other. A nonequigranular grain structure is 
characteristic: along with the widely-spread grains of 0.01−0.3 mm, there are areas that sharply stand out 
against the general background with grains size up to 0.5−1.0 mm in cross-section. In such areas, the 
intermediate phase content is sharply reduced. 

In general, clinkers have a glomeroblastic structure with a crystallization degree of 2 and 6 clinkers 
equal to four points, and the clinker 4 – three points. Cements from these clinkers were milled at the same 
duration (1 h 50 min). The fineness of cement grinding is almost the same, about 300 m2.kg. The data in the 
table 6 show the following: 

Table 14. Mechanical and physical testing results of clinker cements. 

Cement 
SO3 

content,
% 

008 
sieve 

residue,
% 

Density 
standard,

% 

Setting time, 
h-min 

Water.
cement 

Cone 
flow 

diameter, 
m 

Breaking stress, MP 

under bending, 
after 

under 
compression, 

after 
begin-
ning end   3 

days 
7 

days 
8 

days 
3 

days 
7 

days 
28 

days 
1 2.08 5.5 23.25 1-10 5-20 0.39 111 5.6 7.2 8.5 36 54 71 
2 1.60 5.8 23.25 1-10 6-55 0.38 109 5.2 5.7 7.4 23 39 63 
3 2.00 6.3 23.25 2-35 7-20 0.35 107 6.5 6.9 9.1 32 59 82 
4 1.76 5.2 23.50 1-45 6-45 0.37 106 6.0 7.8 9.0 37 57 77 
5 2.16 5.6 23.75 3-50 7-50 0.37 107 6.2 7.8 8.2 44 58 72 
6 2.08 6.8 23.50 3-25 8-10 0.38 110 5.1 6.6 7.8 31 46 66 
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− cements are with high strength; among them the cement 2 of furnace blend with a high-sulfur cinder 
has the minimum strength (63 MPa), and the maximum – with a low-sulfur one (cement 3, SC = 1.00; 82 MPa). 
In general, when using a high-sulfur cinder instead of a low-sulfur, the cements rank with a high SC decreases 
by 5−8 MPa. There is no pronounced dependence of cements strength against its phosphorus pentoxide 
content in the range of 1.00−2.23 %. In terms of three-day strength, cements are referred to the quick-
hardening category; 

− cements water demand is relatively low. This feature of high alite cement from phosphoric slag we 
mention above; 

− in terms of setting time, cements meet the Russian State Standard GOST 10178-85 requirements. 
The data in the table 15 show the following: 

a) cements grindability is slightly improved with SC increase; 

b) cements are characterized by relatively low water demand (water.cement = 0.36−0.37); 

c) cements show a slow initial setting (from 3 h 25 min to 4 h 20 min); 

g) cements activity increases from 44.6 to 59.3 MPa, depending on the value of SC = 0.92−0.98. 

Table 15. Physical and mechanical parameters. 

Cement 
SO3 

content, 
% 

008 
sieve 

residue, 
% 

Density 
standard, 

% 

Setting time, 
h-min 

Water.
cement 

Cone flow 
diameter, 

mm 

Breaking stress, MP 

under bending, 
after 

under 
compression, 

after 
begin-
ning end   3 

days 
7 

days 
8 

days 
3 

days 
7 

days 
28 

days 
1 0.4 9.6 22.75 4-20 9-09 0.36 108 4.7 5.2 5.9 22.3 33.3 44.6 
2 0.4 9.2 22.50 3-25 7-59 0.37 106 5.1 5.1 6.1 24.5 36.1 50.7 
3 0.4 8.0 22.50 3-25 8-09 0.37 108 5.8 5.6 6.4 33.5 43.5 59.3 
 

Theoretical fuel consumption for alite clinker is determined by the total reactions. 

CaSiO3+2CaO=Ca3SiO5;             (2) 

7Ca2Al[AlSiO7]+19CaO=7Ca3SiO5+Ca12Al14O33         (3) 

Сa2Mg[Si2O7]+4CaO=2 Ca3SiO5 + MgO;          (4) 

Ca4[Si2O7]F2+3CaO=Ca3SiO5+ CaF2.          (5) 

Due to reduction in release of the reaction gaseous products, the total consumption of raw materials 
decreases by at least 1.13 times. The theoretical fuel consumption calculated using the data of the Karaganda 
Cement Plant for clinker formation in an alite mixture is 2.246.588 kJ.t versus 3.059.315 kJ.t based on 
carbonate, i.e. it decreases by 1.3 times. 

4. Conclusions 
1. Study of impact of concentration of dispersion phase on rheological and elastic-plastic-viscous 

properties of slug of charge materials, consisting of limestone and phosphorus slag, firstly applied for 
production of high alite Portland cement, demonstrated ability of slag to preserve solid phases of charge 
materials in suspension. 

2. Slags of phosphoric plants can be applied for cement production by wet method of raw materials 
preparation. Granular slag is preferable to molten as cement raw component. 

3. It is recommended to control fineness of grinding of residual slag by quantity of rest on sieves 02 
and 008. Rest on a sieve 008 shall be within 8−14 %. Rest on a sieve 02 shall not be more than existing 
norms. 

4. It is recommended that lower limit of slag moisture was 37 %. 

5. Stability of residual slag is achieved by the existing methods of slags blending. 

6. Blending mode in vertical mixing basins shall be developed taking into account specific features of 
residual slag.  

7. The more strength activity of cements from limestone-slag mixture is, the more the SC is. With the 
same SC value with a relatively high strength of cement one can achieve controlling the content of C4AF in it. 
Of great importance for the strength of cements is also the crystallization degree of clinkers. High alite clinkers 
with an intermediate content of not more than 20 % have a crystallization degree of not more than 4 points 
according to the Giprocement system. At this crystallization degree, a clinker with  
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SC = 1.00 obtained using a low-sulfur cinder provides cement with an activity of 82 MPa with a standard 
grinding fineness; when using a polysulphide magnetite cinder, the strength of the cement is reduced to 
77 MPa.  

8. Equivalent fuel consumption, for burning 1 ton of Portland cement clinker from the phosphoric slag 
mixtures compared to the limestone-clay mixture of the Karaganda Cement Plant with a wet production method 
is reduced by at least 15 %, which is confirmed by a pilot-plant test performed at the plant. 
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Abstract. The antiskid performance of the cement concrete pavement in the seasonal frost regions is an 
important factor determining the safety of road use. However, due to the low efficiency and high cost of on-
site detection, it is very important to reasonably predict it. Five key factors such as ice film thickness, tire 
pressure, tire load, driving speed, and structural depth were determined. The response surface test was 
performed to determine the corresponding range of the five factors when the model was optimally predicted. 
A prediction model of antiskid performance for cement concrete pavement in the seasonal frost regions was 
created, the goodness of model fitting and the normal distribution of the model were tested, and the 
applicability of the model was verified. The results show that when the thickness of the ice film is 
1.5 mm ～ 3 mm, the tire pressure is 180 kPa ～ 240 kPa, the driving speed is 40 km/h ～ 80 km/h, the 
structural depth is 0.24 mm ～ 0.62 mm and the tire load is 3250 N ～ 4000 N , the prediction level of the 
model is the best; SRI can be interpreted by the model accounting for 98.5 %, and the regression model has 
a high degree of fit, which meets the assumption of normal distribution; the model's SRI predicted value fits 
the field measured SRI value to 0.995, and the degree of fit is high. The prediction model of antiskid 
performance is of great significance to prolong the service life of cement concrete pavement in seasonal frost 
regions. 

1. Introduction 
The antiskid performances of the cement concrete pavement in the seasonal frost regions have a great 

influence on the performance of the pavement. The area of China's seasonal frost regions is 5.137 million 
square kilometers, accounting for 53.5 % of the total land area, and the area of seasonal frost regions and 
short-term frost regions in the world accounts for 25 % of the total land area. Therefore, the establishment of 
a scientific prediction model of the antiskid performance of the cement concrete pavement in the seasonal 
frost regions can reasonably predict the antiskid performance of the pavement, monitor the damaged state of 
the cement concrete pavement [1], carry out safety warning for the highway traffic, and extend the service life 
of the cement concrete pavement [2, 3], which is of great significance for timely pavement maintenance. 

The research on antiskid performance prediction at internal and abroad mostly focuses on the qualitative 
analysis of antiskid performance factors, the review of evaluation methods of antiskid performance level and 
the influence of single factor antiskid performance [4−6]. It does not establish the relationship between antiskid 
performance and influencing factors, so it can not quantify the anti-slip performance. In a few models predicting 
antiskid performance, PIARC model [7] uses the relationship between speed constant and standard friction 
number to detect the antiskid performance in any speed range, but the influencing factors are single, which is 
not enough to comprehensively predict the sliding performance. Paper [8] integrated the statistical results of 
mixture gradation, aggregate structure and traffic level to establish the prediction model of antiskid 
performance. Usanava et al [9] established a model for estimation of polished stone value to study the 
influence of aggregate on antiskid performance, and ignored the change of anti-skid performance when the 
climate factor acts on the pavement aggregate. Dong Zheng [10] established a prediction model of long-term 
antiskid performance based on the optimized GA-BP neural network method, which has the limitation of 
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pavement service time and has a low prediction level for the overall antiskid performance of the pavement. 
Kane et al [11−14] according to the decomposition process of the pavement structure, it is confirmed that there 
is a certain relationship between the antiskid performance and the structure of the pavement, but the pavement 
structure can only be used as a part of the internal influence, and the research on the integrity of the antiskid 
performance is limited. Scientists [15, 16] established a model of antiskid performance and time, the model 
can stably predict the situation that the traffic volume tends to zero. Papers [17, 18] collected the accumulated 
traffic data of the road surface, established the soil volume reduction model, which can predict the antiskid 
performance of the road surface in different periods, but the prediction accuracy of the above models are low 
because the seasonal effect is not considered. Aliha et al [19] has carried out the braking test under different 
water film thickness, simulated the friction process of the tire rubber braking on the road, which has guiding 
significance for the tread pattern design that can improve the antiskid performance. The prediction model 
established by Xing et al [20] based on factors such as driving speed and water film thickness is more practical, 
but the influence of climate factors on antiskid performance is not considered. The antiskid performance of the 
cement concrete pavement in the seasonal frost regions is an important factor determining the safety of road 
use. However, due to the low efficiency and high cost of on-site detection, it is very important to reasonably 
predict it. 

2. Methods 
2.1. Screening of influencing factors for antiskid 

In the selection of factors affecting the antiskid performance of cement concrete pavement, domestic 
and foreign experts have conducted relevant research. Dołżycki and Jaskuła [21] applied the heat machine 
friction model to study the effect of temperature on the friction between the tire and the road surface. It was 
found that the high temperature would reduce the hysteresis friction of the road surface and negatively 
correlated with the antiskid performance level of the road surface. Abirami et al [5] model tire and road 
confirmed that the contact stress between tire and road surface is large when tire load is too heavy and tire 
inflation pressure is insufficient, which has a positive impact on road antiskid. Guo et al [8] tested the antiskid 
of cement concrete specimen under different environmental conditions, and the results showed that the 
antiskid performance of the pavement is reduced under the environmental conditions such as water 
accumulation, oil stain, tire scrap and soil. Taryma [22] proposed tire type and tire pressure factors such as 
tread pattern and tread wear are important external factors affecting the antiskid performance of cement 
concrete pavement. Papers [23−32] has carried out the test of large vehicles acting on the road surface, 
evaluated the morphology change state of the aggregate on the road surface, and considered that the 
structural depth, material polishing degree and driving speed are the main factors controlling the antiskid 
performance. According to the investigation results of the actual traffic conditions of the road, Plati [33, 34] 
proposed that the pavement structure has a significant impact on the antiskid performance. Based on the 
research results of the above literature, the factors such as tire type, tire pressure, tread pattern, tread wear, 
structural depth, material polish, oil, soil and other road pollution, temperature, tire load, water film thickness 
and driving speed are obtained can affect the antiskid performance of cement concrete pavement. 

In order to further verify whether the climatic factors can be used as important indicators to influence 
the antiskid performance, under the same environmental conditions that ensure the above-mentioned 
influencing factors, the antiskid performance of three sections with similar completion year, same investigation 
year, similar traffic flow, respectively in the seasonal frost regions, the short-term frost regions and the non-
frost regions is tested, as shown in Fig. 1. The non-frost regions select the Longzhou Highway section of 
Guangdong Province, China, the short-term frost regions select the Kaiyang Expressway section of Jiangsu 
Province, China, and the seasonal frost regions selects the Zhaozhao Highway section of Heilongjiang 
Province, China. Each of the 3 sections has 15 piles, with the pile numbers ranging from K117 to K131. In Fig. 
1, the horizontal coordinate is the pile number K117 ~ K131, the ordinate is the antiskid Index (SRI). According 
to China's standard for evaluation of highway technical conditions (JTGH20-2007), the calculation equation of 
SRI is as follows: 

100 min
min21 1

SRI
SRI SRIa SFC

a e

−
= +

+
,          (1) 

where: SRI is the antiskid index; SRImin is the limit value of antiskid performance, taken as 35; SFC is the 
lateral force coefficient; a1 is the calibration coefficient, taken as 28.6; a2 is the calibration coefficient, taken 
as − 0.105; 
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Figure 1. SRI values for different areas. 

In Fig. 1, the SRI values corresponding to different stations in three different regions are different. For 
example, at K126, the SRI ratio of the non- frost regions to the seasonal frost regions is 2.09, and the ratio of 
the short-term frost regions to the seasonal frost regions is 1.79, which indicates that the SRI value of the 
seasonal frost regions is significantly lower than that of the short-term frost and the decrease of the SRI value 
in the short-term permafrost area is significantly higher than that in the non-frost regions. In Fig. 1, the SRI 
value of the non-frost regions is mostly between 90 and 100, and the antiskid performance is excellent. The 
SRI value of 15 stations in the short-term permafrost area varies from 75 to 90, the reason is that on the 
cement concrete pavement in the short-term frost soil area, the tire contacts with ice particles, water and road 
aggregate at the same time. The friction between the tire and the pavement is mainly composed of adhesion 
between the micro convex body of the friction pair surface and fluid shear. In this case, the SRI value of the 
pavement antiskid index is slightly lower than that of the non-frost soil pavement. Compared with the other two 
highways, the SRI value of the pavement in the seasonal frost regions is significantly lower, because the rain 
and snow on the cement concrete pavement in the seasonal frost regions will freeze to form ice film under the 
influence of the severe cold climate, and the pavement is covered by ice film, so that the friction between the 
pavement and the tire only depends on the interface adhesion and the deformation of the tire surface, and the 
SRI value is significantly lower than that in the short-term frost regions and non- frost regions. At the same 
time, there are usually 3 to 5 grades of northwest wind in the seasonal frost regions. Due to the wind force, 
the snow cover on the road is unevenly distributed and the thickness of the ice film is uneven, resulting in a 
significant difference in the SRI values of individual stations in the seasonal frost regions. For example, the 
SRI value of K120 is 21 % lower than that of K119. 

In summary, the climatic factors have a significant impact on the antiskid performance of the pavement. 
In order to accurately predict the antiskid performance of cement concrete pavement in the seasonal frost 
regions, climate parameters that reflect the characteristics of the seasonal frost regions must be added to the 
prediction model. It is concluded from the above that the ice film thickness has a great influence on the antiskid 
performance index of the cement concrete pavement in the seasonal frost regions. Therefore, the ice film 
thickness factor is added to the antiskid performance prediction model for analysis. Combined with the 
previous research results, 12 influencing factors were extracted to screen the parameters of the model. 
Number 12 influencing factors, F1 − F12, as shown in Table 1. 

Table 1. Influencing factors categories and numbers. 

Number Tire characteristic 
factors Number Road surface structure and 

medium factors Number Climate and traffic 
factors 

F1 Tire type F5 Structure depth F9 Temperature 

F2 Tire pressure F6 Material polishing degree F10 Driving speed 

F3 Tread pattern F7 Water film thickness F11 Tire load 

F4 Tread wear F8 Surface fouling, soil and 
other pollution F12 Ice film thickness 

2.2. Identification of key factors 
Based on the measured SRI data of Zhaozhao highway in Heilongjiang Province of China, the group 

analysis of the above 12 influencing factors is carried out, and the key factors influencing the model prediction 
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are screened out. The Euclidean distance method is used to calculate the group distance between the 12 
factors. The factors with relatively small group distance are divided into the same group. Then the group 
distance between the groups is calculated by the Group Average Linkage method, and the two groups with 
the smallest group distance are rejoined into a group, and the number of the most reasonable groups 
determined by calculating the Silhouette index is 5, and the group distribution map is drawn by Statistical 
Package for Social Sciences (SPSS) software. The factors in the distribution map that affect the SRI value 
and the relatively large impact range can be identified as the key factors. The group classification and 
distribution are shown in Fig. 2. 

In Fig. 2, the abscissa is the influence range standard value Z (RIV), and the ordinate is the influence 
degree standard value Z (SDV). The factors influencing the larger Z (RIV) and Z (SDV) values are the F2 (tire 
pressure), F5 (structural depth), F11 (tire load) in group 2, and F10 (driving speed) and F12 (ice film thickness) 
in group 3. It shows that the five factors in these two groups have a wide range of influence on antiskid 
performance, so these five factors are the main factors. The other three groups contain seven factors which 
are less influential than the five factors in group 2 and group 3, so they are secondary factors. After analyzing 
the grouping distribution results of 12 influencing factors, five factors including tire pressure, structural depth, 
driving speed, tire load and ice film thickness were identified as the key factors affecting the SRI value. They 
can be used as a parameter of the prediction model of the antiskid of the cement concrete pavement in the 
seasonal frost regions. 

 
Figure 2. Grouping map. 

2.3. Determination of model parameter value range 
The antiskid performance prediction model of cement concrete pavement in the seasonal frost regions 

is constructed by using five parameters such as tire pressure, tire load, ice film thickness, driving speed and 
structural depth. It is necessary to determine the range of parameters. The parameters are denoted by symbols 
as follows: TP, TL, H, V and TD. 

The range of 5 parameters should be reasonable and suitable for the characteristics of seasonal frost 
regions. If the TP value is too low or too high, the safety factor and driving comfort will be reduced. Therefore, 
the range of TP is selected within 180 kPa to 300 kPa. The TD range is obtained by calculating the ratio of 
groove depth and groove width multiplied by groove spacing. The groove width, groove depth and groove 
spacing commonly used in cement concrete pavement are 3−5 mm, 2−4 mm and 15−25 mm. The range of V 
is at highway speed 40 km/h ~ 120 km/h within the maximum and minimum limit value of degree. Too high TL 
value will cause damage to the road surface, so the common load value of 2500 ~ 4000 N is selected for TL 
range. According to the classification of road surface icing conditions studied by Smirnova et al [35], the ice 
film thickness is less than 1 mm when the ice layer is initially formed, and the driving condition is slightly 
slippery; the ice film thickness is 1 ~ 2 mm when partially frost, and the driving conditions are smooth; all frost 
When the ice film thickness is greater than 3 mm, the driving conditions are very smooth, and the road surface 
should not continue to drive, so the highest value of H does not exceed 3 mm. 

2.4. Determination of the optimal prediction space of the model 
According to the above five parameters, the response surface test is designed to determine the optimal 

prediction space for the antiskid performance prediction model of cement concrete pavement in the seasonal 
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frost zone. In order to facilitate the drawing of test records, the codes of TP, TL, H, V and TD in response 
surface test are A, B, C, D, and E. According to the number and range of parameters, five factors and three 
levels of response surface test were selected. The coding level and value are shown in Table 2. 

Due to the positive relationship between SRI and friction coefficient in the research results of Highway 
Technical Status Assessment Standard (JTGH20-2007) and Smirnova [35], in order to simplify TP, TL, H, V 
and TD pairs SRI response surface drawing process, the ordinate of the response surface is set as the friction 
coefficient value, the abscissa is the factor value, and the degree of change of the friction coefficient value is 
the degree of change of the SRI value. Therefore, in the response surface analysis below, the change of 
ordinate value is still explained by the change of SRI value. 

Table 2. 5 factor coding level and value. 

Coding level A(TP/kPa) B(TL/N) C(H/mm) D(V/km/h) E(TD/mm) 

− 1 180 2500 1 40 0.24 
0 240 3250 2 80 0.62 
1 300 4000 3 120 1 

 

In the case where the coding levels of T, V, and TD are 0, the response surface of the design H (mm) 
and TP (kPa) to the SRI value is as shown in Fig. 3(a). When H was between 1 mm and 1.5 mm, the SRI 
value increased slightly, because the initial ice sheet was crushed and the edges of the crushed ice were 
convex and the cutting and furrow functions between the sharp corners and the tires increased the SRI value 
while increasing the lagging resistance; when H is increased from 1.5 mm to 3 mm, the inclination of the 
response surface is significantly increased from 1 mm to 1.5 mm. The reason is that the 3 mm ice film is 
compact and flat. Under the action of vehicle driving friction, the completely frost ice film surface will produce 
only a few molecular thick water films and enter into the boundary lubrication state. The adhesion friction 
between tire and ice surface drops sharply, and the SRI value drops the most. At this time, the SRI is the most 
sensitive to the change of H and has the highest response. Observe the surface change of TP in Fig. 3(a). 
As the TP increases, the contact area between the tire and the road surface decreases, and the SRI value 
decreases. When the TP is 180 kPa to 240 kPa, the slope of the surface is larger than that of 240 kPa to 
300 kPa, and the SRI value is significantly reduced. The reason is that the deformation of the tire is the most 
serious in this interval and the contact area with the road surface changes most obviously, therefore, in the 
range of 180 KPa to 240 kPa, SRI has the highest response to TP. 

In the case where the coding levels of TP, V, and H are 0, the response surface of the design TL (N) 
and TD (mm) to the SRI value is as shown in Fig. 3(b). After the TD exceeds 0.62 mm, the response surface 
gradually flattens. The reason is that when the structural depth of the groove reaches 0.62 mm, although 
reducing the slot spacing, increasing the slot depth or increasing the slot width can increase the TD value, the 
SRI value will not increase with it. At this time, the response of SRI to TD change is the lowest. Observe the 
surface change of TL in Fig. 3(b). When the TL exceeds 3250 N and close to 4000 N, the slope of the 
response surface increases obviously compared with 2500 N to 3250 N. The reason is that the road surface 
is pressed into the tire with heavy load, and the contact area between the tire and the road surface is from the 
tire. The center area is turned to the sides of the tire, and the grounding compressive stress becomes 
significantly larger as the tire sinks, so that the SRI value is significantly increased compared with the light 
load, indicating that the SRI has a higher responsiveness to the TL range above 3250 N. 

In the case where the TL, TP, and H coding levels are zero, the response surface of the design V 
(km/h) and TD (mm) to the SRI value is as shown in Fig. 3(c). When V gradually increases from 80 km/h to 
120 km/h, the inclination of the response surface is less than 40 km/h to 80 km/h, because the tire can be in 
full contact with the macroscopic structure of the road surface at low speed, and the higher the V, the smaller 
the actual contact area, the actual contact area between the tire and the road surface is gradually constant 
after the V exceeds 80 km/h, so the variation of the SRI value tends to be flat, indicating that the SRI has a 
lower response to V when the V range is above 80 km/h. 
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(a)                                                         (b) 

 
(c) 

Figure 3. Response surface of five parameters to SRI:  
(a) TP and H response surface to SRI values (b) TL  

and TD response surface to SRI values (c) V and TD response surface to SRI values. 
Combined with the above analysis of the response surface, if the response surface approaches the 

gradual, it means that the SRI value cannot change synchronously with the parameter value within the range 
of parameters corresponding to the surface, and the SRI responds to the change of parameters is low, at this 
time, the prediction accuracy of the antiskid performance prediction model of cement concrete pavement is 
low. If the slope of the response surface is large, the SRI value changes significantly, and the corresponding 
parameter range is more suitable for model prediction. According to the results of response surface analysis, 
the parameters of H value is 1.5 mm ~ 3 mm, TP value is 180 kPa ～ 240 kPa, TL value is 3250 N ～ 4000 N, 

TD value is 0.24 mm ～ 0.62 mm, V value is 40 km/h ～ 80 km/h, the range of values is the optimal prediction 
space of the model. When the five parameters are in the optimal prediction space, the prediction level of the 
model is the best. 

3. Results and Discussion 
3.1. Establishment of Model Relationship 

By analyzing the variance of the response surface test results, the primary and secondary influence 
degree values of each parameter on the SRI value can be obtained, thereby integrating the parameters and 
establishing the relationship between the SRI and the parameters. After removing the source of variation with 
a small F value, the results of the variance analysis of 5 parameters were retained, and are shown in Table 3. 

Table 3. Variance analysis of parameters. 

Source Sum of Squares df Mean Square F P 
Model 0.35 5 0.07 52.994 < 0.001 

TP 0.005 1 0.005 8.287 0.026 

TL 0.007 1 0.007 13.750 0.009 

H 0.036 1 0.036 66.065 < 0.001 

V 0.034 1 0.034 43.750 < 0.001 

TD 0.021 1 0.021 39.676 < 0.001 
Residual 0.003 19 0.000 − − 
Lack of fit 0.001 14 0.000 0.368 0.9573 
Pure Error 0.001 5 0.000 − − 

Total 0.353 24 − − − 
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In Table 3, the ratio of the squared sum of the regressions of the factors to the degrees of freedom (the 
mean square) is much higher than the mean square of the residuals, and the pure error term is close to 0, 
indicating that the experimental error is small. The significance value p of each factor is less than 0.05; the p 
value of the lack of fit is 0.9573, which is close to 1, indicating that the five parameters have a significant effect 
on the SRI. The higher the F value, the greater the degree of influence, the F value of ice film thickness is 
66.065, which is the largest F value compared with the other four parameters. The F value of driving speed 
and structural depth is relatively close and the size is middle, respectively 43.750 and 39.676. The F values 
of tire load and tire pressure are similar to the other three parameters, which are 13.750 and 8.287, 
respectively. After the above analysis, the effect of ice film thickness on SRI value is most significant, followed 
by driving speed and structural depth, and finally tire load and tire pressure. Therefore, when establishing the 
relationship between parameters and SRI, the ice film thickness is listed as a separate indicator, and the 
driving speed and structural depth, tire load and tire pressure are respectively integrated into a comprehensive 
index. With reference to the prediction model of antiskid performance in the form of exponential function 
established by parameters such as water film thickness of Xing [20], the relationship between SRI and ice film 
thickness, tire pressure, tire load, driving speed and structural depth is established as follows: 

[ ]1 2
3( / ) exp (60 ) /SRI TP TL H V TDλ λλ λ= ⋅ ⋅ ⋅ ⋅ −         (2) 

where SRI is the antiskid index; TP is the tire inflation pressure (kPa); TL is the load applied to the tire (N); 
H is the ice film thickness on the road surface (mm); V is between the road surface and the tire Relative slip 
speed (km/h); TD is the pavement structure depth (mm); λ , 1λ , 2λ  and 3λ  are regression coefficients. 

Since equation (2) is a nonlinear equation, in order to simplify the method and steps of nonlinear 
equations in regression analysis, a logarithmic function method is used to linearly transform the equation. To 
find the natural logarithm of both sides of the equation, the equation turned into: 

1 2 3ln ln ln( / ) ln (60 ) /SRI TP TL H V TDλ λ λ λ= + + + −       (3) 

Let ln SRI y= , 0lnλ λ= , ( ) 1ln TP TL x= , 2ln H x= , ( ) 360 V TD x− = . 

Then equation (3) can be converted into: 

0 1 1 2 2 3 3y x x xλ λ λ λ= + + +             (4) 
The original nonlinear equation can be transformed into a linear equation for solving. 

3.2. Significance test of regression equation 
From the typical section of the seasonal frost regions, the field survey data of 20 sections of the three 

roads of Zhaozhao Highway, Heda Expressway and Hazhao Highway are selected for regression analysis. 
According to equation (4), the SRI value of the on-site survey is set to correspond to the transformation y as 
the dependent variable, TP and TL correspond to the transformed x1, H corresponding transformed x2, V and 
TD corresponding transformed x3 as independent variables, and the model is linearly tested. In Table 4, the 
regression sum of the dependent variables is 60.544, and the ratio of the squared regression to the mean 
square is 20.181, which is much higher than the mean square of the residual 0.071. The ratio of the mean 
regression squared to the sum of the squared mean residuals (F) is 274.339, the value is large, and indicating 
that the change of the dependent variable is caused by the change of the independent variable rather than the 
experimental error, and the independent variable has a high explanatory force for the dependent variable. The 
significance value is 0, less than 0.05, the model linear regression significant. It is shown that in the F test, the 
linear regression of the equation is obvious, and a linear model can be established between the dependent 
variable and the independent variable. 

Table 4. Regression model of ANOVAs. 
model  Sum of Squares df Mean Square F Sig. 

1 Regression 60.544 3 20.181 274.339 0 
 Residual 0.786 11 0.071 − − 
 Total 61.330 14 − − − 

3.3. Significance test of regression coefficient 
After the F test shows that the linear model can be established, it is necessary to determine whether 

the influence of the independent variable on the dependent variable is significant. Therefore, the regression 
coefficient should be tested for significance. In Table 5, the partial regression coefficient represents the weight 
of each index. The absolute value of the standardized partial regression coefficient indicates the degree of 
influence of each variable on the dependent variable. The absolute value of the standardized partial regression 
coefficient of x2 is the largest among the three indicators, indicating the parameter H corresponding to x2 has 



Magazine of Civil Engineering, 98(6), 2020 

Zhao, Q.Q., Zhang, H.T., Fediuk, R.S., Wang, J.W. 

the greatest influence on SRI value, the x3 corresponding parameter V and TD influence degree is second, 
and the relatively small degree of influence is the x1 corresponding parameter TP and TL. This is consistent 
with the analysis of variance when determining the relationship between parameters and SRI. The standard 
error of the partial regression coefficient of each parameter is small, the Sig. significance value is less than 
0.05, and the absolute value of the bilateral test threshold t is all greater than the significance level, indicating 
that the independent variable has significant influence, and the independent variable is retained in the model. 

Table 5. Coefficient of regression model. 

Parameter Partial regression 
coefficient 

Partial regression 
coefficient standard 

error 

Standardized partial 
regression coefficient t Sig. 

Constant 2.808 0.216 - 15.048 0.003 

x1 -0.513 0.041 -0.224 -6.575 0.012 

x2 -0.199 0.117 -0.811 -24.328 0.005 

x3 0.005 0.001 0.652 17.338 0.009 
 

Bring the results of the above regression analysis into equation (4), the model is expressed as: 

1 2 32.808 0.513 0.199 0.005y x x x= − − +         (5) 

Reconverted to a nonlinear equation: 

( ) ( )-0.513 -0.19916.58 exp 0.005 60SRI TP TL H V TD= −       (6) 

where SRI is the antiskid index; TP is the tire inflation pressure (kPa); TL is the load applied to the tire (N); 
H is the ice film thickness on the road surface (mm), H ≤ 3 mm；V is between the road surface and the tire 
Relative slip speed (km/h); TD is the pavement structure depth (mm). 

3.4. Model goodness of fit test 
After the antiskid performance prediction model of cement concrete pavement in the seasonal frost 

regions is established, the goodness of fit between the independent variable and the dependent variable 
should be tested to ensure that the dependent variable can be interpreted by the model. In Table 6, R2 is the 
deterministic coefficient between the dependent variable and the independent variable. Adjusting R2 is the 
mean square error ratio that eliminates the influence of the number of independent variables. The closer R2 
and the adjusted R2 are to 1, the better the fitting effect of the regression equation. The regression equation 
has an adjustment of R2 of 0.985, which is close to 1, and the standard estimation error is only 0.113, indicating 
that the model has a good goodness of fit, and the dependent variable can be accounted for 98.5 % by the 
model interpretation. 

Table 6. Summary of regression models. 

R2 Adjust R2 Standard estimated error 

0.992 0.985 0.113 

3.5. Model normal distribution test 
In order to verify the applicability of the prediction model of the antiskid performance of the cement 

concrete pavement in the seasonal frost regions, the normal distribution test was carried out for the model. 
Observing the residual histogram and the normal distribution curve of Fig. 4, the sample size is large enough 
and the residual distribution conforms to the normal distribution, which proves the correctness of the prediction 
model. Observe the residual P-P graph of Fig. 5, the residual distribution curve changes around the pre-set 
diagonal and diagonal directions. The two are close to coincide, and the regression model satisfies the normal 
distribution hypothesis. In summary, the SRI prediction model established by using TP, TL, H, V and TD as 
parameters has passed various tests, and the regression effect is remarkable, and the goodness of fitting is 
high. 
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Figure 4. Residual histogram. Figure 5. Residual regression P-P diagram. 

3.6. Model verification 
In order to verify the practicability of the antiskid performance prediction model of cement concrete 

pavement in the seasonal frost regions, the measured value of SRI and the predicted value of the model in a 
section of Zhaozhao highway in the past 9 years are selected for verification. The predicted value of SRI of 
the prediction model and PIARC model [7] are respectively matched with the measured value of SRI by SPSS 
software. In Fig. 6, the abscissa is the SRI measured value km, the ordinate is the SRI predicted value kp, the 
deterministic coefficient R2 of the PIARC model SRI predicted value and the measured value is 0.852, and the 
deterministic coefficient R2 of the predicted model SRI predicted value and the measured value is fitted, it is 
0.995, which proves that the prediction model has a higher degree of fit. 

The test points for model verification on a highway section may lack randomness and result in deviation 
of results. Therefore, the measured SRI data of the six roads of the three roads of Zhaozhao Highway, Heda 
Expressway and Hazhao Highway are verified again in the same year. As shown in Fig. 7, the abscissa is the 
numerical number of 6 road segments in turn, and the ordinate is the SRI value, and the SRI value curve under 
different road segments is drawn. Since the ice film thickness of each of the six sections is not completely the 
same, according to the above response surface analysis results, when the ice film thickness of the road section 
is in the best prediction space of 1.5 mm to 3 mm, the SRI prediction value of the model will be close to or 
lower than the actual measurement Value, the SRI prediction value in other prediction space will be higher 
than the measured value, so the SRI prediction value of different road sections has higher or lower difference 
than the measured value. At the same time, it can be observed that the predicted model SRI predictive value 
curve is closer to the SRI measured value curve than the PIARC model SRI predicted value curve, which 
proves that the predictive model predicts the SRI value better, and the predictive model has good practicability. 

  
Figure 6. SRI predicts the correlation between 
the measured value and the measured value. 

Figure 7. SRI prediction effect of prediction 
model. 
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4. Conclusions 
1. The climatic factors have a significant impact on the antiskid performance of cement concrete 

pavement. The key factors affecting the antiskid performance of cement concrete pavement in the seasonal 
frost regions are ice film thickness, tire pressure, tire load, driving speed and structural depth. The test statistic 
value (F) of each factor is larger, which means that the influence degree of factor on antiskid performance is 
higher. The F value of the ice film thickness is 66.065, the F value of the driving speed is 43.750, the F value 
of the construction depth is 39.676, the F value of the tire load is 13.750, and the F value of the tire pressure 
is 8.287. It shows that the effect of ice film thickness on SRI value is most significant, followed by driving speed 
and construction depth, and finally tire load and tire pressure. 

2. When the ice film thickness ranges from 1.5 mm to 3 mm, the tire pressure is between 180 kPa and 
240 kPa, the driving speed is between 40 km/h and 80 km/h, the structural depth is between 0.24 mm and 
0.62 mm, and the tire load is between 3250 N and 4000 N, the SRI's responsiveness to parameter changes 
is higher than other parameter values, which is the optimal prediction space of the model. At this time, the 
model's prediction level is optimal. 

3. Using the five parameters of ice film thickness, tire pressure, tire load, driving speed and structural 
depth, the SRI value of the antiskid performance index of the cement concrete pavement in the seasonal frost 
regions can be predicted, and the ice film thickness in the prediction model is a separate indicator. Tire 
pressure and tire load, driving speed and structural depth are combined into a comprehensive index. The 
function forms of the index are exponential functions, and the coefficients after regression are -0.513, -0.199 
and 0.005. The predictive model has a decisive coefficient R2 of 0.985 and a significance level of 0. The model 
has a high degree of fit and significant regression, indicating that the predictive model has statistical 
applicability. 

4. The prediction model and the PIARC model are verified in the same period of different sections and 
different sections of the same section. The R2 of the prediction model is 0.995, the R2 of the PIARC model is 
0.852, and compared with the PIARC model, the SRI value predicted by the prediction model is closer to the 
measured value of SRI. It indicates that the prediction model of the antiskid performance of cement concrete 
pavement in the seasonal frost regions has a high prediction level and is highly practical. 
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Abstract. The acceleration of the hardening of self-compacting concrete (SCC) using the process of heat 
treatment is widely used in the field of prefabrication. Because mortar serves as the basis for the workability 
properties of SCC, these properties could be assessed by self-compacting mortars (SCMs). This paper has 
the purpose to study the behavior of heat-treated SCM based on two different mineral additions in marine 
environment. The additions are used as micronized powder to substitute 20 % and 40 % of cement. They are 
as ground granulated blast furnace slag (GGBFS) and limestone filler (LF). The cycle regime of heat treatment 
process used achieves a temperature of 60 °C and total duration of 24 hours. The research was conducted 
through the study of the physical and mechanical properties of elaborated SCMs under two curing regimes as 
freshwater and seawater. The obtained results indicate that the incorporation of LF seemed more effective in 
standard treatment process but it is advisable to limit its use to levels of less than or equal to 20 % as it 
develops resistance levels lower than those obtained by GGBFS. The incorporation of GGBFS especially with 
high amount of 40 % is very beneficial to improve physical-mechanical properties of heat-treated SCMs and it 
has many advantageous for obtaining stable and resistant SCMs against aggressive environment. 

1. Introduction 
According to the experimental researches, concrete subjected to high temperatures at early ages attains 

higher early-age mechanical strengths but has lower later-age mechanical strengths than concrete subjected 
to normal temperatures. This is because the higher curing temperatures which affect the physical 
characteristics of the cementitious system by altering the dormant period of hydration process. Many 
laboratory studies carried out on pastes, mortars or concretes under controlled conditions have shown that 
expansion does not occur if the material has not been subjected to a temperature above 70 °C [1, 2].  

The use of some mineral admixtures in concretes has several interests. It can diminish the final cost of 
the production by reducing the cement content which is the most expensive component in the concrete, it can 
reduce the emission of CO2 generated in the production of ordinary Portland cement and it is inevitable to 
improve concrete fresh and hardened properties and to enhance concrete durability [3]. 

The quality of the normal concrete (NC) and self-compacting concrete (SCC) elaborated with mineral 
admixtures e.g. silica fume (SF), fly ash (FA), pozzolans (PZ), limestone fillers (LF) and ground granulated 
blast furnace slag (GGBFS), is higher than that of the concrete made with pure cement [4−6]. When the 
hardening of the concrete is accelerated by heat treatment (HT), the researches [7−9] have proven the 
effectiveness of these additives. Under the heat curing, the high temperature will strongly enhance the 
reactivity of FA and GGBFS in NC and SCC and therefore the hydration action of mineral additions [10]. 

On the other hand, it is suitable that the building materials are as durable as resistant and economic to 
allow their use in aggressive environments such as marine environment. In seawater, there are large amount 
of chloride and sulfates where the reinforced concrete structures are often found to be deteriorated by 
corrosion. The chloride causes the Friedels Salt and the sulfate reacts with calcium hydroxide and calcium 
aluminate hydrate to form gypsum and secondary ettringite that are more voluminous than the initial reactants 
[11]. It can affect the long-term durability of concrete structures, and leads to expansion, cracking, and 
deterioration of concrete specimens. 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/


Magazine of Civil Engineering, 98(6), 2020 

Derabla, R, Sajedi, F. 

Among of the mineral admixtures, the GGBFS has been widely used as successful replacement material 
with OPC in making durable concrete for improving some properties of concrete in marine environments and 
for achieving environmental and economic benefits since the beginning of 20th century [12]. GGBFS can 
effectively fill the pores of concrete which are very much helpful for reducing the permeability and then restricts 
the penetration of seawater inside the concrete. It has been observed that GGBFS can be effectively used to 
reduce the pore sizes and cumulative pore volume considerably leading to more durable and impermeable 
concrete and therefore increases the durability of concrete in seawater environments [13]. Although, the 
strength development of concrete made with GGBFS is remarkably reduced at early ages due to its low initial 
rate of hydration especially if it will be activated thermally as the case of precast [14]. Although low heat of 
hydration of slag, the structural benefit is that the decrease of the thermal cracking of mass concrete is 
significant and it is seen to be lower than ordinary Portland cement [15]. Concerning the LF, its use to replace 
cement has a positive effect on the development of mortar strength [16]. It confers flow-ability, viscosity and 
stability; however, it does not present pozzolanic or hydraulic properties [17]. According to [18–20], LF 
accelerates the hydration of C3S and thereby increases the early compressive strength of the mortar. 
Medjigbodo et al. [21] explain this early acceleration by the chemical reaction between the calcium carbonate 
of LF and the aluminate supplied by cement. 

Since the mortar serves as the basis for the workability properties of SCC, these properties could be 
assessed by SCM. The SCMs are especially preferred for the rehabilitation and repair of reinforced concrete 
structures. Several works have been studied the behavior of SCMs under different conditions. The authors 
[22] have determinate that the production of SCM with good rheological and strength properties could be 
successfully assessed using LF. The researchers [23, 24] have concluded that FA and LF powder increased 
significantly the workability and had an improved overall response on SCMs.  

The characteristics of heat-treated SCC could also be assessed by the characteristics of heat-treated 
SCM. Safi et al. [25] showed that heat-cured SCMs (temperature of 60 °C) containing calcined silt of dams 
and ground brick waste (BW) have permitted to obtain a strength gains compared to reference SCM. Other 
authors have studied the heat curing of normal mortars. Famy et al. [26] showed that the heat curing at 90 °C 
lead to dimensional changes of mortars due to the formation of the expansive ettringite. Sajedi and Hashim 
[27] are found that 50 % level of slag with heat curing of 60 °C in duration of 20 hours is the optimum regime 
for compressive strength of cement-slag mortars studied. It has been proved as reported in our previous paper 
[28] that it is possible to produce a heat-treated-concrete (at 60 °C for duration of 9 hours) resistant to chlorides 
and sulphates existing in the marine environment by either combining 20 % of slag, with the use of water 
reducing plasticizer admixture and W/C rate limited to 0.35 or by the use of 40 % of slag, without admixture 
and a W/C slightly higher and equal to 0.5. Erdogdu [29] has been found that the type of cement and the 
preheating duration have an important influence on the flexural strength of heat-treated mortar. Thus, the 
fineness of the cementitious materials is a very interesting parameter to obtain high level of resistance of the 
elaborated materials, whether in standard treatment conditions or in thermal treatment conditions [30].  

The durability of mortars in seawater environment has been also studied. Moinul et al. [31] have been 
revealed that GGBFS cement-mortar having mix ratio 70:30 with water binder ratios of 0.46 has better 
resistance against strength deterioration at different ages and all curing conditions. So, it was concluded by 
Boufenara et al. [32] that the cements with high content of GGBFS offer good chemical resistance against the 
aggression of sodium sulfate solution and seawater. 

Following this short introduction and on the basis of our bibliographic research, few works that have 
been interested of the durability of elaborated concrete or mortar in seawater environments; but there is almost 
no work which studied the behavior of heat-treated concrete or mortar based on mineral admixtures in 
aggressive environments. 

This paper investigates the effect of local mineral additions as GGBFS and LF on the physical and 
mechanical properties of SCMs in seawater environment. For this, the SCMs have been prepared with water 
to binder ratio of 0.42 for all binder mixtures which are based on various levels of mineral additions as 20 % 
and 40 %. The physical and mechanical tests were conducted on prismatic samples (4×4×16in) of SCMs 
subject to HT process at 60 °C and kept after demoulding in seawater medium (SW). The results of these 
tests were compared with those obtained with standard treatment process (ST) at 20 °C and kept in freshwater 
medium (FW). 

2. Materials and Methods 
2.1. Materials 

The cement used is a Portland cement compound, CPJ CEM II 42.5, the limestone filler (LF) is a calcium 
carbonate powder (CaCO3 = 98 %) and the GGBFS is obtained after grinding of blast furnaces slag to obtain 
a fine powder similar to that of common cements.  
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The chemical composition of the various cementitious materials is given in Table 1. The chemical 
composition of LF indicate that is inert product and that of GGBFS is near to that of the cement which indicate 
that is reactive product and its activity index (AGGBFS = 0.96) indicates that it is basic [33]. 

The physical characteristics of the admixtures: absolute density, specific surface of Blaine (SSB) (EN 
196-6), and specific surface by laser diffraction (SSDL) (NF X11-666), are shown in Table 2 and their particle 
size distribution is illustrated in Fig. 1. 

The superplasticizer (SP) used is MEDAPLAST SP 40 which is a high water reducer for ready-mix 
concrete according to EN 934-2. 

Two types of sand were used: Siliceous sand 0/1 (noted S1) and Crushed limestone sand 0/4 (noted 
S2) of fineness modulus of 1.66 and 3.51, apparent densities of 1.46 and 1.49 and absolute densities of 2.50 
and 2.56 respectively. The chemical analyses of sands are given in Table 1. 

2.2. Methods 
2.2.1. Experimental program 

The heat treatment cycle used in this study (Fig. 2) take into account the specifications of the norm NF 
EN13369 [34]. The characteristics of the adopted cycle of heat-treatment are near to the cycles used in precast 
concrete industry. Also, The Tre of treatment of 60  C was adopted to avoid the formation of delayed ettringite 
(DEF) which can be effected by the instability of ettringite crystals when they are exposed to temperatures 
above 65  C, phenomenon which causes internal damage and expansive behavior in concrete samples [35]. 
The cycle starts after 3 hours of the mixing and takes a total duration of 24 hours. It includes 3 hours of 
pretreatment (pre-setting at 20°C), a phase of temperature rise of 2.5 hours before stabilizing at 60  C for a 
period of 16 hours (isothermal stage) and finally a natural cooling phase of 2.5 hours. The demoulding of the 
SCM specimens was carried out just at the end of the cooling phase. The specimens were placed in two 
different curing regimes, i.e. the freshwater (FW) and the seawater (SW).  

The characteristics of the heat-treated SCMs are compared to the characteristics of that of the control 
SCMs (without addition and/or standard treatment at 20 °C). 

The effect of the amount of GGBFS and LF as 20 % and 40 % to substitute the cement is well studied 
by its effect on the characteristics of the elaborated SCMs in both fresh and hardened states. The amounts of 
GGBFS and LF of 20 and 40 selected in this work are within the actual rates usually adopted in the 
manufacture of Algerian composite cements: such as CPJ-CEM II/A (6–20 % of mineral additives) and CPJ-
CEM II/B (21–35 % of mineral additives). 

The tests realized are the bulk density (ρbulk), the slump flow (Sf) and the occluded air (Oa) at the fresh 
state. In hardened state they are as: 

− The porosity (P) at the age of 28 days calculated as the ratio of the difference of the masses of 
specimen (saturated and dried) to the total volume of the specimen according to standard NBN B 15-215 [36].  

− The shrinkage and the swelling at the age of 28 days calculated as described in the standard  
NF P15-433 [37]. 

− The compressive strength at the age of 1, 7, 28 and 180 days according to the standard  
NF EN 196-1 [38]. 

2.2.2. Mortar mixes-design 
The composition of the SCMs given in Table 2 is that of the mortar which composes the SCC that 

formulated based on the recommendations of the AFGC [39]. The mixing and the preparation of SCMs 
specimens were carried out according to EN 196-1. 

• Ratio Water to Binder W/B as 0.42 for all SCMs,  
• Type of treatment: standard treatment (ST) (or untreated) and heat treatment (HT), 
• Level of substitution of cement by the GGBFS and LF are as 20% and 40 %, 
• Curing regimes are as freshwater (FW) and seawater (SW). The mineral composition of seawater is 

given in Table 3. 
For the elaborated SCMs which W/B = 0.42, the parameters are as:  

• Volume of the paste: Cement (C) + Water (W) + Admixture (A) + Occluded air = 397 liters,  
• Volume of the sand equal to 42 % compared to the volume of the mortar, 
• Ratio S1/S2 = 1 by volume and S1/S2= 0.97 by mass, 
• Dosage of SP adopted which corresponds to the saturation dosage (SPsat), 
• Ambient air curing regime for the shrinkage test. 

https://www.boutique.afnor.org/norme/nf-en-196-1/methodes-d-essais-des-ciments-partie-1-determination-des-resistances/article/866862/fa184622
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Table 1. Chemical composition of raw materials. 
Oxides (%) CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O SO3 Loss on ignition 

C 59−62 22−24 5.3–6.0 3.0−4.0 1.5−1.8 < 0.9 < 0.7 1.8−2.2 na 
GGBFS 42.77 41.23 7.89 1.38 4.60 0.94 0.00 0.34 na 

LF 56.18 0.43 0.08 0.09 0.26 0.01 0.07 0.03 42.85 
S1 0.62 95.21 1.12 0.55 0.04 0.46 0.10 00 na 
S2 56.73 3.71 0.23 0.20 1.18 0.02 0.07 0.09 37.77 

 
Table 2. Composition of elaborated SCMs. 

Mix type 
C 

(kg) 
A 

(kg) 
W 

(kg) 
S1 
(kg) 

S2 
(kg) 

W/C 
(%) 

W/B 
(%) 

SPsat 
(%) 

SCM-R 530 0 220 360 369 0.42 0.42 1.85 
SCM20GGBFS 440 88 220 360 369 0.50 0.42 1.60 
SCM40GGBFS 377 151 220 360 369 0.58 0.42 1.70 

SCM20LF 430 86 215 360 369 0.50 0.42 1.70 
SCM40LF 362 145 211 360 369 0.58 0.42 2.00 

SCM-R:           Reference SCM 
SCM20GGBFS:   SCM having 20% of GGBFS 
SCM40GGBFS:   SCM having 40% of GGBFS 

SCM20LF:        SCM having 20% of LF 
SCM40LF:        SCM having 40% of LF 

 
Table 3. Mineral composition of seawater [40]. 

T(°C) S(‰) pH O2 (%) O2 (mg/l) rH (mV) Condi (µS/cm) 
20.2 37.1 7.7 66.1 6.1 − 38.6 55846 

T: Temperature (°C)                      S: Salinity (‰) 
pH: hydrogen potential (),                  O2: oxygen saturation rate (%), 

O2: dissolved oxygen (mg / l),              rH: reducing power (mV) 
Condi: conductivity (µS / cm) 

 

 
Figure 1. Particle Size Distribution of cement,  

GGBFS and LF. 

 
Figure 2. Heat treatment cycle. 

3. Results and Discussion 
The results of the tests carried out for the characterization of the SCMs in the fresh state are given in 

Table 4 and that of the hardened state are shown in Fig. 3 to 17. 

It can be said that, in the fresh state, the incorporation of the GGBFS and LF causes a decrease of the 
measured values of the physical properties of SCMs. The increase in the content of the GGBFS is associated 
to a decrease of slump flow and an increase of occluded air. The opposite is observed in the case of LF for 
both characteristics. 

The LF confers flow-ability due to the considerable fineness compared to that of cement which allows a 
good filling of the voids and a better understanding of the paste particles. Thus it does not present pozzolanic 
or hydraulic properties which allows to water to be free and this helps to minimize occluded air bubbles. The 
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GGBFS is characterized by its reactivity and its considerable absorption of water which needs a larger amount 
of water than is required by the cement. These characteristics of GGBFS lead to decrease the amount of 
Occluded air and to reduce the fluidity of the SCM paste and consequently its flow. 

Table 4. Characteristics of SCMs in fresh state. 
Mix type SCM-R SCM20GGBFS SCM40GGBFS SCM20LF SCM40LF 

ρbulk (kg/m3) 2100 2103 2080 2217 2105 
Oa (%) 6.0 4.0 5.9 4.4 3.7 
Sf (cm) 32.5 29.0 27.5 31.5 32.5 

3.1. Porosity 
The porosities at the age of 28 days of the studied SCMs are presented in Fig. 3. Overall, the least 

porous SCMs are: 

− In terms of nature and dosage of admixture, SCMs based on 20 % of GGBFS in FW medium and 
SCMs based on 20 % LF in SW medium, 

− In terms of treatment process, heat treated SCMs based on GGBFS and untreated SCMs based 
on LF. 

These results confirm the advantage of the incorporation of the mineral admixtures to reduce the 
porosity of SCMs. Also, the dosage of 20 % showed better yield than that of 40 % for both mineral admixtures 
used. The SCM20GGBFS which has a limited amount of air occluded (by 4 %) is also less porous than the 
reference mortar SCM-R. This is almost which has been reached by [41] where they found that at the age of 
1 year, slag concrete with slag substitution ratio 20% has the least pore size. This benefit has been obtained 
by Pal et al. [42] who observed that slag can be effectively used to reduce the pore sizes and cumulative pore 
volume considerably leading to more durable and impermeable concrete. The slag is reactive and has a latent 
hydraulic power, which need to an activator as temperature to can be reactivated and then to have the ability 
to properly fill the space and existing voids. In seawater, the presence of slag gives birth to some expansive 
hydrates (aragonite, calcite and gypsum) which decrease size of the pores and the capillary absorption 
coefficient The SCM20LF is very beneficial in standard treatment and seawater curing regime. The limestone 
filler is inert and finer than the cement, which allows a good filling of the voids and a better understanding of 
the paste particles. The amount of 40 % of LF is useless and it is even harmful, for that we must limit the 
incorporation of this admixture to levels a little lower. 

 
Figure 3. Porosity of SCMs. 

3.2. Shrinkage and swelling 
Regarding the test results of shrinkage (Fig. 4) and swelling (Fig. 5), the following comments can be 

given:  

The HT process caused an increase in the shrinkage of elaborated Slag-SCM specimens and a 
decreause in that of LF-SCMs. The level of substituation of cement by 40 % of the additions is more 
advantageous, in both treatment cases. The SCM40LF is the less shrinking one among the others SCMs. 

For the swelling test with both treatment process and compared to all studied SCMs, the SCM20GGBFS 
and SCM40GGBFS are that which give the lower swelling in FW and SW mediums respectively. With 40 % of 
LF, heat-treated SCMs are very advantageous than of 20 % in both curing regimes. These results prove that 
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using GGBFS or LF could help to obtain stable heat-treated mortars against swelling in aggressive medium 
as marine environment especially with high replacement level (≥ 40 %).  

 
Figure 4. Shrinkage of SCMs. 

 
Figure 5. Swelling of SCMs. 

3.3. Compressive strengths 
The results of compressive strengths are schematized in Fig. 6 to 17.  

3.3.1. Effect of the nature of the mineral addition 
a. Dosage of 20 % 

In fresh water (Fig. 6), LF and GGBFS allowed to obtain very close resistances in the first days. Beyond, 
GGBFS preponderates a little and shows its advantage due to its inherent hydraulic power and its distinctive 
reactivity at long-term. Thus, the SCM20GGBFS could be even more resistant than the SCM-R in HT process. 
In the SW medium (Fig. 7), the ST elaborated SCMs are more resistant than SCM-R but only heat treated 
SCM20GGBFS which predominates at the age of 180 days. These benefit results prove the advantage of 
GGBFS in the aggressive marine environment especially at very long term (180 days). Therefore, a good 
durability is ensured for the structures or the elements built with this eco-sustainable-product. 

b. Dosage of 40 % 

In both mediums, FW (Fig. 8) and SW (Fig. 9), the GGBFS is very beneficial while the LF is very harmful. 
We can notice here that GGBFS shows always its positive performance especially in SW environment and 
offers the possibility to have SCMs more resistant and more durable than those without GGBFS. This positive 
result using GGBFS remains valid for this level of substitution and even for levels above 40 %. Its according 
to the search results of Binici et al. [43] which came to conclude that the durability of concrete depending on 
the types and amount of additives and he was found that between (40 %, 60 % and 80 %) of GGBFS, the 
specimen based on high level of GGBFS (80 %) have the higher seawater attack resistance than that of the 
reference concrete. 

 
Figure 6. Effect of the nature of the mineral addition 

(20 %) on compressive strength of SCMs in freshwater. 

 
Figure 7. Effect of the nature of the mineral 
addition (20 %) on compressive strength of 

SCMs in seawater. 
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Figure 8. Effect of nature of the mineral addition (40 %)  

on compressive strength of SCMs in freshwater. 

 
Figure 9. Effect of  the nature of the mineral 
addition (40  %) on compressive strength of 

SCMs in seawater. 

3.3.2. Effect of the dosage of the mineral addition 
a. GGBFS 

In fresh water (Fig. 10), the two dosages of admixture have allowed to have almost the same level of 
resistance except at the age of 28 days where the untreated SCM20GGBFS where could even preponderate 
the SCM-R. 

In sea water (Fig. 11), except at the age of 28 days where the SCM20GGBFS has reached a resistance 
level higher than that of the SCM-R, it is very clear that SCM based on 40 % of GGBFS is very beneficial than 
that based on 20 %. This allows to consider that SCM40GGBFS as a stable material and thus more durable 
in the marine environment. 

b. Limestone Filler 

In fresh water (Fig. 12), except at early age (1 and 7 days) where the untreated SCM40LF has reached 
a level resistance almost the same of that of SCM-R and SCM20LF, the dosage of 40 % of LF is very harmful 
in all cases compared to that of 20 %. The same observations remain valid for SCMs cured in the SW medium 
(Fig. 13). 

 
Figure 10. Effect of treatment process on compressive 

strength of Slag-SCMs in freshwater. 

 
Figure 11. Effect of treatment process on 

compressive strength Slag-SCMs in seawater. 
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Figure 12. Effect of treatment process on compressive 

strength of LF-SCMs in freshwater. 

 
Figure 13. Effect of treatment process on 

compressive strength LF-SCMs in 
seawater. 

3.3.3. Effect of treatment process 
a. Using GGBFS 

In fresh water (Fig. 10), at early age (1 day) all heat treated SCMs have higher strengths compared to 
untreated SCMs. The early age strengths of heat-treated mortars (SCM20GGBFS and SCM40GGBFS) 
achieved respectively, as 234 % and 123 % compared to their heat-treated strengths at 1 day, and reached 
respectively as 50 % and 36 % compared to their heat treated strengths at 28 days and attain respectively as 
36 % and 33 % compared to their heat treated strengths 28 days.  

At the age of 7 days, the resistances are nearly equal.  

Beyond 28 days, the phenomenon reversed and the untreated SCFs had the high compressive 
strengths except for SCM20GGBFS where the results of the strengths are almost equal. Compared to the 
strength of heat-treated SCM-R at 28 days, SCM20GGBFS marks a loss of 5 % and SCM40GGBFS offers a 
gain of 4 %. Compared to the strength of untreated SCM-R at 28 days, the strengths of heat-treated mortars 
(SCM20GGBFS and SCM40GGBFS) at 28 days have respectively the losses as 21 % and 13 %.  

At the age of 180 days, the elaborate SCMs have higher resistant compared to the heat-treated control 
mortar (SCM-R). Compared to the strength of heat-treated SCM-R at 180 days, heat treated SCMs 
(SCM20GGBFS and SCM40GGBFS) mark losses of 1 % and 7 % respectively. Compared to the strength of 
untreated SCM-R at 180 days, the strengths of heat-treated mortars (SCM20GGBFS and SCM40GGBFS) at 
180 days have respectively the losses as 4 % and 11 %. 

In sea water (Fig. 11), at the age of 28 days, the HT process leads to an increase of the strength of 
SCM40GGBFS (26 %), but a decrease for SCM20GGBFS (18 %). At very long-term (180 days), all heat-
treated SCMs had the highest strengths compared to those of untreated SCMs. The slag-SCMs have higher 
resistant compared to the SCM made without slag. They are about 4 % and 5 % for SCM20GGBFS and 
SCM40GGBFS respectively. 

b. Using LF 

In fresh water (Fig. 12), at early age (1 day) all heat treated SCMs have higher strengths compared to 
untreated SCMs. The early age strengths of heat-treated mortars (SCM20LF and SCM40LF) achieved 
respectively, as 125 % and 47 % compared to their heat-treated strengths at 28 days and reached, 
respectively as 53 % and 37 % compared to their heat treated strengths at 28 days and attain respectively as 
53 % and 33 % compared to their HT strengths at 28 days.  

At the age of 7 days, the resistances are nearly equal.  

Beyond 28 days, the phenomenon reversed and the untreated SCMs had the high compressive 
strengths except for SCM20LF where the results of the strengths are almost equal. Compared to the strength 
of heat-treated SCM-R at 28 days, SCM20LF offers a gain of 1 % and SCM40LF marks a loss of 22 %. 
Compared to the strength of untreated SCM-R at 28 days, the strengths of heat-treated mortars (SCM20LF 
and SCM40LF) at 28 days have respectively the losses of 16 % and 35 %.  
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At the age of 180 days, the elaborate SCMs have higher resistant compared to the heat-treated control 
mortar (SCM-R). Compared to their untreated at 180 days, SCM20LF and SCM40LF mark losses of 3 % and 
13 % respectively. Compared to the strength of untreated SCM-R at 180 days, the strengths of heat-treated 
mortars (SCM20GGBFS and SCM40GGBFS) at 180 days have respectively the losses as 14 % and 38 %. 

In sea water (Fig. 13), at the age of 28 days, the heat treatment process always leads to a decrease of 
the strength of SCM20LF and SCM40LF (5 % and 6 %). At very long-term (180 days), the HT process slightly 
influenced the strength of the elaborated SCMs and they have losses of about (5 % and 1 %). 

The HT process leads to obtain promising early age strengths. These results allow demoulding concrete 
elements quickly (after some hours) and then a gain of time, money and high productivity. So, it is very 
important in the precast industry and has many advantages for arid regions to overcome curing of concrete 
structures. Beyond 28 days (long term), the HT process leads to losses in CS of all SCMs without 
SCM40GGBFS which offers a gain in CS of about 5 %. This confirms that the temperature supplied by HT 
process in our study was able to reactivate the GGBFS and consequently to increase its hydraulic power as 
obtained with other researches. Battagin [44] observed that the slag hydration increased systematically with 
temperature. This acquired property contributes to increase the CS of the developed SCM. 

3.3.4. Effect of curing regime 
From the results obtained for CS of untreated SCMs (Fig. 14), all SCMs kept in FW medium have higher 

resistant compared to those kept in SW medium. In the case of HT regime (Fig. 15), only SCM based on 40 % 
of GGBFS has the best result in SW compared to that stored in FW. With 20 % of GGBFS is even interesting 
in both process treatment (ST and HT). The same observations that have been made in the case of the use 
of GGBFS remain valid and right here with LF either with HT regime (Fig. 16) or with ST regime (Fig. 17). But 
the level of CS developed with GGBFS is superior to that obtained with LF and the amount of 20 % is much 
better compared to 40 %. 

These results show the effectiveness of the incorporation of mineral additions into SCMs to enhance 
their resistance to seawater aggressively. It is clear that the increase of the substitution rate of the cement by 
GGBFS ensures a good durability of the SCM in SW medium. This finding has been confirmed by the 
researchers [31, 32] who concluded that the cements with high content of GGBFS offer good chemical 
resistance against the aggression of seawater. But the opposite using LF where it is preferable to limit its 
incorporation to levels less than or equal to 20 % and/or or if it is combined with other additions as MK. 

 
Figure 14. Effect of curing regime on the 

compressive strength of untreated Slag-SCMs. 

 
Figure 15. Effect of curing regime on the 

compressive strength of heat-treated  
Slag-SCMs. 
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Figure 16. Effect of curing regime on the 

compressive strength of untreated LF-SCMs. 

 
Figure 17. Effect of curing regime on the 

compressive strength of heat-treated LF-SCMs. 

4. Conclusions 
The main results derived from this study are as follows: 

1. The heat treatment method has many advantageous especially at early ages where all the heat-
treated SCMs could develop higher strengths than those of SCMs matured in normal conditions. 

2. The incorporation of the mineral admixtures is very advantageous to improve physical-mechanical 
properties of heat-treated SCMs and almost to enhance its durability; 

3. The nature and the dosage of the mineral admixture have significant impact on the behavior of SCMs 
with both HT and ST process and in both FW and SW mediums; 

4. The dosage of 20 % LF seemed more effective than that with 40 %, so it is advisable to limit its use 
to levels of less than or equal to 20 %. 

5. The incorporation of GGBFS has played a very important role in improving the behavior of SCM in 
the marine environment especially in the case of HT process where it could be reactivated by temperature and 
was able to show its long-term power.  

6. The 40 % GGBFS dosage is more profitable than that of 20 % to provide a more stable SCM HT in 
the face of seawater aggression. 
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Abstract. The primary objective of this paper is to study the effectiveness of using externally applied CFRP 
composites as a method of shear strengthening. The parameters investigated in this study included CFRP 
amount and distribution (i.e., sheet versus strips), bonded surface (i.e., web sheet versus U-wrap), and fiber 
orientation (i.e., 90° fiber direction versus 45° fiber direction). Firstly, a novel Nonlinear Finite Element Analysis 
(NLFEA) model is created and validated. Then, five RC beams (150×225×1500 mm) have been constructed. 
The overall behavior of the NLFEA beams loaded up to failure, the onset of the cracking, and crack 
development with increased load and ductility were described. The NLFEA results showed that externally 
bonded CFRP increased the shear capacity of the strengthened RC beams significantly depending on the 
variables investigated. The beams strengthened with 90° CFRP U-wrap sheet provided a large increase in the 
ultimate load carrying capacity compared to beams strengthened with 90° CFRP web strips of 50 mm width. 
Decreasing the spacing between the strips is also efficient, while using 45° strips rather than 90° strips does 
not produce a remarkable increase in the shear capacity. The externally bonded CFRP can increase the shear 
capacity of the beam significantly by 34−62 % than that of the control beams, depending on the variables 
investigated. The inclination of the primary shear crack influenced the shear strength contribution of the 
external strengthening. Finally, an inclusive assessment of the NLFEA results, as well as three other well-
known shear strength models, is conducted using a large test database. It is shown that the proposed shear 
strength, Chen and Teng, and the Chen et al. models give consistently good correlation with test data with an 
acceptable coefficient of variation as well as ACI Model shows unsatisfactory performance probably owing to 
its empirical nature and the use of an inappropriate model for the effective FRP bond length. 

1. Introduction 
A significant portion of the infrastructure in the world is in urgent need of strengthening and rehabilitation. 

Rehabilitation of either structural members or whole structures is applied when increasing live load is essential 
or in order to treat a structural or environmental defects. Public funds for infrastructure rebuilding are extremely 
limited. Therefore, engineers have been looking for innovative solutions that reduce the costs associated with 
traditional methods. The strengthening should be designed with consideration to minimize the maintenance 
and repair needs. Due to the different advantages and drawbacks of existing methods, designers must closely 
evaluate all of the alternatives including the possibility that strengthening may not be the best choice. Finally, 
it is not only the economical and structural aspects that should form the basis for decisions of strengthening 
and choice of strengthening method, but environmental and aesthetic aspects must also be considered. In 
design, the consequences from loss of strengthening effectiveness by fire, vandalism, collision should be 
considered as a main parameter in the external strengthening of damaged structures. 

Upgrading of design standards, deterioration of the infrastructures coupled with the damage caused by 
natural disasters, and increased safety requirements, necessitate the need for effective construction materials 
for repair and strengthening of existing structure. Therefore, externally bonded carbon fiber reinforced polymer 
(CFRP) composites become a commonly used technique, allowing simple repair or reinforcement of structural 
elements, damage or otherwise structurally inadequate for verity of reasons [1−20]. The use of CFRP 
composites in rehabilitating structures can greatly reduce maintenance requirements, increase life safety, and 
increase service life of concrete structures. So far, the majority of research and applications carried out, using 
CFRP as strengthening material, has be devoted to use for flexural strengthening. A reinforced concrete beam 
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must be designed to develop its full flexural strength to insure a ductile flexural failure mode under extreme 
loading. Hence, a beam must have a safety margin against other types of failure that are more dangerous and 
less predictable than flexural failure. Shear failure of reinforced concrete beam is a type of failure mode which 
has a catastrophic effect, should it occur. If reinforced concrete beam deficient in shear strength is overloaded, 
shear failure may occur suddenly without advance warning of distress; while a flexural failure occurs gradually 
(if the beam is under reinforced), with large deflections and cracking giving ample warning. Also, shear failure 
reduces the strength of structural elements below the flexural capacity and considerably reduces the ductility 
of the elements. Therefore, reinforced concrete beams must have sufficient protection, strengthened, in shear 
zone to insure ductile flexural failure. Among FRP types, CFRP has the advantage of exhibiting relatively 
higher tensile strength and excellent fatigue properties. FRP reinforcement is essential for strengthening 
members subjected to bending, shear and can provide confinement to compression members. Structural 
deficiencies in reinforced concrete (RC) members can be either flexural or shear; however, shear deficiencies 
are inherently more dangerous because shear failures can occur suddenly and with no possibility for 
redistribution of internal forces. Therefore, this can be eliminated by promoting flexural failure to increase the 
probability of ductile flexural failure rather than brittle shear failure. Shear problems exist from insufficient 
design, reduction in shear reinforcement (RFT) due to corrosion or due to increase in live loads. It was evident 
that externally bonded FRP reinforcement can increase shear capacity in such situations [21–25]. It is evident 
that the ultimate resistance of FRP strengthened RC beams depends basically on the tensile strength of FRP 
material, FRP shear reinforcement ratio, the configuration of FRP materials and its relation to shear cracks 
inclinations, the compressive strength of concrete, the yield strength of shear reinforcement, the yield strength 
of main bars and its tensile reinforcement ratio. The shear reinforcement of strengthened RC structures by 
externally bonded FRP has been reported in a number of studies [26–28]. Until now, there have been a number 
of analytical models that de- scribe the shear behavior of strengthened RC beams [29–34]. In general, ultimate 
shear capacity of strengthened RC beams proposed by these models was based on a combination of three 
basic elements. The first is the contribution of concrete strength, the second is the contribution of shear steel 
reinforcement and the third is the contribution of FRP reinforcement materials. 

Although there is a tremendous effort considering the experimental works for testing RC beams 
strengthened with FRP sheets [1–3], there are a fewer experimental takes into account the effect of different 
strengthening configurations and parameters. Shbeeb et al. [35] studied the effectiveness of using externally 
bonded carbon-fiber-reinforced polymer composite sheets as a method of increasing the shear strength of 
reinforced concrete beams. The investigated parameters were the amount and distribution of the composite, 
the bonded surface and fiber orientation. The overall behavior of the test beams up to failure, the onset of 
cracking and crack development with increased load and ductility were recorded. Thus, the shear behavior of 
an RC beam in practice is more complex and difficult to understand than its behavior in flexural, although 
much more research has been carried out on the shear mode of failure. Therefore, Nonlinear Finite Element 
analysis (NLFEA) work was firstly validated against the experimental load deflection behavior and mode of 
failure and then the objective of this study expanded to investigate the effect of studied parameters (CFRP 
amount and distribution, bonded surface, and fiber orientation) on crack inclination, crack opening behavior, 
concrete compressive strain, and steel tensile strain. 

2. Methods 
NLFEA is an important and effective tool in the analysis of complex structures.  The main benefits that 

NLFEA provided include: 1) substantial savings in the cost, time, and effort compared with the fabrication and 
experimental testing of structure elements; 2) allows to change any parameter of interest to evaluate its 
influence on the structure, such as the compressive strength of concrete; 3) allows to see the stress, strain, 
and displacement values at any location and at any load level; 4) the ability to change any parameter of 
interest, and the capability of demonstrating any interesting behavior at any load value and at any location in 
the system. Six full-scale models strengthened using CFRP are developed to carry out different investigated 
parameters. 

2.1. Beam Description 
The validation process of the finite element model is based on the experimental work performed by 

Shbeeb et al. [35]. Six rectangular reinforced concrete beams, 150 mm (width)×225 mm (depth) with a total 
length of 1500 mm, were cast with the reinforcement of 2×8 bars at the top and 3×15 bars. Stirrups were 
placed at 250 mm center to center to allow easier positioning of flexural reinforcement and to provide improved 
confinement of concrete along the entire beam length as shown in Fig. 1. The design choices were made to 
ensure that shear failure would occur in the beams. One beam was tested as control beams without 
strengthening and five beams were strengthened with different schemes with CFRP strips and sheets (Fig. 1). 
Fig. 1 shows the reinforcement and the CFRP sheet and strips configurations for all the beams specimens. All 
specimens were tested as simply supported in a special designed built-up rigid steel frame. A hydraulic jack 
was used to apply a concentrated load through a hydraulic cylinder on a spread steel beam to produce two-
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point loading condition to generate a constant moment region at mid-span. Table 1 shows the failure load from 
the tested [35] and NLFEA.  

 

 
Figure 1. Setup and reinforcement details of the beams [35]. 

Table 1. NLFEA results. 

Beam 
Designation Type of strengthening 

NLFEA 
Ultimate load, 

kN 

Experimental. 
Ultimate load, 

kN 

Percentage of increase with 
respect to control beam (%) 

B2.2N0 Without 180.2 181.3 0 
B2.2U90SH1 CFRP 90o Sheet U-Wrap 289.8 293.1 62 

B2.2W90SH1 CFRP 90o Sheet Web-
Wrap 261.9 264.2 46 

B2.2U90ST1 CFRP 90o Strips U-Wrap 266.6 268.7 48 

B2.2W90ST1 CFRP 90o Strips Web-
Wrap 241.1 243.8 34 

B2.2W45ST1 CFRP 45o Strips Web-
Wrap 252.3 254.0 40 

 

2.2. Description of Non-linear Finite Element Analysis (NLFEA) 
Concrete is a quasi-brittle material and has different behavior in compression and tension. SOLID65 

element is capable of predicting the nonlinear behavior of concrete materials using a smeared crack approach. 
The model is capable of predicting failure for concrete materials and accounts for both cracking and crushing 
failures. The two input strength parameters, ultimate uniaxial tensile and compressive strengths, are needed 
to define a failure surface for the concrete. Consequently, a criterion for failure of the concrete due to a 
multiaxial stress state can be calculated. Poisson’s ratio of 0.2 was used for all beams. The shear transfer 
coefficient (βt) represents the conditions at the crack face. The value of βt ranges from 0.0 to 1.0, with 0.0 
representing a smooth crack (complete loss of shear transfer) and 1.0 representing a rough crack (no loss of 
shear transfer). The value of βt was used in many studies of reinforced concrete structures; however, it varied 
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between 0.05 and 0.25. Therefore, a value of 0.2 for βt was used in this study. The concrete properties include 
concrete compressive strength of 55 MPa, initial young's modulus (Ec) of 35063 MPa. In tension, the stress-
strain curve for concrete is assumed to be linearly elastic up to the ultimate tensile strength. After this point, 
the concrete cracks and the strength decreases to zero (Fig. 2(a)). 

 
(a) Concrete                                        (b) Steel reinforcement 

 
(c) CFRP composite                                           (d) Epoxy 

Figure 2. Stress-strain curves [35]. 
Fig. 2 shows the stress-strain relationships that are used in this study. The steel for the finite element 

models was assumed to be an elastic-perfectly plastic material and identical in tension and compression. 
Poisson’s ratio and yield stress of 0.3 and 413 MPa respectively were used for the steel reinforcement. 
Fig. 2(b) shows the stress-strain relationship for steel reinforcement. Steel plates were added at both ends of 
the beams to provide a more even stress distribution over the support areas. The steel plates were assumed 
to be linear elastic materials with an elastic modulus equal to 200 GPa (29,000 ksi) and Poisson’s ratio of 0.3. 
The CFRP composite and epoxy are modeled by a layered solid element, SOLID46. The CFRP is assumed 
to be an orthotropic material of 0.165 mm thick, tensile strength of 3790 MPa, elastic modulus of 228 GPa, 
and ultimate tensile strain of 0.017 mm/mm. The epoxy used is 0.343 mm thick, ultimate tensile strength 
55 MPa, elastic modulus of 30 GPa, and ultimate tensile strain of 0.018 mm/mm. In the other directions 
perpendicular to the fiber direction, the elastic modulus of CFRP was assumed to be 10-6 times that of the 
main direction. Linear elastic properties were assumed for both CFRP composites and epoxy. 

The total load applied was divided into a series of load increments or load steps. Newton – Raphson 
equilibrium iterations provide convergence at the end of each load increment within tolerance limits equal to 
0.001. Load step sizes were automated by ANSYS program for the maximum and minimum load step sizes. 
In a concrete element, cracking occurs when the principal tensile stress in any direction lies outside the failure 
surface. After cracking, the elastic modulus of the concrete element is set to zero in the direction parallel to 
the principal tensile stress direction. Crushing occurs when all principal stresses are compressive and lies 
outside the failure surface; subsequently, the elastic modulus is set to zero in all directions, and the element 
effectively disappears. The finite element model fails impulsively when the crushing capability of the concrete 
is turned on. Crushing of the concrete started to develop in elements located directly under the loads. 
Afterward, adjacent concrete elements crushed within several load steps as well, significantly reducing the 
local stiffness. Finally, the model showed a large displacement, and the solution diverged. Therefore, the 
crushing capability was turned off and cracking of the concrete controlled the failure of the finite element 
models. During concrete cracking and ultimate load stages in which large number of cracks occurred, the 
loads were applied gradually with smaller load increments. Failure for each model was identified when the 
solution for 0.0045 kN load increment was not converging. 

CONTA174 element was used to model the layer between the concrete and epoxy layer. This element 
is an 8-node element that is intended for general rigid-flexible and flexible-flexible contact analysis. In a general 
contact analysis, the area of contact between two (or more) bodies is generally not known in advance. Also, 
CONTA174 element is applicable to 3-D geometries. It may be applied for contact between solid bodies or 
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shells. One of the most accurate bond stress slip models that can be incorporated into a finite element analysis 
is that proposed by Lu et al. [36]. The mechanical behavior of the FRP/concrete interface is represented by a 
relationship between the local shear stress, τ , and the relative displacement, s, between the FRP composites 
and the concrete. Three different bond slip relations have been suggested by these authors; these are 
classified according to their level of sophistication and are referred to as the precise, the simplified, and the 
bilinear models. In the current study, the simplified model, as shown in Fig. 3, is adopted for its simplicity. 
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Figure 3. CFRP to concrete bond slip model [36]. 

Square and rectangular elements were created for the rectangular volumes (concrete, CFRP, epoxy, 
and steel plates) using the volume-mapped command. This properly sets the width and length of the steel 
reinforcement elements to be consistent with the elements and nodes of the concrete. A convergence study 
was carried out to determine the appropriate mesh density as shown in Fig. 4. The meshing of the 
reinforcement was a special case and the individual elements were created in the modeling process. However, 
the necessary mesh attributes for the concrete were set before each section of the reinforcement was created. 
SOLID46 elements for epoxy and CFRP layers had the same meshing as SOLID65 elements for concrete to 
allocate the node over the node of each element. The command merge item was used to merge separate 
entities that have the same location into single entities. To ensure proper modeling, displacement boundary 
conditions were applied at the planes of symmetry. The symmetry boundary conditions were set first. Nodes 
defining a plane through the beam cross section at the center of the beam define one plane of symmetry. The 
support was modeled as a roller and hinge that allows the beam to rotate at the support. The applied force 
was applied across the entire centerline of the steel plate. The beams were analyzed simulating 4-point loading 
case with the distance between the 2-point of loading is 550 mm. The total applied load was divided into a 
series of small load increments, each 0.45 kN, and the Modified Newton–Raphson equilibrium iterations were 
used to check the convergence at the end of each load increment within a tolerance value of 0.001. The static 
analysis type was utilized to obtain the behavior of the beams. The model failure was identified when the 
solution of 0.0045 kN load increment was not converging. 

 
                  (a) 90o Sheet U-Wrap                  (b) 90o strips U-Wrap                     (c) 45o strips Web-Wrap 

Figure 4. Typical finite element meshing of the beams. 

2.3. Validation Process 
Fig. 5 shows the load deflection behavior of experimental and NLFEA results. Inspection of Fig. 5 

reveals that the load deflection curve can be divided into two stages: stage one represents the pre-cracking 
stage (creation of the first flexural crack) in which the behavior almost linear and stage two represents the 
after-cracking stage in which the behavior is nonlinear due to nonlinearity of concrete. With further load 
increase, the beams strengthened with web CFRP strips or sheet failed in shear due to debond of CFRP strips 
or sheet before reaching ultimate flexural capacity. The post-cracking stage was clear only for beams 
strengthened with CFRP 90o strips and sheet U-Wrap sloped upward indicating that the CFRP composites 
have a significant influence on the post-peak behavior of the strengthened beams. This could be due to the 
crack arresting mechanism provided by anchoring of the web strips with the tension sides of the beam. 
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Figure 5. Experimental [35] and NLFEA load-deflection curves. 

The experimental results for the tested beams are presented in Table 1. The numerical values of the 
ultimate strengths and the corresponding percentage increase in the ultimate shear strength of the 
strengthened beams over the control beam indicated that the performance of the shear deficient beams is 
enhanced due to the use of CFRP composites. Table 1 and Fig. 5 show that the NLFEA results correlates well 
with the experimental data at ultimate load capacity. Fig. 6 shows typical stress contours of the control and 
strengthened beams. 

3. Results and Discussion 
3.1. Failure Mode 

Each specimen without shear reinforcement exhibited an initial flexural crack at the center of the 
specimen and subsequent flexural cracks away from that section. As the applied load was increased, one of 
the flexural cracks extended into a diagonal crack near one of the supports, or a diagonal crack formed abruptly 
at the mid height of the beam within the shear span area. After the formation of the diagonal crack, failure 
occurred by splitting along the tension reinforcement. A representative cracking pattern is shown in Fig. 6. The 
load carrying capacity and the mode of failure of shear reinforced concrete beams are summarized in Table 1. 

  

  
Figure 6. Typical NLFEA stress contours of NLFEA beams. 
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Table 2 shows the first flexural cracking load, the diagonal shear crack load, and modes of failure. The 
first flexural crack created within the constant moment region at a load of Pcr as shown in Table 2. Beyond 
this load, cracks extended toward the top fiber. Additional flexural cracking was developed throughout the 
beam length. At Vcr (diagonal shear crack load), a diagonal shear crack formed along a line joining the support 
and the load point. The crack initiated at the middle of the shear span and extended both towards the support 
and the load point (Table 2). All beams exhibited shear failure except CFRP 90° Sheet U-Wrap beam exhibited 
a ductile flexural failure and failed at a load of Vu (Table 1) as shown in Fig. 6. Finally, the shear strength 
increases with the increase of (1) bonded surface area (34 % for CFRP 90° Strips Web-Wrap, 40 % for CFRP 
45° Strips Web-Wrap, 46 % for CFRP 90° Sheet Web-Wrap, 48 % for CFRP 90° Strips Web-Wrap, and 62 % 
for CFRP 90° Sheet U-Wrap); (2) CFRP distribution (48 % for CFRP 90° Strips Web-Wrap and 62% for CFRP 
90° Sheet U-Wrap); and (3) CFRP orientation angle (40% for CFRP 45° Strips Web-Wrap, 46 % for CFRP 90° 
Sheet Web-Wrap and 48 % for CFRP 90° Strips Web-Wrap). 

Table 2. Failure load and modes of failure. 

Beam 
Designation 

Pcr, 
kN 

Vcr, 
kN 

Vu, 
kN 

Elastic 
Stiffness, 
kN/mm 

Cracking 
stiffness, 
kN/mm 

Failure mode 

B2.2N0 32.9 115.6 180.2 27.1 20.9 Shear failure followed by 45° 

diagonal crack 

B2.2U90SH1 34.7 133.4 289.8 28.0 25.8 Flexural failure followed by crushing 
of concrete in compression zone 

B2.2W90SH1 34.1 211.3 261.9 25.8 23.8 
Shear failure followed by 44° 

diagonal crack, debonding of CFRP 
sheets, and ripping of concrete 

B2.2U90ST1 34.3 124.5 266.6 26.8 25.3 
Shear failure followed by 37° 

diagonal crack and debonding of 
CFRP sheets 

B2.2W90ST1 33.6 116.8 241.1 25.2 23.1 
Shear failure followed by 41° 

diagonal crack and debonding of 
CFRP sheets 

B2.2W45ST1 33.8 118.7 252.3 26.1 25.8 
Shear failure followed by 44° 

diagonal crack, debonding of CFRP 
sheets, and ripping of concrete 

Note: Pcr: the first flexural cracking load, Vcr: the diagonal shear crack load, Vu: the ultimate shear load 
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(a) Effect of bond surface (CFRP sheet) (b) Effect of bond surface (CFRP Strips) 
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(c) Effect of CFRP orientation (d) Effect of CFRP distribution 

Figure 7. NLFEA load-deflection curve curves. 
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Figure 8. Stages and characteristics of load deflection behavior. 

3.2. Load-deflection behavior 
Fig. 7 shows the load deflection curves for NLFEA beams which exhibited almost linear behavior up to 

the load creation of the first flexural crack (Pcr) as shown in Table 2. The slope of the first stage of the load-
deflection curve before initiation of the first main flexural crack represents the elastic stiffness while the slope 
of the second stage represents the cracking stiffness. This indicates that the stiffness of the beam decreased 
with the increase of load in which the elastic stiffness of the curve before creation of the first flexural crack is 
larger than the cracking stiffness as shown in Fig. 8. In addition, the increase in elastic stiffness can be 
observed from the angle of the diagonal shear crack (Table 2) of the elastic stage curve of the NLFEA beams 
in which the relationship between them is reverse. Also, the angle of the diagonal shear crack decreases with 
the increase of CFRP sheet bond strength area (Table 2). The load displacement curves have the same 
conclusion where all beams had sudden drop in load after peak load while CFRP 90° Sheet U-Wrap had 
ductile behavior. This indicates that an increase in the ultimate deflection can be confirmed by the use of  
U-wrap which give the structure behavior more ductility, and the ultimate deflection is higher than others. 
Inspection of Table 2 reveals that the angle of the diagonal shear crack decreases with the increase of bond 
surface, CFRP distribution, and CFRP sheet orientation. 
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Figure 9. NLFEA load-concrete compressive strain curves. 
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3.3. Concrete compressive strain 
Fig. 9 shows the relationship between the load and concrete compressive strain all tested beams. 

Inspection of Fig. 9 reveals that the compression strain increased with increasing the load as well as the 
concrete compressive strain in the concrete decreases with the increase of bond surface, CFRP distribution, 
and CFRP sheet orientation. After the yielding of steel reinforcement of B2.2U90SH1, the compression strain 
in concrete increased at a higher rate. The strengthened reinforced concrete beam with the U-shape CFRP 
sheet obtained the highest strain without occurring huge damage at the compression zone due to the 
confinement of the concrete. 

3.4. Steel tensile strain 
Fig. 10 shows the relationship between the load and strain at the level of steel for all tested beams. The 

load strain curve followed the same trend for all the beams before the cracking. After cracking the slope of the 
curve was reduced as a result of reduction in stiffness. Inspection of Fig. 10 reveals that the steel tensile strain 
followed the same trend and behavior as the concrete compressive strain which increased with increasing the 
load as well as the steel tensile strain in the concrete decreases with the increase of bond surface, CFRP 
distribution, and CFRP sheet orientation. B2.2U90SH1 are the only beams reached the yielding point as well 
as the steel reinforcement in U-shaped strengthened beam experienced highest tensile strain development 
than that of other beams at ultimate load. 
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Figure 10. NLFEA load- steel tensile strain curves. 

3.5. Crack opening behavior 
Fig. 11 shows the relationship between the load and crack opening for beams with different CFRP strips 

bond surface. According to Fig. 11(a), crack opening width was initiated at load 115.7 kN and 124.5 kN for 
B2.2W90ST1 and B2.2U90ST1, respectively, after the formulation of diagonal shear crack. Fig. 11 shows also 
that the development of crack width also becomes sluggish around 0.8 mm for B2N0, B2.2W90ST1 and 
B2.2U90ST1. In addition, the crack width of B2N0 started to develop at 115.7 kN follows by the B2.2W90ST1 
while the crack width of B2.2U90ST1 started around the load of 124.5 kN. It can be observed that the crack 
developed at a slower as the bond area decreases. At ultimate load, the ultimate crack width is 2.89, 1.93 and 
1.82 mm for B2.2N0, B2.2W90ST1, and B2.2U90ST1, respectively. Therefore, the U-shape strengthened 
beam showed less crack width for the same load than the other beams. Figure 11(b) shows the relationship 
between the load and crack opening for beams with different CFRP orientation. According to Fig. 11(b), the 
development of crack width also becomes sluggish around 0.25 mm in B2.2N0, B2.2W90ST1 and 
B2.2W45ST1. It can be observed the crack developed at a slower rate as the CFRP orientation angle is 
decrease. At ultimate load, the ultimate crack width is 2.89, 1.93 and 1.07 mm for B2.2N0, B2.2W90ST1, and 
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B2.2W45ST1 respectively. Therefore, the 45° strips strengthened beam showed less crack width for the same 
load than the other beams. 
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(a) Effect of bond surface (CFRP Strips) (b) Effect of CFRP orientation 

Figure 11. NLFEA load-crack opening curves. 

3.6. Comparison of NLFEA with theoretical models 
The first step in each theoretical modeling should be adequately validated to confirm its reliability and 

its predictive ability against a large number of experimental of the beams with a wide range of geometrical and 
mechanical characteristics. These beams differ in terms of geometry, concrete strength, and amount and 
strength of internal and external reinforcement. The proposed model has been applied to NLFEA results as 
well as the literature test results. For purposes of comparison, the NLFEA results are compared with those of 
the Chen and Teng model [37], Chen et al. model [38], and ACI model [39]. The comparison between NLFEA 
and analytical results based on the proposed structural model is shown in Table 3. 

Note that the ACI model was calibrated for CFRP should be used with caution for other types of 
composites as shown in Table 3. The overall predictions by ACI model does not appear to be equally 
satisfactory with a mean Vf,exp/Vf,ACI value of 2.122 and a COV of 96 %. In the ACI model, the general design 
guidance is derived from the NLFEA data and they are only applicable to external FRP reinforcement. Based 
on Table 3, the proposed, Chen and Teng [37] and Chen et al. [38] models give a better prediction of NLFEA 
data. Therefore, Chen and Teng [37] and Chen et al. [38] models are thus applicable to all externally bonded 
beams irrespective of whether the bonded reinforcement is made of steel or CFRP. 

Table 3. Comparison of results obtained with different models. 

4. Conclusions 
1. The inclination of the primary shear crack influenced the shear strength contribution of the external 

strengthening. 

2. The use of CFRP composites is an effective technique to enhance the shear capacity of RC beams. 
The externally bonded CFRP can increase the shear capacity of the beam significantly by 34 (CFRP 90° Strips 
Web-Wrap) to 62 % (CFRP 90° Sheet U-Wrap) than that the control beams, depending on the variables 
investigated. 

Beam 
Designation 

NLFEA 
Ultimate load, 

kN 

Chen and Teng model [37] 

( ,

,mod

V f NLFEA
V f

) 

Chen et al. model 
[38]   

( ,

,mod

V f NLFEA
V f

) 

ACI 440.2R model 
[39]  

( ,

,mod

V f NLFEA
V f

) 

B2.2N0 180.2 0.941 0.951 2.078 
B2.2U90SH1 289.8 0.932 0.942 2.058 
B2.2W90SH1 261.9 0.980 0.990 2.163 
B2.2U90ST1 266.6 0.990 1.000 2.186 
B2.2W90ST1 241.1 1.000 1.010 2.208 
B2.2W45ST1 252.3 0.923 0.933 2.038 

Average ---- 0.961 0.970 2.122 
CoV (%) ---- 39 39 96 
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3. Using of 45° strips rather than 90° strips does not produce a remarkable increase in the shear 
capacity. 

4. The concrete compressive and steel tensile strain decrease with the increase of bond surface, CFRP 
distribution, and CFRP sheet orientation.  

5. The strengthened reinforced concrete beam with the U-shape CFRP sheet obtained the highest 
strain without occurring huge damage at the compression zone due to the confinement of the concrete. 

6. It is shown that the proposed, Chen and Teng [37] and Chen et al. [38] models give consistently 
good correlation with test data with an acceptable COV that can be expected for the behavior of RC beams. 
Therefore, Chen and Teng [37] and Chen et al. [38] models are thus applicable to all externally bonded beams 
irrespective of whether the bonded reinforcement is made of steel or CFRP. 
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Abstract. The expandable polyurethane resin is an innovative material used in the field of soil stabilization 
and foundation restoration. The injection technology using the expandable polyurethane resin is an effective 
way that raises the foundations rapidly, strengthening the soil beneath. Nevertheless, different technical 
aspects have not been studied yet, which might affect the lifting and stabilization process, such as the density 
of the resin formed in the massive of the injected soils. The density of the resin formed in the massive of the 
injected soils during the injection process is varied due to the expansion nature of the resin when mixed 
proportionally controlled by the amount of the injected resin, the injection pressure, the injection temperature, 
and other factors. Obviously, the differences in resin densities lead to a variation of the resin mechanical 
properties; consequently, it affects the desired lifting and strengthening results gained. The article 
demonstrates the results of a laboratory experiment that has been conducted to investigate the mechanical 
properties of an expandable polyurethane resin consists of two components based on its volumetric expansion 
ratios controlled by the amount of the injectable resin. The density of the resin gained for each expansion ratio 
has been obtained and given in this article. The stress-strain diagrams of the resin for various densities and 
expanding ratios are incorporated. The results were interpreted, and the strength-density relationship of the 
resin has been established and introduced. 

1. Introduction 

The expandable polyurethane resin is an expansive material consists of two-liquid components which 
can be injected into the soil massive using a hydraulic system. Component A represents a polyol, while 
component B is mainly isocyanates. However, each component contains additives in its composition according 
to the manufacturers of the material [1–10]. When the resin is injected into the soil massive under high 
pressure, it expands and propagates in the hydrofracturing mode, leading to compact the surrounding soil, 
altering its properties. Thus, it leads to strengthening the injected soil, increasing its bearing capacity, besides 
the rapid lifting of the foundations gained through the propagation and expansion process of the resin [1–3, 
11, 12]. 

The main uses of the expandable polyurethane resin are foundation lifting and soil compaction. 
However, it is also used for extruding the undesired water from the soil cavities and as injectable barriers to 
control the groundwater level [1, 2, 15, 16, 3, 4, 6–8, 11, 13, 14]. 

This resin is capable of expanding up to 30 times its original volume in non-restricted volumes due to 
the chemical reaction of the mixing components. When the resin is injected into the soil massive, it forms in 
various densities based on its mixing amount when combined in volumetrically established proportions. 
Several factors affect the actual density formed in the injected soil's massive, such as the amount of the 
injected resin, the injection pressure, the injection temperature, and the type of the injected soil itself. The 
exothermic reaction between its components produces the expansion process of the resin [1, 17, 18].  

During the injection process, the volumetric expansion of its mixture occurs due to the chemical reaction 
between the resin's components, which produces a large amount of carbon dioxide, leading to form a porous 
structure. The water is required to fulfill the production of carbon dioxide as it reacts with the isocyanates 

https://creativecommons.org/licenses/by-nc/4.0/
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group. In the absence of water, a chemically inert swelling agent with a low boiling point is used, which is a 
vaporized consuming part of the polymerization heat [1–3, 10, 19–21]. 

The resin mixture changes from a liquid to the solid-state and hardens in the soil massive within several 
seconds. The reaction time, which depends on the amount of the injected resin and the catalysts used, is 
influenced by the mixing temperature of the components and the controlled injection pressure in the hydraulic 
system. In practice,  controlling the mixing temperature, lead to speed up or slow down the reaction time, 
while, the injection pressure lead to ease the flow of the material in the soil massive [1–3]. 

The low viscosity and liquidity of the resin ensure easy penetration into any soil type, when hardened, 
compact the surrounded soils, and displacing water without a negative impact on the structure and the stability 
of the injected resin properties [1–3]. 

2. Methods and Materials 

2.1. The aim of the experiment 

A laboratory experiment was conducted to investigate the strength-density relationship of an 
expandable polyurethane resin consists of two components for various densities, formed based on its 
volumetric expansion nature controlled by the amount of the injectable resin. Resin samples of different 
densities have been prepared based on the injected weight of the resin, considering its volumetric expansion, 
determined the density, and the stress-strain state of the resin using the uniaxial compression test. Thereby 
the relationship between the strength characteristics and the density of the resin formed according to 
prespecified volumetric expansion ratios was established. The investigated resin in the experiment is called 
(MC-Montan Injekt LE) produced by the company MC-Baucheime. 

2.2. Samples preparation 

Seven PVC cylindrical tubes with a special valve were used to model the resin samples of various 
densities in the laboratory environment. The valves were pre-welded to each tube to prevent the resin's 
overflowing during the injection process, as shown in Fig. 1. The volumes of the tubes used are constant, as 
given in Table 1. 

Table 1. The dimensions of the tubes used. 

Tube length 900 mm 

Inner tube diameter 42 mm 

Tube volume 1246898.124 mm3 

 

 

Figure 1. The injection process during the laboratory investigations. 

The resin was injected into each tube using a particular injection pistol according to the mixing ratio 
(2:1) of both A and B components, respectively. Extraneous external pressure was not used to ensure resin 
supply to the tubes. That is, the injection process was carried out through the pressure arising as a result of a 
chemical reaction during the expansion of the composite components, which is a natural property of the 
material used. 

The resin was introduced into each tube according to a sequential decrease in the weight of its 
components, which led to forming different densities samples by occupying the full fixed volume of the tube, 
due to volume expansion of the substances. 
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After the formation of the resin in the tubes, the resin remained in the tubes to fulfill the hardening 
process, allowing the resin to gain its maximum mechanical properties. Further, each tube was cut to five 
cylindrical samples of approximate fixed sizes (Diameter = 4.25 cm, Length = 10 cm).  

The prespecified resin expansion ratios and the mixing weights of its components are given in Table 2. 

Table 2. The resin expansion ratios and the mixing weights of its components used. 

The expansion 
ratios of the resin 

Number of 
samples tested 

The total amount 
of resin used, 

Gramm 

Amount of 
component A, 

Gramm 

Amount of 
component B, 

Gramm 

Reaction time, 

Seconds 

3 5 416 277 139 4 

4 5 312 208 104 4 

6 5 208 139 69 5 

8 5 156 104 52 6 

10 5 125 83 42 8 

12.5 3 100 67 33 12 

15 5 84 56 28 29 

 

The reaction time of the injected resin increases in direct proportion to the weight of the components 
used; however, this relationship is nonlinear, as shown in Fig. 2. The volumetric expansion of the injected resin 
decreases in direct proportion to its weight; however, this dependence is also non-linear, as shown in Fig. 3. 

 

Figure 2. The relationship between the chemical reaction time  
and the volumetric expansion ratio. 

 

Figure 3. The relationship between the resin's amount used and its expansion ratio. 
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2.3. Determination of the resin densities 

The density of the resin in the liquid state is equal to 1.1 g/cm3. However, the density of the resin 
changes due to its expansion properties, and the amount of the injected resin plays a significant role in its 
resulting density. For a constant volume, the injection of a different amount of resin leads to the formation of 
different densities compared to its initial density in the liquid state. 

After the preparation, the obtained samples were divided into seven groups according to the values of 
their density obtained by their prespecified volumetric expansion ratios, as shown in Fig. 4. 

 

Figure 4. The prepared resin's samples of different densities. 

The actual density of each obtained sample was determined according to the following formula: 

/m V   

where  is the density of the sample, m is the measured weight of the sample, V  is the sample's volume. 

In this manner, the average density was calculated for each expansion ratio, as shown in the Table 3. 
The weight measurement process of each sample is shown in Fig. 5. 

Table 3. The values of the average density of the resin and expansion coefficients obtained. 

The resin's expansion ratios 
The actual resin's density obtained, 

g/cm3 

3 0.349 

4 0.255 

6 0.184 

8 0.128 

10 0.088 

12.5 0.066 

15 0.056 

 

 

Figure 5. The weight measurement process of each obtained sample. 
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2.4. Samples testing using the uniaxial compression test 

At this step, samples were tested using the uniaxial compression test under a laboratory environment, 
as shown in Fig. 6, to determine the mechanical properties of the resin for each obtained density. The test has 
been conducted at x % deformation (yield strain %). 

                                                 

(a) (b) 

                            
(b) (c) 

   
(a)                                         (b)                                              (c) 

Figure 6. Some of the resin samples during the uniaxial compression tests. (a) The sample during 
the compression test; (b) The sample at the end of the compression process; (c) The sample after 

the release of the uniaxial forces 
It was observed that the resin has fully returned to its initial state after the release of the uniaxial force. 

According to [22–26], The expandable polyurethane resins have three stages of stress-strain response 
when subjected to the unconfined compression test. The first stage is the so-called initial linear elastic phase 
leading to the yield strength followed by a post-yield protracted plateau of either (elastic or plastic) based on 
the type of the solid foam and a final sharp rise, which called densification.  

Moreover, Gibson [26] has revealed that there are three different kinds of the stress-strain curve of solid 
foam under compressive loading: elastomeric foam, elastic-plastic foam, and elastic-brittle foam as shown in 
Fig. 7. Polyurethane foams have an elongated stress-strain plateau after yield, making them different from the 
standard behavior of solid materials, which generally do not. 
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Figure 7. The patterns of the stress-strain state of polyurethane foams  
under compression loading, according to Gibson [26]. 

Furthermore, the failure point differs at which noticed in standard deformed solid materials. At the 
densification part of the polyurethane foams, the cellular structure "cells" of the foam are subjected to so-called 
"localization deformation" due to the nature of the material [22–26]. 

3. Results and Discussion 

The stress-strain state of the investigated resin, according to its expansion ratios are obtained, as shown 
in Fig. 8−13. 

 

Figure 8. The stress-strain state of the resin at volumetric expansion ratio 3. 
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Figure 9. The stress-strain state of the resin at volumetric expansion ratio 4. 

 

Figure 10. The stress-strain state of the resin at volumetric expansion ratio 6.  

 

Figure 11. The stress-strain state of the resin at volumetric expansion ratio 8.  
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Figure 12. The stress-strain state of the resin at volumetric expansion ratio 10. 

 

Figure 13. The stress-strain state of the resin at volumetric expansion ratio 12.5. 

 

Figure 14. The stress-strain state of the resin at volumetric expansion ratio 15.   
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From the above, the obtained laboratory results are consistent with stress-strain state patterns 
categorized by Gibson [26], as shown in Fig. 7-a. Thus, the stress-strain state of the investigated resin seems 
to behave likely as an elastomeric foam under compression. This behavior of the material justifies the reverse 
of the expandable resin to its initial state after the release of the uniaxial compressive forces, as observed 
during the unconfined compression test of the investigated samples. The deformation of the samples (the 
buckling) shown in the Fig. 6-b is similar to the buckling elastic and not a shear failure. It occurs due to the 
nature of the closed-cell structure of PU foam under compression (filled by air, which is compressed and 
reverses to its original state unless reaching the densification). 

Focusing on Fig. 8−14, the yield strain % of the investigated samples mostly ranged between  
4−4.5 % based on the density of the samples tested except for the expansion ratio (3) where the yield strain % 
elongated up to approximately 6 %.  

The resin under compression behaved linearly until reaching its yield strength, followed by the 
protracted plateau where the deformation (elastic buckling) occurred. The compression process in this 
investigation is limited to the linear part reaching the yield strength and the plateau part of the stress-strain 
state.  

The elastic modulus has been calculated at a strain, which equals 50 % of the yield strain % of each 
sample using the following formula: 

E



  

where: E is the elastic modulus; σ is the stress at the yield starin%; ɛ is the yield starin%. 

A verification process of Young's modulus prediction values has been carried out through computing 
the regression between two points at the linear part of the stress-strain state. Further, аccording to [24, 26], 
the slope of the stress-strain curve in the elastic phase characterizes Young's modulus of the polyurethane 
foam. The three ways used for predicting the elastic modulus have mostly shown similar results. 

The results were interpreted, determining the yield compressive strength, ultimate compressive 
strengths, and the modulus of elasticity of the resin according to its predetermined densities. The average 
yield, ultimate compressive strength, and the modulus of elasticity of the investigated resin for each obtained 
density are shown in Table 4. 

Table 4. The average ultimate compressive strength and the elastic modulus of investigated 
resin under compression for each density obtained. 

The resin's 
expansion ratios 

The actual resin's 
density obtained, 

g/cm3 

The yield 
compressive 

strength, 

MPa 

The ultimate 
compressive strength, 

MPa 

The modulus of 
elasticity, 

MPa 

3 0.349 5.145 6.756 104 

4 0.255 2.886 3.943 73 

6 0.184 1.597 1.933 44 

8 0.128 1.020 1.150 30 

10 0.088 0.558 0.636 18 

12.5 0.066 0.407 0.447 14 

15 0.056 0.236 0.275 9 

 

The relationships between the density and the compressive strength of the resin, in addition to the 
relationship between the density and the modulus of elasticity under compression, are established and shown 
in Fig. 15, 16.  
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Figure 15. The relationship between the resin's density and its compressive strength obtained under 
compression. 

 

Figure 16. The relationship between the resin's density and its elastic modulus obtained under 
compression. 
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The obtained results prove that the investigated resin can be formed in various densities according to 
the amount of the injected resin, allowing a high spectrum of the mechanical properties in the soil massive 

(E = 5−121 MPa, ultimate compressive strength = 0.2−7 MPa), respectively, at prespecified expansion ratios 

ranges (3−15 times). Consequently, this resin is considered a high strength elastic injected material compared 
to various injection materials used in the field of soil stabilization, taking into account the rapid lifting and 
strengthening processes, and the full control over desired results. Also, the high fluidity allows the resin to 
propagate in different types of soils according to their specifications.  

Furthermore, the actual propagation of the resin and its density formed in the massive of the injected 
soils (in a homogeneous injection environment) depends mainly on the amount of the injected resin and the 
properties of the injected soil.  

The obtained relationships play an essential role in the theoretical and practical applications of the 
injection process when applying the injection technology using an expandable polyurethane resin for the soil 
strengthening and foundation lifting process. 

4. Conclusion 

1. The mechanical properties of the expandable polyurethane resin of various densities based on its 
volumetric expansion have been obtained, determined its strength-density and young modulus-density 
relationships under compression within density ranges (0.053−0.354 gm/cm3) and volumetric expansion ratios 
(3-15) respectively, controlled by the amount of injectable resin. These relationships allow the prediction of the 
mechanical properties and the expansion volume of the injected resin through its density formed in the soil 
massive. 

2. The obtained relationships prove the dependency of the resin's mechanical characteristics on its 
density based on its expansion nature controlled by its injected amount in a homogeneous injection 
environment. However, the actual density of the expandable resin formed in the massive of the injected soils 
is affected by other factors such as the injection pressure, the injection temperature, and the specification of 
the injected soil itself. 

3. The high spectrum of the mechanical properties of the investigated resin, which depends on its 
expansion nature controlled volumetrically by its injected amount, leads to high control over the lifting process 
and gain the desired soil strengthening results, especially that the injection process is carried out in "shots" 
using the injection pistol. 
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Abstract. Numerical optimization and the finite element method have been developed together to make 
possible the emergence of structural optimization as a potential design tool. The main research goal of this 
paper is the development of mathematical support and a numerical algorithm to solve parametric optimization 
problems of structures with orientation on software implementation in a computer-aided design system. The 
paper considers parametric optimization problems for bar structures formulated as nonlinear programming 
ones. The method of the objective function gradient projection onto the active constraints surface with 
simultaneous correction of the constraints violations has been used to solve the parametric optimization 
problem. Equivalent Householder transformations of the resolving equations of the method have been 
proposed. They increase numerical efficiency of the algorithm developed based on the considered method. 
Additionally, proposed improvement for the gradient projection method also consists of equivalent Givens 
transformations of the resolving equations. They ensure acceleration of the iterative searching process in the 
specified cases described by the paper due to decreasing the amount of calculations. The comparison of the 
optimization results of truss structures presented by the paper confirms the validity of the optimum solutions 
obtained using proposed improvement of the gradient projection method. The efficiency of the proposed 
improvement of the gradient projection method has been also confirmed taking into account the number of 
iterations and absolute value of the maximum violation in the constraints. 

1. Introduction 
Over the past 50 years, numerical optimization and the finite element method have individually made 

significant advances and have together been developed to make possible the emergence of structural 
optimization as a potential design tool [1]. In recent years, great efforts have been also devoted to integrate 
optimization procedures into the CAD facilities. With these new developments, lots of computer packages are 
now able to solve relatively complicated industrial design problems using different structural optimization 
techniques [2]. 

Applied optimum design problems for bar structures in some cases are formulated as parametric 
optimization problems, namely as searching problems for unknown structural parameters, which provide an 
extreme value of the specified objective function in the feasible region defined by the specified constraints. In 
this case, structural optimization is performed by variation of the structural parameters when the structural 
topology, cross-section types and node type connections of the bars, the support conditions of the bar system, 
as well as loading patterns and load design values are prescribed and constants.  

Kibkalo et al. in the paper [3] formulated a parametric optimization problem for thin-walled bar structures 
and considered methods to solve them. The searching for the optimum solution has been performed by varying 
the structural parameters providing the required load-carrying capacity of structural members and the minimum 
value of manufacturing costs. 

Alekseytsev has described the process of developing a parametrical-optimization algorithm for steel 
trusses in the paper [4]. Parametric optimization has been performed taking into account strength, stability and 
stiffness constraints formulated for all truss members. The objective function has been formulated depending 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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on the specific manufacturing of the truss panel joints in term of the manufacturing cost calculated based on 
the labor costs and materials used.  

Serpik et al. in the paper [5] developed an algorithm for parametric optimization of steel flat rod systems. 
The optimization problem has been formulated as a structural weight minimization problem taking into account 
strength and displacement constraints, as well as overall stability constraints. The cross-sectional dimensions 
of the truss members and the coordinates of the truss panel joints have been considered as design variables. 
The structural analysis of internal forces and displacements for considered structures has been performed 
using the finite element method. An iterative procedure for searching for optimum solution has been proposed 
in [6]. 

Sergeyev et al. in the paper [7] formulated a parametric optimization problem with constraints on 
faultless operation probability of bar structures with random defects. The weight of the bar structures has been 
considered as the objective function. Initial global imperfections have been considered as small independent 
random variables distributed according to normal distribution law, as well as buckling load value has been also 
considered as a random variable. 

The mathematical model of the parametric optimization problem of structures includes a set of design 
variables, an objective function, as well as constraints, which reflect generally non-linear dependences 
between them [8]. If the objective function and constraints of the mathematical model are continuously 
differentiable functions, as well as the search space is smooth, then the parametric optimization problems are 
successfully solved using gradient projection non-linear methods [9]. The gradient projection methods operate 
with the first derivatives or gradients only both of the objective function and constraints. The methods are 
based on the iterative construction of such a sequence of the approximations of design variables that provides 
convergence to the optimum solution (optimum values of the structural parameters) [10]. 

Additionally, a sensitivity analysis is a useful optional feature that could be used in scope of the 
numerical algorithms developed based on the gradients methods [11]. Thus, in the paper [12] Sergeyev et al. 
formulated a parametric optimization problem of linearly elastic space frame structures taking into account the 
stress and multiple natural frequency constraints. The cross-sectional parameters of structural members as 
well as node positions of the bar structures has been considered as design variables. The sensitivity analysis 
of multiple frequencies has been performed using analytic differentiation with respect to the design variables. 
The optimal design of the structure has been obtained by solving a sequence of quadratic programming 
problems. 

Although many papers are published on the parametric optimization of structures, the development of 
a general computer program for the design and optimization of structures according to specified design codes 
remains an actual task. Therefore, the main research goal of this paper is the development of mathematical 
support and a numerical algorithm to solve parametric optimization problems of structures with orientation on 
software implementation in a computer-aided design system.  

One of the effective methods to solve parametric optimization problems for structures is gradient 
projection methods, as shown by the review of scientific researches presented above. That is why, in this 
paper, a gradient projection method is considered as investigated object. The following research tasks are 
formulated: to propose an improvement of the gradient projection method that ensures the increase of the 
numerical efficiency of the algorithm developed based on the considered method, as well as the acceleration 
of the iterative searching process due to decreasing the amount of calculations. 

2. Methods 
2.1. Parametric optimization problem formulation 

Let us consider a parametric optimization problem of a structure consisting of bar members. It can be 
formulated as presented below: to find optimum values for geometrical parameters of the structure, bar’s 
cross-section dimensions and initial pre-stressing forces introduced into the redundant members of the bar 
system, which provide the extreme value of the determined optimality criterion and satisfy all load-bearing 
capacities and stiffness requirements. We assume, that the structural topology, cross-section types and node 
type connections of the bars, the support conditions of the bar system, as well as loading patterns and load 
design values are prescribed and constants. 

The formulated parametric optimization problem can be stated as a non-linear programming task in the 

following mathematical terms: to find unknown structural parameters { }TX Xι=


, 1, XNι = , providing the 
least value of the determined objective function: 

( ) ( )* *
  
min

X
f f X f X

∈ℑ
= =





 

, (1.1) 
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in a feasible region (search space) ℑ  defined by the following system of constraints: 

( ) ( ){ }0 | 1, ECX X Nκψ κ= = =ψ
 

; (1.2) 

( ) ( ){ }0 | 1,EC ICX X N Nηφ η= ≤ = +φ
 

; (1.3) 

where X


 is the vector of the design variables (unknown structural parameters); ,f  κψ , ηϕ  are the 

continuous functions of the vector argument; *X


 is the optimum solution or optimum point (the vector of 
optimum values of the structural parameters); *f  is the optimum value of the optimum criterion (objective 

function); ECN  is the number of constraints-equalities ( )Xκψ


, whose define hyperplanes of the feasible 

solutions; ICN  is the number of constraints-inequalities ( )Xηϕ


, whose define a feasible region in the design 

space ℑ . 

The vector of the design variables can consist of a set of unknown geometrical parameters of the 
structure, a set of unknown cross-sectional dimensions of the structural members, as well as a set of unknown 
initial pre-stressing forces introduced into the specified redundant members of the structure. 

The specific technical-and-economic index (material weight, material cost, construction cost etc.) or 
another determined indicator can be considered as the objective function Eq. (1.1) taking into account the 
ability to formulate its analytical expression as a function of design variables X



. 

Load-bearing capacities constraints (strength and stability inequalities) for all design sections of the 
structural members subjected to all design load combinations at the ultimate limit state as well as 
displacements constraints (stiffness inequalities) for the specified nodes of the bar system subjected to all 
design load combinations at the serviceability limit state should be included into the system of constraints 
Eqs. (1.2) – (1.3). The design internal forces in the bar structural members used in the strength and stability 
inequalities of the system Eqs. (1.2) – (1.3) are considered as state variables depending on design variables 
X


 and can be calculated from the linear equations system of the finite element method [13]. The node 
displacement of the bar system used in stiffness inequalities of the system Eqs. (1.2) – (1.3) are also 
considered as state variables depending on design variables X



 and can be also calculated from the linear 
equations system of the finite element method [13]. Additional requirements, whose describe structural, 
technological and serviceability particularities of the considered structure, as well as constraints on the building 
functional volume can be also included into the system Eqs. (1.2) – (1.3). 

2.2. An improved gradient projection method for solving  
the parametric optimization problem 

The parametric optimization problem stated as non-linear programming task by Eqs. (1.1) – (1.3) can 
be solved using a gradient projection method. The method of objective function gradient projection onto the 
active constraints surface with simultaneous correction of the constraints violations ensures effective 
searching for solution of the non-linear programming tasks occurred when optimum designing of the structures 
[14]. 

The gradient projection method operates with the first derivatives or gradients only of both the objective 
function Eq. (1.1) and constraints Eqs. (1.2) – (1.3). The method is based on the iterative construction of such 

sequence Eq. (2.1) of the approximations of design variables { }TX Xι=


, 1, XNι = , that provides the 
convergence to the optimum solution (optimum values of the structural parameters): 

1k k kX X X∆
  

+ = + , (2.1) 

where { } ,  1,T
k XX X Nι ι


= =  is the current approximation to the optimum solution *X


 that satisfies both 
constraints-equalities Eq. (1.2) and constraints-inequalities Eq. (1.3) with the extreme value of the objective 

function Eq. (1.1); { } ,  1,T
k XX X Nι ι∆ ∆


= = , is the increment vector for the current values of the design 

variables kX


; k  is the iteration’s index. The start point of the iterative searching process 0kX


=  can be 
assigned as engineering estimation of the admissible design of the structure.  

The active constraints only of constraints system Eqs. (1.2) – (1.3) should be considered at each iteration. 
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A set of active constraints numbers A  calculated for the current approximation kX


 to the optimum solution 
(current design of the structure) is determined as: 

= ∪A κ η , ( ){ } tXκκ ψ ε= ≥ −κ


, ( ){ }  EC tN Xηη φ ε= + ≥ −η


. (2.2) 

where ε  is a small positive number introduced here in order to diminish the oscillations on movement 
alongside of the active constraints surface. 

The increment vector kX∆


 for the current values of the design variables kX


 can be determined by 
the following equation: 

k k
kX X X⊥∆ = ∆ + ∆



  

, (2.3) 

where kX⊥∆


 is the vector calculated subject to the condition of elimination the constraint’s violations; kX∆




 is 

the vector determined taking into consideration the improvement of the objective function value. Vectors kX∆




 

and kX⊥∆


 are directed parallel and perpendicularly accordingly to the subspace with the vectors basis of the 
linear-independent constraint’s gradients, such that: 

( ) 0
Tk kX X⊥∆ ∆ =



 

. (2.4) 

The values of the constraint’s violations for the current approximation kX


 of the design variables are 
accumulated into the following vector: 

( ) ( )( );  X Xκ ηψ κ φ η= ∀ ∈ ∀ ∈V κ η
 

.  

Let us introduce a set L , ⊆L A , of the constraint’s numbers, such that the gradients of the constraints 

at the current approximation kX


 to the optimum solution are linear-independent. 

Component kX⊥∆


 is calculated from the equation presented below: 

[ ]kX ϕ µ⊥ ⊥∆ = ∇




. (2.5) 

where [ ]ϕ∇  is the matrix that consists of components 
X
κ

ι

ψ∂
∂

 and 
X
η

ι

φ∂
∂

, here 1, XNι = , κ ∈L , η∈L ; 

µ⊥


 is the column-vector that defines the design variables increment subject to the condition of elimination the 

constraint’s violations. Vector µ⊥


 can be calculated as presented below. 

In order to correct constraint’s violations V , vector kX⊥∆


 to a first approximation should also satisfy 

Taylor’s theorem for the continuously differentiable multivariable function in the vicinity of point kX


 for each 

constraint from set L , namely: 

[ ]T kXϕ ⊥− = ∇ ∆V


. (2.6) 

With substitution of Eq. (2.5) into Eq. (2.6) we obtain the system of equations to determine column-
vector µ⊥



: 

[ ] [ ]Tϕ ϕ µ⊥∇ ∇ = −V

. (2.7) 

Component kX∆




 is determined using the following equation: 

[ ]( )kX p fξ ξ ϕ µ∆ = × = ∇ − ∇
 




 

, (2.8) 

where f∇


 is the vector of the objective function gradient in the current point (current approximation of the 

design variables) kX


; p  is the projection of the objective function gradient vector onto the active constraints 

surface in the current point kX


; µ




 is the column-vector that defines the design variable’s increment subject 
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to the improvement of the objective function value. Column-vector µ




 can be calculated approximately using 

the least-square method by the following equation: 

[ ] fϕ µ∇ ≈ ∇






, (2.9) 
or from the equation presented below: 

[ ] [ ] [ ]T T fϕ ϕ µ ϕ∇ ∇ = ∇ ∇




 ; (2.10) 
where ξ  is the step parameter, which can be calculated subject to the desired increment f∆ of the objective 
function on movement along the direction of the objective function anti-gradient. The increment f∆  can be 

assign as 5...25% from the current value of the objective function ( )tf X


: 

( )Tf f fξ∆ = ∇ ∇
 

, 
( )T

f

f f
ξ ∆
=

∇ ∇
 

, (2.11) 

where in case of minimization Eq. (1.1) f∆  and ξ  accordingly have negative values. The parameter ξ  can be 
also calculated using the dependency presented below: 

( )T
f

p f
ξ ∆
=

∇




, (2.12) 

that follows from the condition of attainment the desired increment of the objective function f∆  on the 
movement along the direction of the objective function anti-gradient projection onto the active constraints 
surface. Step parameter ξ  can be also selected as a result of numerical experiments performed for each type 
of the structure individually [15, 16]. 

Fig. 2.1 presents a graphical illustration for step to the point 1kX +


 depending on location of the current 

approximation kX


 in the two-dimension search space.  

Using Eq. (2.5) and Eq. (2.8), Eq. (2.3) can be rewritten as presented below: 

[ ] [ ]( )  kX fϕ µ ξ ϕ µ⊥∆ = ∇ + ∇ − ∇





 

, (2.13) 

or 
[ ]( )  kX fξ ϕ µ ξ µ⊥∆ = ∇ + ∇ −






  , (2.14) 

where column-vectors µ⊥


 and µ




 are calculated using Eq. (2.7) and Eq. (2.9) or Eq. (2.10), respectively. 

 

Figure 2.1. Step to the next point 1kX +


 depending on location of the current approximation kX


 for 

two design variables 1X  and 2X . 

The linear-independent constraints of the system Eqs. (1.2) – (1.3) should be detected when 
constructing the matrix of the active constraints gradients [ ]ϕ∇  used by Eq. (2.7) and Eq. (2.9) or Eq. (2.10). 
Selection of the linear-independent constraints can be performed based on the equivalent transformations of 
the resolving equations of the gradient projection method using the non-degenerate transformation matrix  
H , such that the sub-diagonal elements of the matrix [ ]ϕ∇H  equal to zero. Besides, 



Magazine of Civil Engineering, 98(6), 2020 

Yurchenko, V.V., Peleshko, I.D. 

T =H H I ; (2.15) 

2 1t i= × × × × ×H H H H H  ; (2.16) 

where I  is the unit matrix; t  is the total number of the linear-independent gradients of the active constraints, 

iH  is the transformation matrix, such that T
i i =H H I , at the same time the sub-diagonal element are equal 

to zero in matrix [ ]1 2 1i i ϕ−× × × × × ∇Η Η Η Η  for column’s numbers 1,  i . Described conditions are 
satisfied by the orthogonal matrix of the elementary mapping (Householder’s transformation) [17, 18].  

Let us present here the following algorithm to form set L  and to construct matrix [ ]ϕ∇H . 

1. 0i = , =∅L  and [ ] [ ]0 ϕ∇ = ∇Φ  should be assumed, where [ ]ϕ∇  is the matrix that comprises 

from the column-gradients of all active constraints. All columns of matrix [ ]0∇Φ  should be marked as ‘not 

used’ (or linear-independent). 

2. 1i i= + . 

3. Among all ‘not used’ columns of matrix [ ] 1i−∇Φ , whose correspond to the constraints-equalities 

Eq. (1.2), one j th column with extreme value of the specified criterion should be selected (e.g., the following 

criterion 2 2XN

j kj
k i

g
=

= ∑

 can be considered as such criterion, where kjg  are the j th column’s components of 

matrix [ ] 1i−∇Φ ). At the same time, all k th columns of matrix [ ] 1i−∇Φ , for whose the following inequality 

2
1k ε≤  met, should be marked as ‘used’, here 1ε  is a small positive number. In case when no constraints-

equalities exist or all constraints-equalities Eq. (1.2) are marked as ‘used’, the selection of j th column should 

be performed among all ‘not used’ columns of matrix [ ] 1i−∇Φ , whose correspond to the constraints-

inequalities Eq. (1.3). If 2
1j ε≤

, then generation of set L  and matrix [ ]ϕ∇H  is finished. 

[ ] [ ] 1iϕ ϕ −∇ = ∇H . In case of 2
1j ε≤

 and 1i =  (i. e. =∅L ), there is a contradiction in the system of 

constraints Eqs. (1.2) – (1.3). In other case, moving to the next step performs. 

4. k th number of the constraint, that corresponds to the j th column number, should be included into set 

L , { }k← +L L . 

5. Calculate [ ] [ ] 1ii i−∇ = ∇Φ H Φ . It is reasonable to execute the multiplication only for ‘not used’ 

columns. It should be noted, when using Householder’s transformation matrix iH  is not constructed evidently 

[18]. At the same time, matrix [ ]i∇Φ  can be constructed within the ranges of matrix [ ] 1i−∇Φ  when no 

additional memory is needed. 

6. If 1i = , then [ ] ji qϕ∇ =


, where jq  is j th column-vector of matrix [ ]i∇Φ . When 1i >  [ ]iϕ∇  is 

constructed using extension of the matrix [ ] 1iϕ −∇  by the column-vector jq . j th column of matrix [ ]i∇Φ  is 

selected as ‘used’, then moving to the step 2 performs. 

Using Householder’s transformations described above triangular structure of the nonzero elements of 
matrix [ ]ϕ∇H  is formed step-by-step. Besides, Eq. (2.7) and Eq. (2.9) can be rewritten as follow: 

[ ]( ) [ ]( )T Tϕ ϕ µ⊥∇ ∇ = −H H V

; (2.17) 

  
[ ] fϕ µ∇ ≈ ∇H H







. (2.18) 
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In order to calculate column-vectors µ⊥


 and µ




, it is required only to perform forward and backward 

substitutions in Eq. (2.17) and Eq. (2.18).  

To accelerate the convergence of the minimization algorithm presented above, h th columns should be 
excluded from matrix [ ]ϕ∇H . These columns correspond to those constraints from Eq. (1.3), for which the 
following inequality satisfies: 

0h hµ ξ µ⊥ − × >


. (2.19) 

Actually, if 2 0h hµ ξ µ⊥ − >


, then the return onto the active constraints surface from the feasible region 

ℑ  is performed with simultaneous degradation of the objective function value (see Fig. 2.2, b). At the same 
time, in case of: 

1 0h hµ ξ µ⊥ − <


, (2.20) 
both the improvement of the objective function value and the return from the inadmissible region onto the 
active constraints surface are performed (see Fig. 2.2, а). 

 
                                                               a                              b 

Figure 2.2. The selection of the constraints-inequalities:  
a – 1 0h hµ ξ µ⊥ − <



; b – 2 0h hµ ξ µ⊥ − >


. 

When excluding h th columns from matrix [ ]ϕ∇H  corresponded to those constraints for whose 

Eq. (2.13) is satisfied, the matrix [ ]( )red
ϕ∇H  with a broken (non-triangular) structure of the non-zero 

elements is obtained. The set L  of the linear-independent active constraints numbers transforms into the set 

redL  respectively. At the same time, the vector of the constraint’s violations V  reduced into the vector redV  
accordingly. 

In order to restore triangular structure of the matrix [ ]( )red
ϕ∇H  with zero sub-diagonal elements, 

Givens transformations (Givens rotations) [19, 18] can be used. Givens transformations for the matrix 

[ ]( )red
ϕ∇H  consist of construction such square matrix wzG , for which corresponded wz th element of 

matrix [ ]( )wz red
ϕ∇G H  returns zero (see Fig. 2.3) [20]. Since 2 2 1c s+ =  by definition, it follows: 

( )Twz wz =G G I . (2.21) 

An obvious method to calculate c  and s  for d th non-zero sub-diagonal element and for a th diagonal 
element is presented below: 

2 2 2 2
,   ;a dc s

a d a d
= =

+ +
 (2.22) 

 
                                            wzG  [ ]( )red

ϕ∇H  [ ]( )wz red
ϕ∇G H  

Figure 2.3. Scheme for Givens rotations (non-zero elements of the matrixes are hatched). 
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The Givens matrix G  can be calculated similarly to the matrix H  using the following equation: 

2 1iγ= × × × × ×G G G G G  . (2.23) 
where γ  is the number of the Givens transformations. So, Givens transformations should be executed several 

times (with different values z  and w ), while the matrix [ ]( )wz red
ϕ∇G H  has no all zero sub-diagonal 

elements (for example presented by Fig. 2.3, 5γ = ). 

Taking into account Givens transformations, Eq. (2.17) and Eq. (2.18) for column-vectors ( )redµ⊥


 and 

( )red
µ




 can be rewritten as: 

[ ]( ) [ ]( ) ( )T T T
redredredred

ϕ ϕ µ⊥∇ ∇ = −H G G H V

; (2.24) 

  

[ ]( ) ( )red red
fϕ µ∇ ≈ ∇G H GH







; (2.25) 

and the main resolving equation of the gradient projection method Eq. (2.13) and Eq. (2.14) can be rewritten 
as presented below: 

[ ]( ) ( ) [ ]( ) ( )( )k redred red red
X fϕ µ ξ ϕ µ⊥∆ = ∇ + ∇ − ∇H H






 

, (2.26) 

or 

[ ]( ) ( ) ( )( ) k redred red
X fξ ϕ µ ξ µ⊥∆ = ∇ + ∇ −H






 

. (2.27) 

The proposed improvement for the method of the objective function gradient projection onto the active 
constraints surface with simultaneous correction of the constraints violations consists of equivalent 
transformations of the resolving equations using Householder transformations. The transformations with 
matrix H  presented by Eq. (2.24) and Eq. (2.25) of the resolving equations of the gradient projection method 
Eq. (2.7) and Eq. (2.9) increase the numerical efficiency of the algorithm developed based on the gradient 
projection method described above. 

Additionally, the proposed improvement for the gradient projection method includes equivalent 
transformations of the resolving equations using Givens rotations. The transformations with matrix G  
presented by Eq. (2.24) and Eq. (2.25) ensure acceleration of the iterative searching process Eq. (2.1) in case 
when Eq. (2.19) takes into account due to decreasing the amount of calculations. 

It should be noted that the lengths of the gradient vectors for the objective function Eq. (1.1), as well as 
for constraints Eqs. (1.2) – (1.3), remain as they were in scope of the proposed equivalent transformations 
ensuring the dependability of the optimization algorithm. 

The determination the convergence criterion is the final question when using the iterative searching for 
the optimum point Eq. (2.1) described above. Considering the geometrical content of the gradient steepest 
descent method, we can assume that at the permissible point kX



 the component of the increment vector 
kX∆




 for the design variables should be vanish, 0kX∆ →




, in case of approximation to the optimum solution 

of the non-linear programming task presented by Eqs. (1.1) – (1.3). So, the following convergence criterion of 
the iterative procedure Eq. (2.1) can be assigned: 

( )2, 1
1

  
XN

k kX X ι
ι

ε
=

∆ = ∆ <∑
 



, (2.28) 

where 1ε  is a small positive number. 

Taking into consideration Eq. (2.28), let us formulate the following stop criteria in the iterative searching 
procedure of Eq. (2.1). 

Stop criterion 1: when the objective function gradient in the current approximation kX


 is close to zero 
indicating on extreme character of the current approximation, as well as there are no violated constraints: 

,

;fε ε

= ∅

− ≥ ∇ ≥ +

Σ
  (2.29) 
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where Σ  is the set of the violated constraints numbers, ( ) ( ){ }  s k s ks  ψ X ; Xε φ ε= > >Σ
 

; 

Stop criterion 2: when the projection of the objective function gradient in the current approximation kX


 
onto the active constraints surface is close to zero (objective function gradient is perpendicular to the active 
constraints surface) indicating impossible further improvement of the objective function value, as well as there 
are no violated constraints: 

;
;pε ε

= ∅
− ≥ ≥ +

Σ


 (2.30) 

Stop criterion 3: when in the current approximation kX


 of the iterative searching procedure Eq. (2.3) 

the total number of the active constraints t  equals to the number of design variables XN , as well as all active 
constraints are ε -active (both not violated constraints and those ones for whose inequality Eq. (2.13) met):  

;
;

0, .
X

f f

t N
fµ ξ µ⊥

 = ∅

=

 − × < ∀ ∈

Σ

L


 (2.31) 

This stop criterion for the iteration process Eq. (2.1) corresponds to the case when the current 

approximation ( ) , 1,
Tk

k XX X Nι ι


= = , to the optimum solution is located at the intersection of the 

constraints (i.e., vertex). In this case, no correction of the constraints violations is needed and further 
improvement of the objective function value is not possible. 

Stop criterion 4: when the objective function values within two consecutive iterations are the same with 
acceptable accuracy subject to the absence of the violated constraints: 

( ) ( )1

;

.k kf X f X−

= ∅


≈

Σ
   (2.32) 

3. Results and Discussion 
In order to estimate an efficiency of the new methods or algorithms, a comparison with alternative 

methods or algorithms presented by other authors using different optimization techniques should be 
performed. Criteria to implement such comparison are described, e.g. by Haug & Arora [15] and Crowder et 
al. [21]. Many of these criteria, such as robustness, amount of functions calculations, requirements to the 
computer memory, numbers of iterations etc. cannot be used due to lack of corresponded information in the 
technical literature. Therefore, an efficiency estimation of the method of objective function gradient projection 
onto the active constraints surface with simultaneous correction of the constraints violations presented above 
will be based on the comparison of the optimization results obtained using proposed improvement of the 
gradient projection method, as well as of the results presented by the literature and widely used for testing. 
The initial data and mathematical models of the parametric optimization problems considered below were 
assumed as the same as described in the literature. 

3.1. Parametric optimization of a three-bar truss 
Optimization of a three-bar truss (see Fig. 3.1) has been firstly solved by Schmit [22] using a non-linear 

programming method. Besides, the task has been also considered by Haug and Arora [15]. The parametric 
optimization problem is formulated as searching for optimum cross-sectional areas 1b , 2b  and 3b  of the truss 
bars providing the least value of the truss weight subject to normal stresses and flexural stability constraints, 
as well as displacements and eigenvalue constraints. The load cases for the considered truss are presented 
in Table 3.1. Initial data for optimization of the truss are shown in Table 3.2.  



Magazine of Civil Engineering, 98(6), 2020 

Yurchenko, V.V., Peleshko, I.D. 

Table 3.1. Load cases for considered truss. 

Load case j  1 2 3 

jθ , ° 45 90 135 

jP 310×  [pound-force] 40 30 20 

jP  [kN] 177.9897 133.4922 88.9948 
 

 
Figure 3.1. Three-bar truss. 

Table 3.2. Initial data for optimization of the truss. 
Unit weight of the truss material gρ  0.1 pound/inch3 = 0.027154 N/cm3 

Modulus of elasticity E  107 pound/inch2=6.8971×106 N/cm2 

Allowable stresses value 1 3,a aσ σ  for the 1st and 3rd truss members 5000 pound-force/inch2=3.4486 kN/cm2 

Allowable stresses value 2
aσ  for the 2nd truss member 2000 pound-force/inch2=1.3794 kN/cm2 

Non-dimensional factor β  used to calculate second moment area of 

inertia for each truss member, i iI bβ=  
1.0 

Ultimate vertical az  and horizontal ax  displacements of the truss nodes 0.005 inch=0.0127 cm 

Lower limit value for eigenvalue 0ζ = 1.872·108 

 
The objective function can be written as presented below: 

( )0 1 2 32 2 mingl b b bψ ρ= + + → ; (3.1) 

where 1b , 2b  and 3b  are cross-sectional areas of the truss bars; l  is the truss height, 25.4l = cm (see 
Fig. 3.1). Let us formulate strength constraints for each truss members for all load cases as follows:  

3( 1) 1 0
j

i
ai

i i

N
j b

ψ
σ− = − ≤+ ; (3.2) 

where j
iN  is the axial force for i th truss member subjected to j th load case, 1,3i = , 1,3j = . Besides, let 

include to the system of constraints the inequalities for the positive values of the design variables: 

9 0i ibψ + = − ≤ ; (3.3) 
Flexural buckling constraints for all truss members can be written using Hooke’s law as presented 

below: 

12 3( 1)i jψ + − + =
( )4 4

2

 
1 0

j j

i

x z l

bπ β

+
− − ≤ ; (3.4) 

where 4 4,   j jx z  are linear displacements for node 4 of the truss subjected to j th load case along the directions 
of 0x  and 0z  axes respectively. The constraints on the minimum values of the eigenvalues can be written 
analytically using calculation results of the eigenvalues stability problem for the considered truss: 

2 1 3
0

2
22 2

1 3 1 3

2 2

2 2  2 1
1 0

3 2 2

b bl
b

b b b bE
b b

ρ ζ
ψ

 +
+ 

 = − ≤
  + − + − +     

. 
(3.5) 

Let also formulate displacements constraints for 4th truss node in the plane 0x z : 
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4
22 1 0

j

j a
x
x

ψ + = − − ≤ ; (3.6) 

4
25 1 0

j

j a
x
x

ψ + = − ≤ ; (3.7) 

4
28 1 0

j

j a
z
z

ψ + = − − ≤ ; (3.8) 

4
31 1 0

j

j a
z
z

ψ + = − ≤ . (3.9) 

Starting from start values of the design variables (0 64.516,  32.258b =


, ) 32.258 T cm2 with truss 

weight 0 116.602G =  N, an optimum solution ( )* 57.4878,  12.4482,  27.4299 Tb =


cm2 with the optimum 

weight * 91.383G =  N has been obtained. The comparison of the optimization results for the considered 
three-bar truss obtained by Haug and Arora [15] and in this article is presented in Table 3.3. Good correlation 
of obtained optimization results with the results of the other authors confirms the validity of the optimum 
solutions calculated using the proposed improvement of the gradient projection method. 

The step-by-step characteristics of the iterative searching for optimum design of the three-bar truss are 
presented in Table 3.4. Eleven iterations have been performed. The iterative searching process for the 
optimum point was stopped due to the following stop criterion: increment of the design variables within two 
consecutive iterations was less than 0.0001, whereas there were no violated constraints. 

Table 3.3. Comparison of the optimization results for the three-bar truss. 

Source 
Start and optimum cross-section areas [cm2] for truss member 

Truss weight [N] 
1 2 3 

Start values by Haug  
and Arora [15] 64.516 32.258 32.258 116.602 

Optimum values  
by Haug and Arora [15] 59.2257 13.9355 24.8387 91.588 

Optimum values  
by this paper 57.4878 12.4482 27.4299 91.383 

*truss member’s numbers are indicated in Fig. 3.1 
 

Table 3.4. Step-by-step characteristics of the iterative searching for optimum design of  
the three-bar truss. 

Ite
ra

tio
n 

nu
m

be
r Current values of the design variables [cm2] Objective 

function value 
[kN] 

Numbers of the active 
constraints 

Maximum 
violation of the 

constraints 1b  2b  3b  

0 64.5160 32.2580 32.2580 0.1166 – – 
1 44.5160 22.2580 22.2580 0.0805 15 0.35835 
2 60.7847 12.2580 12.2580 0.0797 10, 15, 18, 22, 24, 33, 34 0.46276 
3 40.7847 14.8577 22.2580 0.0717 15, 18, 22, 26 0.42237 
4 55.5763 15.8613 21.5250 0.0861 15, 22 0.10076 
5 57.3934 13.0115 26.3367 0.0906 15, 22 0.01189 
6 57.5871 12.5536 27.2368 0.0914 15, 22 0.00027 
7 57.4967 12.4569 27.4140 0.0914 15, 22 9.67·10-6 
8 57.4885 12.4489 27.4288 0.0914 15, 22 7.55·10-8 
9 57.4878 12.4483 27.4299 0.0914 15, 22 1.43·10-9 

10 57.4878 12.4483 27.4299 0.0914 15, 22 8.74·10-11 
11 57.4878 12.4483 27.4299 0.0914 15, 22 6.55·10-12 

 

3.2. Optimization of a ten-bar cantilever truss 
A parametric optimization problem of a ten-bar cantilever truss (see Fig. 3.2) is widely used in the 

literature [15, 23, 24, 25] in order to compare different methods for solving optimization problems. The 
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parametric optimization problem is formulated as follows: to find unknown cross-sectional areas for each truss 

member ( ) , 1,10T
ib b i= =



, with weight minimization of the truss subjected to stresses constraints in all 
truss bars, node displacements constraints, as well as constraints on the minimal cross-section areas. A start 
value 0b = 1.0 inch2=6.4516 cm2 was used as a start approximation for variable cross-sections areas for all 
bars of the considered truss. 

The considered truss undergoes two load cases, as shown in Fig. 3.2 and presented in Table 3.5. Initial 
data for optimization of the truss are presented in Table 3.6. 

 
 

 
Figure 3.2. Ten-bar cantilever truss. 

Table 3.5. Load cases for ten-bar cantilever truss. 

Load case 
number 

Node 
number 

(Fig. 3.2) 

Point load 
along axis  
0z , × 310  

[pound-force] 

Point load along axis 
0z  [kN] 

1 2 -100.0 -444.82 
4 -100.0 -444.82 

2 

1 50.0 222.41 
2 -150.0 -667.23 
3 50.0 222.41 
4 -150.0 -667.23 

 

Table 3.6. Initial data for optimization of the ten-bar truss. 
Unit weight of the truss material gρ  0.1 pound/inch3=0.027143 N/cm3 

Modulus of elasticity E  107 pound/inch2=6.8948×106 N/cm2 

Non-dimensional factor β  used to calculate second moment area of 

inertia for each truss member, 2
i iI bβ=  

1.0 

Lower limit value Lb  for cross-sectional areas for all truss bars 0.10 inch2=0.64516 cm2 

Allowable stresses value for the all truss member aσ  25000 pound-force/inch2=17.236 kN/cm2 

Ultimate vertical az  displacements of the truss nodes ±2 inch= ± 5.08cm 
 

Variable cross-section areas for each truss member ( ) ,  1,  10T
ib b i= =



, were considered as design 
variables. The objective function can be written as presented below: 

( )( )0 1 2 3 4 5 6 7 8 9 10 2 mingl b b b b b b b b b bψ ρ= + + + + + + + + + → ; (3.10) 

where l  is the truss height, 914.4l = cm (see Fig. 3.2). Constraints on lower limit value for variable cross-
sectional areas for all truss bars are written as follows: 

1 0i
i L

i

b
b

ψ = − ≤ . (3.11) 

Stresses constraints can be formulated as presented below: 

10 1 0i
i a

i i

N
b

ψ
σ+ = − ≤ . (3.12) 

where iN  is the axial force in the i th truss member. Displacement constraints for the truss nodes are written 
as follows:  

20 1 0j
j a

z

z
ψ + = − − ≤ ; (3.13) 

24 1 0j
j a

z

z
ψ + = − ≤ ; (3.14) 

where ,   j jx z  are linear displacements of j th truss node, 1,4j = . 
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Starting from the initial truss design with start weight 0 1.867G =  kN, an optimal solution with the 

optimum weight of * 22.514G =  kN has been obtained for the truss subjected to the first load case. 

Additionally, starting from the initial truss design with the start weight of 0 1.867G =  kN, an optimal solution 

with the optimum weight of * 20.806G =  kN has been obtained for the truss subjected to the second load 
case. For both loaded cases, the iterative searching process for the optimum point was stopped due to the 
following stop criterion: the increment of the design variables within two consecutive iterations was less than 
0.0001, as well as there were no violated constraints. 

Table 3.7. Comparison of the optimization results for the ten-bar cantilever truss. 

Bar 
number, 

i  

Design 
variable 

Start values for 
design 

variables [cm2] 

Optimal cross-section area for i th truss member [cm2] 
for the first load case for the second load case 

Haug&Arora [15] This paper Haug&Arora [15] This paper 

1 1b  6.4516 193.7480 196.7185 152.0255 151.8842 

2 2b  6.4516 0.6452 0.6452 0.6452 0.6452 

3 3b  6.4516 150.1545 149.6227 163.0771 163.1232 

4 4b  6.4516 98.6192 98.1744 92.5353 92.7578 

5 5b  6.4516 0.6452 0.6452 0.6452 0.6452 

6 6b  6.4516 3.5903 3.5536 12.7084 12.7079 

7 7b  6.4516 48.1825 48.0919 80.0063 79.8721 

8 8b  6.4516 136.7610 135.7063 82.9031 82.7963 

9 9b  6.4516 139.4707 138.8988 130.8707 131.1797 

10 10b  6.4516 0.6452 0.6452 0.6452 0.6452 

Truss weight [kN] 1.867 22.523 22.511 20.808 20.807 
Number of active constraints 4 5 4 6 
Numbers of active constraints 2, 5, 10, 22 2, 5, 10, 15, 21 2, 10, 15, 22 2, 5, 10, 15, 16, 22 

Modulus of the maximum violation in 
the constraints 0.27·10-4 6.35·10-7 0.17·10-3 1.19·10-7 

 
Table 3.8. Comparison of the optimization results for the ten-bar cantilever truss. 

Source of information 
Optimum weight [kN] 

Load case 1 Load case 2 
Stresses constraints only All constraints Stresses constraints only All constraints 

This paper 
Haug & Arora [15] 
Schmit & Miura [25] 
Rizzi [24] 
Dobbs & Nelson [23] 

7.087 
7.089 
7.089 
7.089 
7.217 

22.511 
22.523 
22.591 
22.590 
22.605 

7.404 
7.411 
7.407 
7.407 

– 

20.807 
20.808 
20.811 
20.811 
22.514 

 
Table 3.7 presents comparison of the optimization results for considered ten-bar truss obtained by Haug 

and Arora [15] and in this article. Table 3.8 shows a comparison of the optimization results for the ten-bar 
cantilever truss obtained using the proposed improved method of objective function gradient projection onto 
the active constraints surface with simultaneous correction of the constraints violations with optimization 
results presented by the literature [15, 23, 24, 25].  

Good correlation of obtained optimization results with the results of the other authors confirms the 
validity of the optimum solutions calculated using proposed improvement of the gradient projection method. 
The efficiency of the proposed improvement of the gradient projection method has been also confirmed taking 
into account the number of iterations and absolute value of the maximum violation in the constraints. The 
deviations available in some presented results can be explained by using a numerical approach to the iterative 
searching with specified accuracy. 

3.3. Optimization of a 24-bar transmission tower 
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A parametric optimization problem for a transmission tower (see Fig. 3.3) has been considered by Haug 
and Arora [15]. The transmission tower is subjected to 2 load cases, as shown in Table 3.9. The initial data 
for optimization of the tower are presented in Table 3.10. Taking into account the symmetry of the structural 
form, the vector of the design variables has been reduced to 7 variable cross-section areas for 25 structural 
members of the considered tower (see Table 3.11). The parametric optimization problem is formulated as 

searching for optimum cross-sectional areas ( ) , 1,7T
iX X i= =



, of the tower structural members, whose 
provide the least weight of the tower subjected to stresses constraints, node displacements constraints, as 
well as constraints on the minimal cross-section areas. 

A start value 0A = 1.0 inch2=6.4516 cm2 was used as a start approximation for the variable cross-
sections areas for all members of the considered tower. The dimensions of the optimization problem comprised 
7 design variables and 129 constraints. 

Table 3.9. Load cases for the transmission tower. 

 
Figure 3.3. Design model of the transmission 

tower. 

Load case 
number 

Node 
number 

(Fig. 3.3) 

Point load along axis [kN] 

0x  0y  0z  

1 

1 2.2241 – – 
2 2.2241 – – 
3 4.4482 –22.241 44.4822 
4 – –22.241 44.4822 

2 
3 – –22.241 88.9644 
4 – –22.241 –88.9644 

The positive direction of the point loads coincides with the 
positive direction of the corresponded axes 

     
Table 3.10. Initial data for optimization of the transmission tower. 

Unit weight of the tower material gρ  0.1 pound/inch3=0.027154 N/cm3 
Modulus of elasticity E  107 pound/inch2=6.8971×106 N/cm2 

Non-dimensional factor β  used to calculate second moment area of 

inertia for each tower structural member 2
i iI bβ=  

1.0 

Lower limit value LA  for cross-sectional areas for all tower members 0.01 inch2=0.0645 cm2 

Ultimate node displacements of the tower , ,a a ax y z  0.35 inch=0.889 cm 

Allowable stresses value for the all tower member aσ  ± 40000 pound/inch2= ± 27.5885 kN/cm2 

 
Table 3.11. Comparison of the optimization results for the transmission tower. 

Design variable Tower structural 
members* 

Optimal cross-section areas for tower members [cm2] 
Haug and Arora [15] This paper 

1A  1 0.0645 0.0655 

2A  2, 3, 4, 5 13.2103 13.1754 

3A  6, 7, 8, 9 19.3322 19.3654 

4A  10, 11, 12, 13 0.0645 0.0645 

5A  14, 15, 16, 17 4.4213 4.4056 

6A  18, 19, 20, 21 10.4626 10.4669 

7A  22, 23, 24, 25 17.2335 17.2343 
Tower weight [kN] 2.4250 2.4245 

*bar’s numbers are indicated in Fig. 3.3 
 

At the continuum optimum point there were 5 active constraints: constraints on lower limit value for 
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variable cross-sectional area for 10th, 11th, 12th and 13th tower members; 3rd and 4th node displacement 
constraint of the tower along axis 0z  for both load cases. The iterative searching process for the optimum 
point was stopped due to the following stop criterion: increment of the design variables within two consecutive 

iterations was less than 61 10−× , as well as there were no violated constraints. 

The comparison of the optimization results for the transmission tower is presented by Table 3.11. Good 
correlation of obtained results with the results of the other authors confirms the validity of the optimum solutions 
calculated using the proposed improvement of the gradient projection method. Start values of the design 
variables have no influence on the optimum solutions for the considered non-linear problems, validating thus 
the accuracy of the obtained optimum solutions. The efficiency of the proposed improvement of the gradient 
projection method has been also confirmed taking into account the number of iterations and absolute value of 
the maximum violation in the constraints. 

4. Conclusion 
The paper considers parametric optimization problems for the bar structures formulated as nonlinear 

programming task. The method of the objective function gradient projection onto the active constraints surface 
with simultaneous correction of the constraints violations has been used to solve the parametric optimization 
problem. 

Equivalent Householder transformations of the resolving equations of the method have been proposed. 
They increase numerical efficiency of the algorithm developed based on the considered method. 

Equivalent transformations (Givens rotations) of the resolving equations of the method have been also 
proposed. They ensure acceleration of the iterative searching process in the specified cases described by the 
paper due to decreasing the amount of calculations. 

Lengths of the gradient vectors for objective function, as well as for constraints remain as they were in 
scope of the proposed equivalent transformations ensuring the reliability of the optimization algorithm. 

In order to estimate an efficiency of the proposed improvement of the gradient projection method, a 
comparison of the obtained optimization results with the results presented by the literature and widely used 
for testing has been performed. Good correlation of obtained results with the results of the other authors 
confirms the validity of the optimum solutions calculated using the proposed improvement of the gradient 
projection method. The efficiency of the proposed improvement of the gradient projection method has been 
also confirmed taking into account the number of iterations and absolute value of the maximum violation in the 
constraints. 
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