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Abstract. Uncertainties in seismic demand and structural capacity create conservatism in acceptance 
criteria for structural performance levels. In case of such conservations, rehabilitation costs can increase, 
and seismic evaluation results of the structures may be incorrect. In design and rehabilitation of structures, 
considering uncertainties and reducing them can decrease existing conservations and result in optimal 
design. Seismic rehabilitation guidelines use reliability index coefficients to consider the uncertainties of the 
existing structure. In seismic rehabilitation of structures, the existence of uncertainties in the secondary 
system, which are added to seismic rehabilitation of the existing structure, can lead to an increase in the 
existing uncertainties. Therefore, in this paper, on the example of rehabilitation of a 3-story steel frame 
structure of the SAC project by a steel shear wall, quantifying of uncertainties of steel shear walls was 
considered, and a parametric study of the reliability index of the structure was done. The studied structure 
was modeled in OpenSees software and was analyzed in the presence of uncertainties of the steel shear 
wall before and after rehabilitation. Based on the performed analysis and considered uncertainties, values 
of the reliability index of the rehabilitated structure by the steel shear wall were calculated. According to 
results, rehabilitation of structure reduced the maximum inter-story drift ratio and the probability of failure, 
while consideration of uncertainties of rehabilitated structure increased the maximum inter-story drift ratio 
and the probability of failure, and therefore existing conservatism dropped. 

Citation: Maddahi, M., Gerami, M., Naderpour, H. Effect of uncertainties of shear wall on reliability of 
rehabilitated structure. Magazine of Civil Engineering. 2023. 117(1). Article no. 11701. 
DOI: 10.34910/MCE.117.1 

1. Introduction 
In recent decades, the performance-based seismic evaluation method has been continuously 

updated. ATC [1] began work on next-generation performance-based seismic design criteria under the 
ATC-58 project for new and existing structures. In addition, the FEMA 445 [2] released a report under the 
title "Guidelines for Next-Generation Methods". The main purpose of the next-generation methods was to 
examine conservatism of acceptance criteria and to modify the structural performance evaluation. In 
developing seismic evaluation methods based on performance, the existence of conservatism in the 
acceptance criteria of structural performance levels has increased the cost of retrofitting and reconstruction. 
Also, the results of the evaluation of the seismic performance of the structures are incorrect due to the 
existing conservatism. Hence, researchers analyzed the seismic evaluation of designed structures 
according to the old regulations in an analytical and laboratory manner. The results of the studies indicated 
a significant conservatism in the acceptance criteria of the old regulations. Therefore, this issue expressed 
the need for considering uncertainties in the estimation of structural engineering issues [3–6]. 

When the structural response is simulated, active loading on the system and resistance of the 
member cannot be definitively expressed in the presence of uncertainties. However, the possible range of 
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demand and resistance can be predicted and idealized. Consequently, a probabilistic design philosophy 
can provide a level of safety for engineered structures with the prediction of the failure probability. 
Therefore, definitive methods of structural design have been replaced by the reliability and risk-based 
methods, which have been spread around the world. Probabilistic methods of analysis of structures 
considered system properties and external forces as uncertain random variables [7]. The uncertainties in 
the probabilistic methods were categorized as aleatory and epistemic [8]. Aleatory uncertainty is also called 
random uncertainty or Type-A uncertainty, which is due to random changes of phenomena. As a result, 
these types of uncertainties cannot be reduced. In contrast, epistemic uncertainty is also called reducibility 
uncertainty or Type-B uncertainty, which is due to the limitation of knowledge or data. These types of 
uncertainties can be reduced by improving the mathematical models or increasing data collection. 

Zareian and Krawinkler [9] proposed a probabilistic approach to minimize the failure potential of the 
structural systems based on various sources of uncertainty. Helmerich [10] investigated the reliability of 
steel structures and showed that structural resistance can be predicted by using appropriate models of 
material properties and geometric parameters. These studies have shown that a better description of the 
model uncertainties is necessary. Currently, the used probabilistic models for model uncertainties are 
largely based on visual judgment and limited information. Shafei et al. [11] presented a simple method for 
predicting the mean and dispersion of variables in the moment frame systems subject to seismic 
stimulation. Based on studies, the researchers considered probabilistic models for uncertainties and 
analyzed the structures. Torabian and Taghikhany [12] used the single-degree of freedom system  
to investigate the uncertainties of steel moment frames. They investigated the aleatory and epistemic 
uncertainties of structures using incremental dynamic analysis and the Latin Hypercube Sampling method. 

Holicky et al. [13] tried to improve the model uncertainty definitions and proposed a general 
methodology to determine their quality by comparing the model and empirical results. They studied the 
implications of the model uncertainty for existing and new structures and provided examples based on 
recent studies on the flexural and shear strength of reinforced concrete beams. Asgarian and Ordoubadi 
[14] considered the parameters of the model and examined the effect of uncertainty of equivalent damping, 
effective seismic mass, yield strength, and ultimate strength of the steel structure. Hajirasouliha et al. [15] 
studied the effect of uncertainty in structural properties and ground motion on the performance of braced 
frames. In addition, Zhang et al. [16] studied uncertainties in steel structures such as uncertainty in  
cross-section and structural loading. 

Dyanati et al. [17] considered the demand and capacity uncertainties of the braced frame system 
and examined the seismic performance of structures. Jiang and Ye [18–19] considered different sources 
of aleatory and epistemic uncertainties for seismic risk assessment of the structures. They modeled random 
variables by using the Latin Hypercube Sampling method. They showed that the uncertainties have 
a significant impact on seismic risk assessment of the structures, which cannot be neglected. Piluso et al. 
[20] developed the seismic design method of moment resisting frames with considering the uncertainties 
of the material properties and the theory based on the failure mechanism. Norouzi and Gerami [21] studied 
the effect of uncertainty in characteristics of the ground motion on the performance of steel moment frames. 
Astroza et al. [22] proposed a new approach to reduce the modeling uncertainty. They considered three-
story steel frame structure with modeling uncertainty such as geometry, inertia properties, gravity loads, 
and damping properties. Wijaya et al. [23] considered the steel structures with the hysteretic dampers, and 
investigated uncertainties using the Latin hypercube Sampling method. 

These researches were done in the seismic design of structures considering uncertainties in 
the designed structures. In seismic regulations such as FEMA P695 [24], the aleatory and epistemic 
uncertainties are considered separately. In these regulations, uncertainties are considered based on 
qualitative data in existing structures. In seismic rehabilitation of structures, the secondary system, which 
is added to the existing structure also has uncertainties. These uncertainties may increase the uncertainties 
of the rehabilitated structure. 

In this study, a steel shear wall was used for rehabilitation of the moment frame. Then, uncertainties 
of the steel shear wall and quantification of them were investigated to evaluate the uncertainties in seismic 
rehabilitation. The design and evaluation of the seismic performance of structures should be performed 
using reliability-based methods. In this study, the effect of uncertainties on the seismic performance of the 
rehabilitated steel moment frame was studied using the reliability methods. 

2. Methods 
2.1. Specifications of the selected structural model 

In this paper, a 3-story steel moment frame was selected [25]. This structure, designed in accordance 
with the UBC94 regulation, met the requirements of gravity and seismic design. The structure was designed 
as a special moment frame and an office building located on stiff soil in Los Angeles. In this structure, the 
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perimeter moment frames were considered as a structural system. The plan and height of the desired 
structure are indicated in Fig. 1. As shown in Fig. 1, the structure is three-dimensional. Because three-
dimensional modeling of the structure increases the volume of the problem, the structure was modeled two-
dimensionally. In a two-dimensional model, an equivalent gravity column was used to reduce the 
uncertainties caused by simplification. 

There were rigid connections in the lowest floor of this structure. The damping of the structure was 
2 %, and the yield strength and modulus of elasticity of the beams and columns were 50 kip and 29000 ksi, 
respectively. The sections assigned to members of the structure are presented in Table 1. The regulations, 
published after the Northridge earthquake, proposed design recommendations for the creation of a plastic 
hinge in the beam and away from the column surface. Here, the displacement of the plastic hinge away 
from the surface of the column was done by increasing the beam capacity in the column surface via adding 
the cover plates on the flange of the beam. The bilinear moment-rotation relationship with strain hardening 
of 3 % was used to define the plastic behavior of beams and columns. Rigid elements with rotational spring 
were used to model the panel zone in the OpenSees software [26]. In this model, the trilinear shear force-
shear strain relationship was used to describe the shear behavior of the panel zone. Details of the panel 
zone are indicated in Fig. 2. 

 
Figure 1. Plan and height of the 3-story structure [25]. 

Table 1. Sections assigned for the studied structure. 

Story 

Moment Resisting Frame (MRF) Gravity Frame (GF) 

Columns 
Beam Column Beam 

Exterior Interior 

1 W14×257 W14×311 W30×116 W14×68 W16×26 

2 W14×257 W14×311 W30×116 W14×68 W16×26 

3 W14×257 W14×311 W24×62 W14×68 W14×22 

2.2. Rehabilitation of the selected structure 
Based on the performed evaluations on the structure, its weaknesses were determined. The use of 

appropriate methods is essential for correcting the weaknesses and performing the rehabilitation. For 
rehabilitation, according to requirements of the structure, the proper strategy should be selected. In this 
paper, the steel shear wall was considered for rehabilitation of the existing structure. Different methods are 
available to design and analyse steel shear walls, and the strip model method is one of the most popular 
ones. This method includes a set of stretching strips and it was first suggested by Thorburn et al. [27]. Fig. 3 
shows an example of stretching strips that is equivalent to a steel shear wall in the strip model. 
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Figure 2. Analytical model and the trilinear shear force–shear strain relationship  

for panel zone [25]. 

 
Figure 3. An example of the strip model of the steel shear wall [27]. 

In the strip model method, the shear wall is equivalent to a brace. Then the thickness of the steel 
shear wall is calculated according to Eq. (1): 

2 sin
.

sin 2α
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w
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t
L

θΩ
=                                                                        (1) 

Here, the parameters of θ , gA  and α  are the angle between the equivalent brace and the vertical 

line, the cross-section of the equivalent brace, and the tensile field angle, respectively; Ω  is the over 
strength coefficient of the steel shear wall that is equal to 1.2. 

Timler and Kulak [28] presented Eq. (2) for the estimation of the tensile field angle ( ) ,α  which 
includes geometric properties of the steel shear walls and boundary elements. 
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Here, parameters of L , h  and wt  are the width of the frame span, the height of the floor, the 

thickness of the steel shear wall, respectively; bA  and cA  are the cross-sections of the beam and the 

column; cI  is the moment of inertia of the column. This equation is used to design steel shear walls by 
American and Canadian regulations [29–30]. After determining the thickness of the steel shear wall and by 
considering the appropriate number of tensile strips, the cross-section of these strips in each floor is 
calculated using Eq. (3): 
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cos α + sin α .s w
L hA t

n
=                                                                  (3) 

In this equation, the parameter of n  is the number of strips per span. To describe the behavior of 
steel shear walls, at least ten tensile strips were placed in each span. After the design of the shear walls 
Eqs. (4)–(5) must be controlled to prevent the buckling of the columns along the shear wall in each floor: 

40.00307
c

thI
L

≥                                                                           (4) 

2
2cos

4
ty
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th

M
σ

≥ α ,                                                                     (5) 

where fpcM  and tyσ  are the plastic moment of the column and the tensile field stress, respectively. In 

addition, Eq. (6) must be controlled to prevent bending of the beam in each floor: 

2
2sin

8
ty

fpb
tL

M
σ

≥ α ,                                                                    (6) 

where fpbM  is the plastic moment of the beam. 

In this paper, steel plates with low yield strength ( yF  = 35 kip) and 29000 ksi elastic modulus were 

used for the steel shear wall. The rehabilitated structure with the steel shear wall was modeled with a strip 
model. For the strip model, the trilinear force-deformation relationship with 2 % strain hardening was used, 
which was derived from the work of Purba and Bruneau [31]. Fig. 4–5 show the rehabilitated structure with 
the steel shear wall and the used force-deformation relationship, respectively.  

 
Figure 4. Rehabilitated structure with steel shear wall. 

 
Figure 5. Trilinear force-deformation relationship of steel shear wall [31]. 
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2.3. Selected records to evaluate the seismic performance 
The incremental dynamic analysis method describes the behavior of the structure in a wide range of 

different intensities of the earthquake. In the incremental dynamic analysis method, the influence of different 
records is considered with a deterministic model of the structure; hence, this method involves only the 
aleatory uncertainty. A developed dynamic analysis method is proposed to consider epistemic 
uncertainties. In this method, aleatory and epistemic uncertainties are considered by using the probabilistic 
distribution of the structural model. Records were selected and scaled according to the location of the 
structure to perform incremental dynamic analysis. Selected records include far-field and near-field records. 
So far, extensive studies have been done to define the near-field record and to distinguish it from a far-field 
record. In the classification of records, the distance from the site to the earthquake center is the distinctive 
feature between far-field and near-field records. Usually, in near-field records, distances between 20 and 
60 km are defined as near faults. However, there is no global definition of which site may be classified as 
a near or far fault. In this paper, 15 km distance from the fault was considered as a criterion for the 
classification of far-field and near-field records [32]. All selected records are located on D soil [33]. Tables 
2–3 show far-field and near-field records. 

Table 2. Details of the far-field records. 
Rrup (km) Rib (km) MW Station Year Earthquake No. 

55.2 55.2 6.61 2516 Via Tejon PV 1971 San Fernando 1 
91.14 89.76 7.35 Ferdows 1978 Tabas, Iran 2 
50.1 49.1 6.53 Coachella Canal #4 1979 Imperial Valley06 3 
39.3 39.1 6.33 SAHOP Casa Flores 1980 Victoria, Mexico 4 

55.77 55.05 6.36 Parkfield–Cholame 1983 Coalinga-01 5 
72.97 71.7 6.06 Hesperia 1986 N. Palm Springs 6 
48.18 44.88 6 Canyon Country-W Lost 1987 Whittier Narrows-01 7 
87.87 87.78 6.93 Richmond City Hall 1989 Loma Prieta 8 
87.94 87.94 7.28 Baker Fire Station 1992 Landers 9 
69.5 66.43 6.69 Huntington Bch-Waikiki 1994 Northridge-01 10 

 

Table 3. Details of the near-field records. 
Rrup (km) Rib (km) MW Station Year Earthquake No. 

12.9 12.9 6.19 Cholame–Shandon 1966 Parkfield 1 
5.46 3.92 6.80 Karakyr 1976 Gazli 2 
8.41 7.69 6.36 Pleasant Valley P.P. bldg 1983 Coalinga 3 
4.04 0 6.06 North Palm Springs 1986 N. Palm Springs 4 

14.49 11.47 6 Santa Fe Springs E. Joslin 1987 Whittier Narrows-01 5 
0.95 0.95 6.54 Parachute Test Site 1987 Superstition Hills-02 6 

11.07 10.38 6.93 Gilroy Araay #2 1989 Loma Prieta 7 
4.38 0 6.69 Erzican 1992 Erzican, Turkey 8 
0.96 0.94 6.9 KJMA 1995 Kobe 9 
0.57 0.57 7.62 TCU065 1999 Chi-Chi 10 

 

The selected records were scaled according to NIST GCR 11-917-15 publication [34]. In two-
dimensional analyses, the selected records should be scaled so that the mean value of the response 
spectrum for the set of records is not lower than the site design response spectrum within the periodic range 
of 0.2T to 1.5T. In Fig. 6, the site design response spectrum, the scaled spectrum of the selected records, 
and the mean spectrum of these records are indicated. 
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Figure 6. The design spectrum and the scaled spectrum of selected records along  

with the average range of these records. 

2.4. Evaluation of probabilistic seismic performance 
Despite large uncertainties in the seismic demand and capacity, the results of the design and 

evaluation of the seismic performance of structures is valid only if these uncertainties are considered with 
a realistic approach. In other words, designing and evaluating the seismic performance of structures should 
be done using reliability methods. Reliability was first used by researchers who were working in the field of 
structural safety. The purpose of reliability is to express the completeness of probability of failure [35]. Each 
reliability issue has two components: random variables and state functions. Random variables express 
uncertainty in the problem while the state functions define the failure event. In general, the limit state 
function is defined as Eq. (7): 

( ). ,g R S R S= −                                                                    (7) 

where g  is a limit state function, and a boundary limit state occurs in the state of 0.g =  In this equation, 
0g >  indicates a safe structure, and 0g <  denotes the failure of the structure. R  and S  express the 

capacity and demand, respectively, which include a set of random variables. The probability of failure ( )fP  

is expressed in Eq. (8) as the multiple integrals: 

0( 0) ( ) ,f gP P g f x dx≤= ≤ = ∫ ∫                                                     (8) 

where ( )f x  is the probability density function (PDF) for random variables. Variations of statistical 
distribution for the randomized model and number of random variables can complicate the evaluation of 
Eq. (8) using the integration method. Different methods of reliability are used to solve this problem. In this 
paper, the Latin Hypercube Sampling (LHS) method was used to consider demand and capacity 
uncertainties of the structural system, which is a common example of reliability methods. 

Initially, the structure with basic parameters was analyzed with selected seismic records. The results 
of this stage were associated with uncertainty caused by various seismic records. In the next step, different 
realities of the structural model were formed considering force-deformation relationship parameters of the 
steel shear wall as probabilistic variables. Epistemic uncertainty was determined by conducting incremental 
dynamic analysis on each of these structural realities. Table 4 shows the statistical characteristics of the 
selected probabilistic variables. 160 structural realizations were used based on the considered probabilistic 
variables for the rehabilitated structure with the steel shear wall [36]. 

Table 4. Statistical characteristics of random input variables. 

Name Symbol Mean C.O.V Distribution Reference 

Steel yield strength Fy 35 kip 0.07 Lognormal Melchers [37], JCSS [38] 

Elastic stiffness E 29000 
ksi 0.03 Lognormal Schmidt and Bartlett [39], Dexter et al. 

[40] 
Strain hardening ah 0.02 0.4 Normal Sadowski et al. [41–42] 

Post-capping stiffness ac –0.68 0.4 Normal Lignos and Krawinkler [43] 
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According to FEMA 356 [44], the inter-story drift ratio is considered an index to measure of structural 
damage. Values of 0.7 %, 2.5 %, and 5 % were proposed by FEMA 356 as the permissible inter-story drift 
ratio for three structural performance levels of Immediate Occupancy (IO), Life Safety (LS) and Collapse 
Prevention (CP), respectively. In this paper, the spatial acceleration in the main period of structure ( )aS  

was used to measure the seismic intensity. The fragility function ( )rF x  was also used to express the 
probability of exceedance of different damage states, which is expressed by Eq. (9) [45]: 

( )( ) ln ln ,r a RF x x Sφ β = − 


                                                          (9) 

where aS


 expresses the median value of the structural fragility in unit aS , Rβ  is the standard deviation of 
lognormal of the system fragility, and Φ  denotes the standard normalized cumulative distribution function. 
The uncertainties associated with seismic demand and the structural capacity are expressed by the Rβ  
parameter that is calculated using Eq. (10): 

2 2
D .

aR cSβ β β= +                                                                    (10) 

D aSβ  and cβ  parameters represent the uncertainty in seismic demand and the uncertainty in the 

structural capacity, respectively. In limit states of IO and LS, the value of cβ  is 0.25, and in the limit state 
of CP is 0.15 [45–46]. The annual exceedance probability of the limit state is defined in Eq. (11): 

2

0
( )exp ,

2
k R

LS a
kP k S β−  

=  
  



                                                             (11) 

where 0
k

ak S −  expresses the seismic hazard, and the exponential expression is the correction factor that 

applies to the variability of seismic demand and structural capacity; 0k  and k  indicate the risk scale and 
the slope of the seismic hazard curve, respectively. 

3. Results and Discussion 
3.1. Sensitivity analysis 

In this paper, the sensitivity of the rehabilitated structure response with the steel shear wall was 
evaluated to assume yield strength, elastic stiffness, strain hardening, and post-capping stiffness of the 
trilinear force-deformation relationship of the steel shear wall as the probabilistic parameters. For each of 
these parameters, base value and an appropriate range of changes were considered. In Fig. 7, the IDA 
curves show the sensitivity of the rehabilitated structure response with the steel shear wall to the 
probabilistic parameters. 

The values of 30, 35 and 40 ksi were considered for the yield strength parameter to investigate the 
effect of the sensitivity of the structure response to this parameter. The value of 35 ksi was considered as 
the base value, and the values of 30 and 40 ksi were considered as the lower and upper bounds of the 
selected range for this parameter, respectively. In Fig. 7a, the IDA curves show the sensitivity of the 
rehabilitated structure response with the steel shear wall to the yield strength parameter. The values of 
25000, 29000, and 33000 kip were considered for the elastic stiffness parameter with 29000 kip considered 
as the base value. The IDA curves in Fig. 7b show the sensitivity of the response of the rehabilitated 
structure with the steel shear wall to this parameter. As can be seen in Fig. 7a-b, the effect of the two 
probabilistic parameters of yield strength and elastic stiffness of trilinear force-deformation relationship is 
more on the response of the rehabilitated structure with steel shear wall (17.5 % and 19 %). 
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Figure 7. The sensitivity of median IDA curve to probabilistic parameters of steel shear wall:  

(a) The effect of steel strength parameter, (b) The effect of elastic stiffness parameter,  
(c) The effect of strain hardening parameter, (d) The effect of post-capping stiffness parameter. 

The strain hardening is defined as a ratio of the plastic stiffness to the elastic stiffness in the force-
deformation relationship of the steel shear wall. The value of 2 % was considered as the base value, and 
the values of 0 % and 5 % were considered as the lower and upper bounds of the selected range for this 
parameter, respectively. Fig. 7c shows the IDA curves of rehabilitated structure with the steel shear wall for 
base value and values of the considered range. Based on the results, the effect of this parameter on the 
response of the rehabilitated structure with steel shear wall is 7.6 %.  

The post-capping stiffness, called negative strain hardening, was considered as probabilistic 
parameter with a base value of –68 % and a range of –78 % to –58 %. The sensitivity of the rehabilitated 
structure response to this parameter was indicated in Fig. 7d. As can be seen, the effect of the post-capping 
stiffness parameter of the trilinear force-deformation relationship of steel shear wall in the rehabilitated 
structure with the steel shear wall is 6.1 % that is less than the three considered probabilistic parameters. 

3.2. Quantifying the considered uncertainties 
Structural fragility curves indicate the exceedance probability of the defined damage states for 

records with specific intensity. Here, the maximum inter-story drift ratio was used to define the damage 
states, and values of 0.7 %, 2.5 %, and 5 % were used for Immediate Occupancy (IO), Life Safety (LS), 
and Collapse Prevention (CP) as performance levels of FEMA. In Fig. 8–11, structural fragility curves and 
IDA curves are shown for the structure before and after the rehabilitation and with considering uncertainties. 

In Tables 5–6, values of uncertainties of seismic demand and total uncertainties of the structure, 

which are shown by parameters D aSβ  and Rβ , were included for the structure before and after of 

rehabilitation. In these tables, the median values of fragility were calculated according to Eq. (9) for the 
structure before and after rehabilitation and with considering uncertainties.  

According the results in the Tables 5–6, the dispersion of the aleatory uncertainty of the steel moment 
frame structure was 0.32 and 0.38 for far-field and near-field records, respectively. This value was close to 
the dispersion value of steel moment frame structure [47]. The dispersion of the aleatory and epistemic 
uncertainties of the rehabilitated structure with steel shear wall was 0.27–0.34. This value was lower than 
the dispersion value of moment frame equipped with brace [47], and it was more than the dispersion value 
of moment frame structure [14]. 
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As can be seen in Tables 5–6, the median value of fragility increased due to rehabilitation of the 
structure in the limit state of LS under far-field records from 0.47 g  to 1.27 g  and under near-field records 
from 0.57 g  to 1.49 g . Also, it can be seen, median values of fragility increased due to rehabilitation of the 
structure in other limit states. The results of fragility curves of the rehabilitated structure with and without 
considering uncertainties showed that median values of fragility were reduced by considering uncertainties 
in all limit states.  

The results of the IDA curves showed that rehabilitation of the structure reduced the maximum inter-
story drift of the structure in the limit states of IO, LS, and CP. Comparison of the IDA curves of the 
rehabilitated structure with and without considering the uncertainties demonstrated that the maximum inter-
story drift of the structure increased by 28.8–52 % under far-field records and by 24.1–39.3 % under near-
field records by means of considering the uncertainties. This shows that conservatism was reduced by 
considering the uncertainties. 

 

 

 
Figure 8. Fragility curve for the limit states under far-field records: (a) the limit state of IO, (b) the 

limit state of LS, (c) the limit state of the CP. 
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Figure 9. Fragility curve for the limit states under near -field records: (a) the limit state of IO, (b) 

the limit state of LS, (c) the limit state of the CP. 

 
Figure 10. IDA curve of the structure under far-field records. 
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Figure 11. IDA curve of the structure under near-field records. 

Table 5. Seismic demand statistics and median fragility values of structures under far-field 
records. 

( )aS g


 Rβ  
D aSβ  Case 

CP LS IO CP LS IO 

0.79 0.47 0.11 0.36 0.41 0.41 0.32 Base building 

1.82 1.27 0.63 0.29 0.35 0.35 0.25 Rehabilitated building 

1.67 1.13 0.56 0.27 0.33 0.33 0.22 Rehabilitated building with uncertainties 

 

Table 6. Seismic demand statistics and median fragility values of structures under near-field 
records. 

( )aS g


 Rβ  
D aSβ  Case 

CP LS IO CP LS IO 

1 0.57 0.13 0.41 0.45 0.45 0.38 Base building 

2.14 1.49 0.74 0.30 0.36 0.36 0.26 Rehabilitated building 

1.97 1.38 0.69 0.27 0.34 0.34 0.23 Rehabilitated building with uncertainties 

3.3. Annual exceedance probability of the limit states 
The annual exceedance probability of three limit states of IO, LS, and CP was calculated for the 

structure before and after the rehabilitation and considering the uncertainties based on Eq. (11). In this 
equation, 0k  and k  are the seismic hazard parameters, which are considered 3.03e-4 and 2.69 for the Los 
Angeles region [47]. The results of the calculated annual exceedance probability are presented in Tables 
7–8. The annual exceedance probability value was 0.000064–0.0021 for rehabilitated structure with 
considered uncertainties, and it was lower than the value of moment frame equipped with brace [47]. 

Table 7. Annual exceedance probability of selected limit states under far-field records. 

Case 
Annual exceedance probability (PLS) 

IO LS CP 

Base building 0.2109 0.00424 0.000913 

Rehabilitated building 0.0016 0.00025 0.000082 

Rehabilitated building with uncertainties 0.0021 0.00032 0.000099 
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Table 8. Annual exceedance probability of selected limit states under near-field records. 

Case 
Annual exceedance probability (PLS) 

IO LS CP 

Base building 0.1524 0.00286 0.000557 

Rehabilitated building 0.0011 0.00017 0.000048 

Rehabilitated building with uncertainties 0.0013 0.00020 0.000064 
 

As the Tables 7–8 show, the annual exceedance probability of three limit states was reduced with 
the rehabilitation of the structure. This shows that rehabilitation of the structure improved the seismic 
performance of the structure. In addition, the results of the Tables 7–8 show that the annual exceedance 
probability of the limit states of IO, LS, and CP increased by 31.2, 28 and 20.7 % under far-field records, 
and also this parameter increased by 18.2, 17.6 and 33.3 % under near-field records by considering the 
uncertainties in the rehabilitated structure. Comparing the results of the Tables 7–8 showed that reduction 
or growth in annual exceedance probability under far-field records was greater than near-field records. 
Based on the response spectrum of selected far-field records, this may be due to the greater impact of 
these records in the main period of the rehabilitated structure. 

4. Conclusions 
In this paper, a 3-story structure of the SAC project was selected, verified in OpenSees software, 

and rehabilitated with a steel shear wall. The structure was analyzed with a base model and with selected 
records. The results of this case captured the uncertainty caused by various seismic records. In this paper, 
the trilinear force-deformation relationship was considered for the steel shear wall. Based on this 
relationship, four parameters of yield strength, elastic stiffness, strain hardening, and post-capping stiffness 
were considered as probabilistic variables, and probabilistic models of the structure were created. Both 
aleatory and epistemic uncertainties were considered taking into account probabilistic models of the 
structure and with performing incremental dynamic analysis. 

1. Sensitivity analysis was done in order to investigate the effect of each considered probabilistic 
variable on the structural response. The results of the sensitivity analysis showed that the effect of the two 
parameters of the yield strength and elastic stiffness of the force-deformation relationship of the steel shear 
wall on the response of the rehabilitated structure with steel shear wall are greater (17.5 % and 19 % 
respectively), while the effect of the post-capping stiffness parameter is the lowest (6.1 %). 

2. The results of the analysis showed that rehabilitation of the structure reduced the maximum inter-
story drift of the structure in three limit states of Immediate Occupancy, Life Safety, and Collapse 
Prevention. Comparison of the IDA curves of the rehabilitated structure with and without considering the 
uncertainties demonstrated that the maximum inter-story drift of the structure increased by 24.1–52 % by 
means of considering the uncertainties. This shows that considering the uncertainties reduced 
conservatism. 

3. The annual exceedance probability of three limit states of Immediate Occupancy, Life Safety, and 
Collapse Prevention was reduced by the rehabilitation of the structure. This showed that rehabilitation of 
the structure improved the seismic performance of the structure. In addition, the results showed that the 
annual exceedance probability of three considered limit states by considering uncertainties in the 
rehabilitated structure increased by 20.7–31.2 % under far-field and 17.6–33.3 % near-field records, 
respectively. The analysis results indicated that far-field records have more influence on the results due to 
the greater impact of far-field records in the main period of the rehabilitated structure. 
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Abstract. Vietnam is one of the countries most severely affected by climate change and sea level rise, 
especially in the south. High-performance concrete appears to be a better choice for strong and durable 
structures. The primary objective of this research was to use locally available materials to produce HPC 
reaching compression strength of over 100 MPa and suitable for Vietnamese climatic conditions and 
environment. The materials locally available in Vietnam used in the study included: sulfate-resisting 
Portland cement (PCSR40), crushed granite as coarse aggregate (size 9.5÷19 mm), river sand with 
fineness modulus of 3.0, Sika®Viscocrete®-151 type superplasticizer, mineral materials (class F fly ash 
and silica fume), and potable water. All concrete mixtures were designed according to TCVN 10306-2014 
standard. For compressive strength, concrete samples were tested after 3, 7, 28, 56, and 450 days, while 
the tests for splitting tensile and flexural strengths, water absorption and permeability were conducted after 
28 days. In this experimental research, the greatest compressive strength values obtained at 450 days of 
age were 95.426 MPa in a mix containing 10 %SF + 20 %FA + 20 %Qp and 101.597 MPa in a mix 
containing 12.5 %SF + 20 %FA + 20 %Qp. The results showed that the optimum high-performance 
concrete mixes used for construction in aggressive corrosive environment of Southern Vietnam contain 
7.5 %SF + 30 %FA, 10 %SF + 20 %FA, 10 %SF + 30 %FA, 12.5 %SF + 20 %FA, respectively. This study 
showed that the HPC produced with locally available materials in Vietnam can have compressive strength 
exceeding 110 MPa as well as other excellent mechanical properties. All of this can be achieved simply by 
using materials available at the local markets, provided they are carefully selected and properly mixed to 
optimize grain size distribution. 

Citation: Bulgakov, B.I., Nguyen, V.Q.D., Aleksandrova, A.V., Larsen, O.A., Galtseva, N.A. High-
performance concrete produced with locally available materials. Magazine of Civil Engineering. 2023. 
Magazine of Civil Engineering. 117(1). Article no. 11702. DOI: 10.34910/MCE.117.2 

1. Introduction 
In the late 1980s, a number countries launched major specific research programs on high-

performance concrete (HPC), among which are the USA [1], Norway [2], Canada [3], France [4], 
Switzerland [5], Australia [6], Germany [7], Japan [8], Korea [9], China [10], Taiwan [11] etc. European and 
UK standards for HPC define HPC as “High workability concrete; Self-consolidating concrete (SCC); 
Foamed concrete; High strength concrete; Lightweight concrete; No-fines concrete; Pumped concrete; 
Sprayed concrete; Waterproof concrete; Autoclaved aerated concrete; Roller-compacted concrete” 
following ACI [12]. Russian documents do not provide such a classification. However, Professor 
Yu.M. Bazhenov considers the concrete to be high-quality if it meets the requirements high strength, 
durability, workability, and stability of the volume [13–15]. In recent years, HPC was used in the manufacture 
of elements of the tunnel under Bolshaya Dmitrovka street, tubes of the Lefortovsky tunnel in Moscow, and 
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in the construction of multi-story centers "Moscow City", cooling towers working under the threat of acid, 
and even in the construction of load-bearing walls of a house [16–17] as well as a number of other transport 
and industrial construction projects. In Vietnam, HPC is a relatively new research topic, not much research 
has been published yet. Vietnam has begun to apply high-strength concrete with aggregate and 
conventional cement using superplasticizer, with water to cement ratio of about 0.35–0.40, with slump 
reaching 15–20 cm, kept at least 60 minutes, with compression strength of 50–70 MPa and early strength 
R7 = 0.85R28. This is the type of concrete used mainly in houses, bridges, roads, and irrigation structures 
in Vietnam. However, Vietnam is located in the wet-hot dry tropics with high chloride ion content. Long 
seacoast of more than 3200 km is immediately affected by climate change, rising sea water, sea water 
intrusion + chemical wastewater from industrial areas, which is one of the basic causes of the deterioration 
of the construction. The impact of the "sour" and "salty" environments leads to corrosion and destruction of 
the construction due to the quality of concrete that does not meet the requirements of corrosion resistance 
in aggressive corrosive environment as well. In order to solve this problem, HPC was designed with 
properties far superior to conventional concrete both on strength and durability, which helps extend the 
service life of concrete structures. For this reason, it is a perfect choice for constructions in harsh climatic 
and environmental conditions [18–20]. 

Ahmet Benli [21] studied the mechanical and durability properties of self-compacting mortars (SCM) 
by addition of fly ash (FA) and silica fume (SF) in concrete mixtures partially replacing cement at varying 
levels from 5 to 25 % by weight of FA and 5 %, 10 %, and 14 % by weight of SF. Results show that binary 
mixes of FA reduce strength when the content of FA increases. The binary mix with 10 % by weight of silica 
fume reaches the highest tensile strength of 10.5 MPa and compressive strengths of 81.5 MPa after  
180-day curing. In that time, the mixture containing 5 % FA reached compressive strength of 84.3 and 
flexural strength of 10.21 MPa. On the other hand, the ternary mixes with 10 % by weight of FA and SF got 
84.4 MPa for compressive strength and 10.09 MPa for tensile strengths. 

Karthikeyan [22] researched strength and durability characteristics of HPC by changing metakaolin 
(MK) and silica fume content for the purpose of improving concrete mix and the life span of structures. The 
main parameter investigated in this study is designed concrete mix of the following composition: 0.63 t/m3 
cement + 1.15 t/m3 coarse aggregate + 0.51 T/m3 manufactured sand. The water/binder ratio adopted was 
0.28 and superplasticizer “ViscoCrete 20 HE” dosage was fixed at 1 % of the binder mass, by which SF 
and MK were used individually to partially replace cement in the range of 0–15 %. The authors concluded 
that the optimum content of MK or SF used to partially replace cement stood at 15 %: at this level, the 
highest compressive strength attained was 85 MPa and 80.34 MPa for HPC(MK) and HPC(SF) specimens, 
respectively, which was higher compared to the other replacements. 

Bilek et al. [23] conducted studies aimed at producing high-performance concrete with compressive 
strengths ranging from 120 to 170 MPa by using a ternary binder. Water/binder ratio was kept at a constant 
level of 0.225 for all mixes. The authors found an optimum composition of concrete mixture containing: 
650 g Portland cement CEM I 42.5 R + 75 g metakaolin + 40 g fly ash + 35 g ground limestone + 20 g 
superplasticizer + 165 g water + 960 g sand + 40 g steel fibers with length of 13 mm & diameter of 0.20 mm. 
They achieved compressive strength of 140 MPa at the age of 28 days. 

Ali Alsalman et al. [24], by using locally available materials like Portland cement (type I), steel fibers 
(0.02×12.7 mm), class F fly ash, chemical admixtures of polycarboxylate-based types, silica fume and river 
sand presented 3 different grain sizes as fine aggregate to study strength development of UHPC mixes. 
Their results proved that the mix containing total cementitious materials dosage at 1009 kg/m3 had 
compressive strength at 155.2 MPa after 90-day curing without heat curing. When increasing the fly ash 
content to 20 %, compressive strength of the concrete achieved 152.1 MPa at the age of 90 days. 

Ahmet Benli et al. [25] studied the influence of replacing cement with different dosages of FA type F 
and SF on rheological and mechanical properties, the freeze-thaw resistance in self-compacting mortars 
(SCM). The weight binder was kept at 640 kg/cm3 for all mortar mixtures including replacement levels of fly 
ash at 25–40 % and of silica fume at 5–20 % by weight of cement, respectively, and water/binder ratio was 
between 0.43 and 0.50. The results proved that with SF or FA content increasing elastic modulus reduced, 
while the decrease in the elastic modulus of SCM containing SF was more dramatic than in SCM 
incorporating FA because of the deleterious effects of SF on freeze-thaw cycles. In addition, the SCM 
incorporating SF had compressive and flexural tensile strength higher than the control mixture and the SCM 
with FA at the curing age of 28 and 91 days. 

Harpreet Singh et al. [26] studied concrete mix design using industrial by-products, for example, SF, 
FA to partially replace cement and fine aggregate at levels of 10, 15 and 20 %. Their research results 
showed that the optimal content of both admixtures in concrete mix was at 15 % and 
compressive/flexure/split tensile strength values were higher than those for ordinary concrete at the age of 
28 days. 
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Hajek and Fiala [27, 28] studied the influence of HPC. Through the process of analysis and 
assessment, the authors observed that HPC is a construction material that has technology character 
necessary to concrete structures that need sustainability and high resilience under the impact of harsh 
environments, thereby extending the life of construction works and consequent social and economic 
improvements. 

Mohamed and Najm [29] studied properties of self-consolidating concrete (SCC) by using industrial 
by-products, namely, ground granulated blast furnace slag (GGBS), SF, and FA to replace cement content 
up to 80 %, by weight of cement. The water-binder ratio adopted was 0.36 and cementitious materials 
content was approximately 480 kg/m3. Glenium Sky 504 superplasticizer was used and kept constant at 
1.5 % of the total weight of cementitious materials, crushed granite was used as coarse aggregate of 14 mm 
size with a total amount of 800 kg/m3, fine aggregates consisted of 313.6 kg/m3 dune sand and 582.4 kg/m3 
black sand for all 19 mixes; fly ash content was from 10 to 40 %, silica fume from 5 to 20 % or GGBS  
(10–80 %).The results showed that the SCC mix containing 20% fly ash had compression strength values 
of 67.9 MPa at 28 days, compared to 61.3, 56.5, and 55.8 MPa for 10 %, 30 %, and 40 % replacements, 
respectively. The mixture containing SF at 15 %, and FA at 20 %, had compressive strength higher by 44 % 
than control concrete at the age of 28 days. Furthermore, replacing cement with up to 40 % fly ash produced 
a competitive compressive strength high enough for many practical structural design applications. And 
35 % is the optimum GGBS replacement ratio producing a high 28-day compressive strength of 81 MPa. 

Chena et al. [30] attempted to produce HPC by using fly ash microspheres (FAM) and condensed 
silica fume (CSF). In their study, HPC was manufactured from the binary mixes of FAM and CSF by 
replacing ordinary Portland cement (OPC) with 20 %, and 40 % by weight of FAM and 10 %, 20 % by weight 
of CSF. The water to cementitious materials (w/cm) ratio ranged from 0.14 to 0.3. The results proved that 
the mix containing CSF = 20 %, when the w/cm ratio was 0.16, had the highest compressive strength of 
159 MPa at the age of 28 days with flow spread = 80 mm. When the w/cm ratio was 0.3, then the 
compression strength was 105 MPa at the age of 28 days, with flow spread = 180 mm. The mix with 
FAM = 20 %, CSF = 10 %, when the w/cm ratio was 0.16, the compressive strength reached 135 MPa at 
the age of 28 days, flow spread = 113 mm. When the w/cm ratio was 0.3, then the compression strength 
reached 95 MPa at the age of 28 days, flow spread = 300 mm. From the results study we can conclude 
that the addition of CSF and FAM can significantly increase the packing density, consequently enhancing 
flowability and strength performance. 

S.W. Yoo et al. [31] appraised autogenous shrinkage (AGS) in HPC with water-binder ratio of 0.3 
with mineral admixtures of the following content: fly ash (0–30 %), silica fume (0–15 %), chemical admixture 
shrinkage reducing agent (0.5–1.0 %), and expansion agent (5–10 %). The autogenous shrinkage in HPC 
with FA was decreasing continuously with larger FA replacement. The AGS in HPC with SF was higher 
compared to that in ordinary Portland cement concrete. Use of both admixtures in adequate amount can 
lower autogenous shrinkage as well as improve the strength. 

Elahi et al. [32] evaluated the mechanical and durability properties of HPC containing supplementary 
cementitious materials (SCM) such as SF, FA, and GGBFS, water to binder ratio constant was fixed at 0.3 
in binary and ternary systems. In the experimental study, cement content was replaced with 70 % GGBFS, 
SF reached 15 %, and FA was up to 40 %. The ternary mixes containing FA or GGBFS with 50% 
replacement level and 7.5 % SF performed the best amongst all the mixes to resist the chloride diffusion. 
The replacement of 7.5 % SF performed better than other SCM for strength development. There was a 
benefit in the case of absorptivity with the addition of 50 % GGBS and 20 % FA compared to the control 
mix.  

P.H Hanh et al. [33] used an experimental plan method to find the optimum proportion of the concrete 
mix based on preliminary proportioning according to ACI. The experiment results indicated that it is possible 
to make M100 grade HPC that suits marine environment by using available materials in Vietnam. It showed 
high impermeability (stable current of circuit 2.7–3.5 mA, destroyed time 41 days), high elastic modulus 
(6.5 MPa), high ability to steel adhesion (steel adhesion factor = 33.37), high strength development 
(60 MPa) at 3 days. Five categories of HPC namely Normal Strength Concrete (35 MPa), Medium Strength 
Concrete (56 MPa), High Strength Concrete (62 MPa), Very High Strength Concrete (98 MPa), Ultra High 
Strength Concrete (120 MPa) with slump value ranged from (100–200 mm) were designed by El Shikh [34].  

Arunachalam et al. [35] performed experiments to make a comparative study on the properties of 
HPC with water to binder ratio of 0.28, fly ash (25 % and 50 % replacement) and without fly ash (control 
concrete) in the normal and aggressive environment (Al2SO4 and NaCl). After time curing 28-day, concrete 
samples continue cured in an aggressive environment until the 60th day, compressive strength has been 
gone down about 25 % compared to strength at age 28-day. Meanwhile, test results indicate that HPC 
mixtures containing FA content at levels 25 %, and 50 % by weight of the cement, have a significant 
increase in compressive strength for both curing environments from 7 to 60 days. HPC utilizing fly ash and 
micro silica as cement replacing materials were investigated [36] to study permeation related properties 
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like permeability, porosity, and absorptivity with different curing conditions namely moist and air curing, at 
temperature 5 °C. Results proved above values reduced to mix containing low w/cm ratio, plus 10 % SF 
and FA replacement between range 15–20 %. Same permeability values were not achieved for specimens 
cured at 5 °C in comparison with moist and air curing. 

Mohd Zain et al. [37] studied mechanical properties of HPC with four different type concrete mixtures 
with GGBS, SF and FA at 25 % water to binder ratios. Mineral admixtures partially replaced cement at 
levels of 10–50 %. The authors concluded that the mix consist of 10 % SF achieved compressive strength 
values of 130 MPa and 5.28×104 MPa of modulus of elasticity, at age 91-day when specimens cured in 
water at a temperature of 20 °C or wrapped by wet burlaps at temperature of 35 °C. These values were 
higher than compared to other mixes in the same curing conditions. This showed that the SF can influence 
concrete's performance, it as a filler leads to porosity reducer in concrete's microstructures. 

Tamimi, A.K. [38] studied the influence of HPC mix in HCl and H2SO4 environments. Control mix 
contained 400 kg of ordinary Portland cement, aggregates with max size 15 mm, melamine superplasticizer 
and had the water/binder ratio at 0.35 and 0.4. The author used 10 % silica fume and various percentages 
(40, 60, and 80 %) of pulverized FA to partially replace cement content. The results indicate that the mix 
containing 10 % SF combined with 60 % pulverized fly ash and 30 % OPC would produce optimum 
protection against acid attacks, which was proven through experiments in the acidic environment (with 
1 % HCl and H2SO4 content), at 20 °C temperature. 

Vietnam is one of the countries most severely affected by climate change and sea level rise, 
especially in the southern part [39–43]. To solve this problem, high-performance concrete appears to be a 
better choice for a strong and durable structure. Therefore, the primary objective of this research is to 
produce HPC with compression strength of over 100 MPa suiting Vietnam climatic conditions and 
environment by means of using locally available materials. 

2. Methods and Materials 
In this study, the physico-mechanical properties of concrete are determined through the change in 

compressive strength and loss of weight of the concrete samples immersed in three environments after a 
period of 450 days. (1) The saline-alkaline medium was chosen to soak experimental samples in  
Hung Thanh of Dong Thap province: it characterizes the environment in the Mekong River Delta region 
(Southern Vietnam); (2) Seawater environment used to cure the concrete samples is from Chan May Port 
in Thua Thien – Hue Province (South Central Coast – Central Vietnam); (3) and potable water used to cure 
control concrete is the control environment. The chemical composition of the sample immersion 
environments is shown in Table 1 and 2. 

Table 1. The composition of the main ions in source of water used for concrete sample curing. 

Source of water pH 2-
4SO (mg/l) Cl- (mg/l) Mg2+ (mg/l) Ca2+ (mg/l) 

Potable water 6.53 103 182   
Saline-alkaline 
environment 4.43 490 97.2 696 560 

Seawater 7.8 – 8.4 (1.4÷2.5)×103 (6.5÷18.0)×103 (0.2÷1.2)×103  
 
Table 2. The pH value and the salt content (g/l) of saline-alkaline medium experimental 

samples were soaked in. 
Months 1 2 3 4 5 6 7 8 9 10 11 12 Aver. value 

pH 5.08 5.02 4.56 4.10 3.52 3.12 3.13 3.46 3.96 5.22 6.2 6.05 4.43 
Salt content 25.9 25.5 24.3 23.3 22.3 22.0 22.2 23.7 25.2 25.6 26.1 27.0 24.43 

 
The material types like cement, aggregates, mineral materials etc., used in the mix before, underwent 

preliminarily physical and chemical analyses to determine whether they are in compliance with the standard 
used. A total of 15 different mixes with concrete grades higher or equal to M80 were designed, in 
compliance with Vietnamese Standard TCVN 10306-2014 “High strength concrete-proportional design with 
cylinder sample”, and their properties, such as workability, as well as strength and durability, were tested. 
The total dosage of cementitious materials was fixed at 550 kg/m3. Similarly, the dose of aggregates, 
chemical admixture, and w/cm ratio were fixed in all the mixes. Substituted mineral materials like silica fume 
with content selected as (0 %, 5 %, 7.5 %, 10 %, 12.5 %) were combined with class F fly ash at content 
levels (0 %, 20 %, 30 %, 40 %) to partially replace sulfate-resistant cement by weight in the mixes. 
Compressive strength was tested using 15 cm3 cube samples; tensile strength as well as modulus of 
elasticity, were tested using cylindrical samples (d×h=15×30 cm); 15×15 cm cylinders and 10×10×40 cm 
prisms were utilized to test permeability/water absorption and flexural strength, respectively. 
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Here is the list of other materials used to design the HPC mixtures: 

1. Cement PCSR40 (type 5) of Luks Cement (Vietnam) Limited is sulfate-resistant Portland cement 
with the following parameters: compressive strength at 3 days 25.7 MPa and 28 days 46.5 MPa; time of 
initial setting 130 min, and final setting 175 min; C3A content 2.49 % and C4AF+2C3A content 21.23 %; 
specific gravity 3.15 g/cm3; sulfate resistance at 14 days expansion 0.0156 %. Other components are 
presented in Table 3. The type of the cement used complied Vietnamese Standard TCVN 7711-2013 
“Sulfate resistant blended Portland cements”. 

2. Crushed aggregate with maximum size of 19 mm (60 %) and 9.5 mm (40 %) from a local source 
(Ga Loi stone-pit in Central region of Vietnam) was used as coarse aggregate with the following parameters: 
specific gravity 2.68 g/cm3, volume of coarse aggregates 2.63 g/cm3, water absorption 0.5 %, fineness 
modulus about 6.5÷6.8, and average strength 105.593 MPa. 

3. Natural sand exploited from Huong river, Vietnam, with fineness modulus of 3.0, specific gravity 
of (2.6–2.65) g/cm3, moisture of 1 %, was used as fine aggregate in compliance with Vietnamese Standard 
TCVN 7570-2006 “Aggregates for concrete and mortar – Specifications”.  

4. Water used to mix and cure the concrete complied Vietnamese Standard TCVN 4506-2012 
“Water for concrete and mortar - Technical specification”. 

5. The chemical plasticizing admixture used was Poly-Carboxylic Ether Sika®ViscoCrete®-151, 
which is brown in color with specific gravity of 1.075–1.095 kg/l. Its recommended dosage for 1 kg of cement 
is 0.018 l, which is used for effective workability in accordance with Vietnamese Standard TCVN 8826-
2011/2 “Chemical admixtures for concrete” (ASTM C494 Type G). 

6. Fly ash, available as a byproduct of the thermal power plants Pha Lai (Vietnam), was used in dry 
powder form. Class F fly ash was supplied and rounded to angular shape. It had low CaO content and 
exhibited Pozzolonic properties in accordance with Vietnamese Standard TCVN 10302-2014 “Activity 
admixture - Fly ash for concrete, mortar and cement”. 

7. Silica Fume is being used increasingly as a supplementary cementing material for concrete. 
Admixture in dry densified form obtained from Sikacrete® PP1 – Sika limited Vietnam has particle size 
< 0.1 μm and specific gravity approximately 2.15 g/cm3 in accordance with Vietnamese Standard TCVN 
8827-2011 “Highly activity puzzolanic admixtures for concrete and mortar - Silicafume and rice husk ash”.  

8. Quartz sand powder used in this study has specific gravity 2.56 g/cm3, has a form of white powder 
with particles size ranging from 5 to 10 μm partially replacing fine aggregate. Quartz powder is milled from 
local silica white sand in the Central region of Vietnam. 

Table 3 gives the physicochemical composition of material types used in the mix. 

Table 3. The physicochemical composition of material types used in the mix. 
Compositions Cement PCSR40 Fly ash Silica Fume Quartz powder 

Chemical constituent (%) 
CaO 62.10 0.70 0.31 0.051 
SiO2 20.59 57.42 92.49 99.72 
Al2O3 3.82 24.07 0.868 0.0429 
Fe2O3 5.10 6.10 1.90 0.039 
SO3 2.05 0.30 0.3 – 
BaO 1.89 – – – 
MgO 1.701 0.951 0.841 0.0369 
MnO 1.249 2.622 0.141 – 
K2O 0.630 3.612 1.231 0.0059 

Na2O 0.135 0.27 0.38 0.020 
TiO2 0.12 0.70 – 0.044 

Loss of ignition 1.07 5.74 1.68 0.042 
Physical properties 

Specific gravity 3.15 2.34 2.15 – 
Blaine’s fineness, cm2/g 3350 3728 16028 – 
Fineness (90-µm sieve) 0.7 – – – 

Bulk density (kg/l) – 2.19-2.56 0.50-0.70 – 
 
The HPC was produced by mixing the designed mix proportions of cement, FA, SF, Qp, SP, and 

water together following the existing mix design methods with a standard mixer complying with Vietnamese 
Standard TCVN 10306:2014 “High strength concrete-proportional design with cylinder sample” and 

http://www.ximangluks.vn/product/pcsr40-type-v/?lang=en
http://www.ximangluks.vn/product/pcsr40-type-v/?lang=en


Magazine of Civil Engineering, 117(1), 2023 

 

conforming to ACI 211.1-91 “Standard Practice for Selecting Proportions for Normal Heavyweight, and 
Mass Concrete”, Russian Code Design SP 28.13330.2017 “Protection against corrosion of construction”, 
Interstate Standard GOST 26633-2015. To start with the experiments, a control mix with target strength of 
80 MPa and slump of 50÷100 mm was obtained without addition of any mineral admixtures and also with 
no Qp content. Mix proportions for 1 m3 HPC mix consisted of total dosage binder 550 kg/m3 + 1088 kg/m3 
coarse aggregate + 621.7 kg/m3 fine aggregate + 156 l/m3 water + 9.9 l/m3 superplasticizer (similar to 1.8 % 
by mass of binder), entrapped air is 2 %, and w/b ratio is fixed at 0.3, while sand was partially replaced by 
20 % quartz sand flour: these parameters remained fixed for different 15 mixes. The total dose of mineral 
substitutes for cement is represented by the (SF)α(FA)β formula, where α and β are the percentages of SF 
and FA, respectively, to replace cement in the mixture. The authors proposed mix combinations categorized 
into four SF replacement levels (5 %, 7.5 %, 10.5 %, and 12.5 %) and three FA replacement levels (20 %, 
30 %, and 40 %). In each of the SF series, the FA content was set at 20 %, 30 % and 40 %, as shown in 
Table 4. 

First, the dry materials (cement, SF, FA, fine and coarse aggregates, quartz sand powder) were 
blended for 2–3 min inside a plastic bag in dry form. Secondly, water containing the plasticizer was added 
and blended for another 4–5 min. After 6–8 min in the mixer or until concrete mix achieved the 
homogeneous and uniform consistency, during mixing, temperature varied following ambient temperature 
from 28–39 °C. The slump of the fresh concrete mixes was determined by Abrams cone 
(d×D×H = 100×200×300 mm) according to Vietnamese Standard TCVN 3016-1993 “Heavyweight concrete 
compounds – Slump test” and Interstate Standard GOST 10181-2014 “Concrete mixtures. Methods of 
testing”. After that, the concrete mixes were put into different casting molds of cubes/cylinders/prisms 
specimens and preserved at room temperatures around 30±2 °C until 24 hours. Then the specimens were 
stripped from molds and transferred to a fresh-water tank for curing until the time of testing. The specimens 
strength was tested after 3d, 7d, 28d, and 56-day curing. Vietnamese Standard TCVN 10303-2014 
“Concrete - Control and assessment of compressive strength” was used to test compressive strength, while 
Vietnamese Standard TCVN 3119-1993 “Concrete-Method for determination of flex. Tensile strength” was 
used for flexural/tensile strength tests according to Interstate Standard GOST 18105-2018 “Concretes. 
Rules for control and assessment of strength”. Concrete strength testing machines (Matest model C089-
17N (3000 kN) and TYPE-2000) were used for strength tests. The loading rates applied in the compressive 
and tensile splitting strength tests were 10 kN/s and 1.6 kN/s, respectively. All experiments on mechanical 
properties and durability characteristics of concrete were performed in laboratory LAS-XD 578, which is a 
synthetic laboratory for testing building materials and construction quality in central Vietnam directly under 
Vietnam Institute for building science and technology (IBST Vietnam). Table 5 shows the number of 
specimens cast and the testing arrangement. 

3. Results and Discussion 
There are numerous benefits in incorporating SCM into HPC mix design, including an improvement 

in workability of fresh concrete, reducing/eliminating free lime content, decreasing the C/S ratio of C-S-H in 
hardened cement pastes, mitigating alkali-aggregate reactions, etc. The products resulting from the 
reactions between lime and SCM refine the pore structure and reduce the permeability of hardened pastes. 

Table 5 represents the required range of slump values within 105–270 mm. In theory, the addition of 
mineral admixtures (MA) finer than cement to fill into the voids between the cement grains and the addition 
of another even finer MA to fill into the voids between the larger particles should be able to reduce the voids 
to a greater extent than it is possible with the addition of just one MA. It is caused by the fact that the added 
fillers which are more finely-powdered than cement particles may be inert. It means that on the one hand 
they do not have chemical reactivity and in this case act as an additive that seals the structure of concrete 
hardened cement paste, on the other hand they may be active and participate in pozzolanic reactions, 
producing more C-S-H gel to form the structure of hardened concrete [43]. As usual FA particles which are 
spherical in shape and more finely-powdered than the particles of used Portland cement can fill the voids 
between its grains, while more dispersed SF particles < 0.1 μm in size can fill the voids between the particles 
of FA and cement. Such subsequent filling of voids will boost the hardened cement paste density by 
optimizing of density packaging of finely-powdered particles in its structure. In addition, finely-powdered 
mineral additives, in particular fly ash, may have a plasticizing effect, increasing the workability of the 
concrete mixture [44]. Due to the spherical shape of the fly ash particles, they have the effect of ball 
bearings. As a result, good conditions for increasing the mobility of neighboring particles in the concrete 
mixture are formed. Portland cement in the binder composition can be partially replaced by fly ash, which 
is cost-effective [45-47]. The quartz sand powder particles will fill the voids between the grains of 
aggregates. It will create the most optimal density packaging for the microstructure of the Portland cement 
- SF - FA - quartz powder filler matrix. 
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Table 4. Mix proportions of 1 m3 concrete. 

Mix 
No. 

Supplementary cementitious materials, kg/m3 Aggregates, kg/m3 

W
at

er
 

Super 
plasticizer 

(W
+S

P)
/B

 

Sl
um

p 

Material 
cost Cement 

PCCR40 Silica fume Fly ash Coarse 
aggregate 

Fine 
aggregate Quartz sand powder 

kg % kg % kg kg C/F kg % 5µm 10µm liter % liter W/B mm USD 
M1 550 - - - - 11088 1.75 621.7 - - - 156 1.8 9.9 0.3 105 75.26 

M2 550 - - - - 1088 1.75 497.4 20 62.2 62.2 156 1.8 9.9 0.3 185 77.21 

M3 412.5 5.0 27.5 20 110 1088 1.75 621.7 0 0 0 156 1.8 9.9 0.3 245 82.91 

M4 412.5 5.0 27.5 20 110 1088 1.75 497.4 20 62.2 62.2 152 1.8 9.9 0.3 220 83.96 

M5 357.5 5.0 27.5 30 165 1088 1.75 497.4 20 62.2 62.2 156 1.8 9.9 0.3 260 81.21 

M6 302.5 5.0 27.5 40 220 1088 1.75 497.4 20 62.2 62.2 156 1.8 9.9 0.3 265 78.46 

M7 398.8 7.5 41.3 20 110 1088 1.75 497.4 20 62.2 62.2 156 1.8 9.9 0.3 260 90.08 

M8 343.8 7.5 41.3 30 165 1088 1.75 497.4 20 62.2 62.2 156 1.8 9.9 0.3 260 87.33 

M9 288.8 7.5 41.3 40 220 1088 1.75 497.4 20 62.2 62.2 156 1.8 9.9 0.3 265 84.58 

M10 385 10 55 20 110 1088 1.75 497.4 20 62.2 62.2 156 1.8 9.9 0.3 245 96.20 

M11 330 10 55 30 165 1088 1.75 497.4 20 62.2 62.2 156 1.8 9.9 0.3 265 93.45 

M12 275 10 55 40 220 1088 1.75 497.4 20 62.2 62.2 156 1.8 9.9 0.3 270 90.71 

M13 371.3 12.5 68.8 20 110 1088 1.75 497.4 10 62.2 62.2 156 1.8 9.9 0.3 240 102.32 

M14 316.3 12.5 68.8 30 165 1088 1.75 497.4 10 62.2 62.2 156 1.8 9.9 0.3 230 99.57 

M15 261.3 12.5 68.8 40 220 1088 1.75 497.4 10 62.2 62.2 156 1.8 9.9 0.3 265 96.823 
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Table 5. Test results of mechanical properties for varying mineral admixtures replacement levels in high-performance concrete. 

Mix 
No. 

Compressive strength of concrete 
cured in freshwater environment, MPa 

Compressive strength and weight of concrete cured in corrosive medium, 
MPa Splitting 

tensile 
strength, MPa 

Flexural 
strength, MPa Seawater 

environment Saline-alkaline medium 

3 days 7 days 28 days 450 days 450 days Str. loss 
(%) 450 days Str. loss 

(%) 
28
1M (g)  450

2M (g)  Mass 
loss (%) 28 days 28 days 

M1 67.6 71.1 83.6 86.4 86.4 0.4 82.6 8.1 8320 8145 2.1 5.70 7.85 
M2 72.6 82.6 89.3 95.1 94.3 0.8 93.8 1.3 8310 8299 0.1 5.99 9.16 
M3 41.3 62.2 65.3 67.3 65.7 2.4 61.0 9.4 8330 8159 2.1 4.86 7.84 
M4 52.4 76.0 81.8 92.8 92.1 0.8 91.3 1.6 8100 8085 0.2 5.70 8.77 
M5 67.3 73.0 80.2 86.5 85.8 0.8 84.4 2.4 8238 8225 0.2 5.60 8.32 
M6 56.7 61.0 70.8 78.1 75.9 2.8 74.4 4.7 8120 8096 0.3 5.13 8.16 
M7 60.0 81.0 89.5 94.2 93.0 1.2 92.4 1.9 8125 8115 0.1 6.0 9.17 
M8 69.3 75.0 84.0 88.4 88.1 0.4 88.0 0.5 8105 8096 0.1 5.66 8.85 
M9 59.1 66.7 74.8 84.2 83.3 1.0 82.5 1.9 8050 8028 0.3 5.32 8.39 

M10 62.2 81.9 87.9 95.4 94.9 0.5 94.0 1.5 8150 8125 0.3 5.93 9.10 
M11 63.9 67.5 88.8 92.6 91.6 1.1 91.4 1.3 8105 8078 0.3 6.06 9.34 
M12 65.3 72.4 85.9 91.6 82.9 2.6 79.7 6.4 8090 8046 0.5 6.08 9.26 
M13 59.0 83.8 91.2 101.6 101.1 0.5 101.0 0.6 8143 8112 0.4 6.18 9.37 
M14 72.2 76.1 84.2 92.6 87.5 0.9 86.1 2.4 8075 8059 0.2 5.76 8.90 
M15 56.4 57.3 76.1 88.0 84.9 0.1 83.1 2.3 8030 7990 0.5 5.39 8.46 
 

Note: 28
1M (g) is weight of sample concrete at 28 days of age, 24 h after removing from the mold and cured in freshwater tank at temperatures varying in the ambient range of  

28–39 °C; and 450
2M (g)  is weight of sample concrete at 450 days of age after the sample was removed from the freshwater tank and soaked in saline-alkaline medium at temperatures 

varying in the ambient range of 28–39 °C. 
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Then, we compared the properties of the prepared HPC samples with various cement content 
replaced by FA and SF as in Table 5. It can be noticed that, regarding mechanical strength, the samples 
completely satisfied quality requirements, except for M1 mixes only. Mutual differences in mechanical 
strength and permeability coefficient of HPC mixtures probably originate from the physical and chemical 
properties of the applied fillers, since the other components were the same in all samples. 

Table 5 gives information on the properties of concrete mixtures containing 20 % quartz powder and 
binder content of 550 kg/m3 including triple blending cement with two supplementary cementitious materials 
of SF and FA in different proportions. Table 5 shows mechanical properties gradually increasing according 
to curing time: the lowest value was achieved in the test at 3-day age, followed by slow augmentation from 
7th to 28th day, a sharp increase starting from the 28th day in all samples, and then resulting in a gradual 
increase at later ages. The impact of quartz sand powder dosage on the mechanical properties of different 
HPC mixtures is illustrated in Fig. 1 and Fig. 3. 

The average values of compressive strength for HPC mixtures obtained from 3 test samples of the 
same curing age are provided in Table 5. A comparison of the specimens from M2 to M13 and control mix 
specimen M0 under different curing periods and conditions is presented in Fig. 1. The compressive strength 
results at the age of 28 days range between 70.8–91.2 MPa and the 450-days strength of all mixes was in 
the range of 78.1–101.6 MPa. 

At the age of 3 days, the specimen M2 had the lowest value of 52.44 MPa, while sample M5 reached 
the highest strength at 101.6 MPa after 450 days of curing, increasing it by 48.4 % since day 3. This 
indicates that the strength improved gradually with the time of curing, which is due to C-H-S gel being 
continuously supplemented through pozzolanic reactions. At the age of 28 days, the HPC mixtures M3, M4, 
M7, M9, and M5 obtained the highest values of compressive strengths among the remaining samples. The 
bar chart in Fig. 1 illustrates that the compressive strength of almost all samples beside control mix M0 
(containing no additional materials) was low at the age of 3 days. It is interesting to see that the compressive 
strength of HPC with higher replacement of cement (about 40–42.5 %), such as in specimens M7 and M12, 
was higher than that of the control mix M0. The results displayed in Fig. 1 indicate that almost all specimens 
were developing compressive strength slower than the control mix. The reason is that the pozzolan reaction 
in concrete mixtures occurs slowly, fly-ash concrete achieves significant improvement in its mechanical 
properties at later ages, the samples react to makes a denser form of C-S-H gel: 
mCa(OH)2 + nSiO2 + pH2O → mCaO ∙ nSiO2 ∙ (m+p)H2O. After 7 days of curing, the compressive strength 
for the samples M5, M4, M3, M2, M12, M7, M6, and M10, with replacement levels at 20–30 % for fly ash 
and 5–2.5 % for SF, achieved strength values superior (by 2.5–18 %) to those of control mix M0 
(71.101 MPa). On the other hand, samples M11, M7, M9, and M13 with 40 % fly ash and SF in the range 
between 5 and 12.5 % obtained compressive strength similar to the previous findings [48–49]. As seen in 
Fig. 1, there is a slight increase in the compressive strength of concrete mortars kept in water after 28 days 
of curing concretes when using 20 % fly ash incorporated with different replacement levels of SF from 5 to 
12.5 % corresponding to samples M2, M3, M4, M5. Increasing fly ash content in the mixture up to 30 % in 
combination with SF replacement rates of 5–12.5 %, which corresponds to mixtures M10, M6, M7, and 
M12, showed compressive strength higher than or similar to control mix M0. On the contrary, however, the 
addition of up to 40 % FA to the mixture containing SF with different replacement rates (5–12.5 %), 
indicated a downward trend for strength in samples M11, M8, M9, and M13. Notice that there's only one 
mix (sample M9) that obtained strength higher than the control mix without any additional materials (M0). 
This demonstrates that the action of micro fillers as well as an increase in the pozzolans reaction of SF and 
FA particles still do not offset the dilution effect in adhesive cement at the age of 28 days. 

The diagram in Fig. 3 shows the average flexural strength of different HPC mixes after 28-day curing. 
The control mix had a flexural strength of 8.8 MPa, while the group of samples M3, M4, M7, M9, and M5 
modified by the industrial by-product waste materials had flexural strength values higher than that of the 
control mixture by up to 3.4–5.2 %. Besides, the remaining specimens also had the flexural strength value 
approximately equal to the control mix. The addition of same materials improved the interface 
characteristics between the bonding layer and aggregate, leading to increased interface adhesion, and 
hence ameliorating the bending resistance of the concrete. On the other hand, Fig. 3 shows that the splitting 
tensile strength values obtained were up to 7.4 % greater than the control mix in the mixtures using a 
combination of 10 % SF plus 30–40 % FA or 20 % FA plus 7.5/12.5 % SF. Conversely, some mixtures 
showed a drop in tensile strength (about 6.1 %) at the age of 28 days compared with the control mix, as for 
example, in mixtures with silica fume at levels of 5–12.5 % combined with 40 % content of fly ash partially 
replacing cement in the mixture. 

The results of mass loss and compressive strength for concrete samples during the immersion period 
of 14 months in marine and saline-alkaline media are summarized in Table 5, as well as in Fig. 2. Based 
on the data obtained, simultaneous examination of the surface of the experimental samples as shown in 
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Fig. 4 indicated that the surface of the samples began to show signs of corrosion, e. g., fine aggregate 
emerging, discoloration, salt agglomeration; marine creatures sticking, etc.  

 
Figure 1. Compressive strength of HPC mixtures at different ages. 

 
Figure 2. Compressive strength of HPC mixtures at 450 days in different environments. 
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Figure 3. Flexural, splitting tensile strength of HPC mix at 28 days. 

The PCSR40 sample (M0) in the saline-alkaline medium after 450 days exhibited strong damage 
followed by high mass loss of about 2.1 % and compressive strength loss at 5.1 %, which was higher than 
in seawater environment (strength loss 0.4 %). Sample M1 showed similar compressive strength loss at 
9.4 % and degradation of physical-mechanical properties, so further investigation was stopped. Cement 
content of 45–52.5 % replaced by 40 % fly ash and from 5 to 12.5 % SF in samples M11, M7, M9, and M13 
showed compressive strength loss at 1.9–6.4 % and mass loss of about 0.3–0.5 %. In contrast, cement 
content of 25–32.5 % replaced by 20 % fly ash and from 5 to 12.5 % SF in samples M2, M3, M4, and M5 
showed compressive strength loss at 0.6–1.9 % and mass loss of about 0.1–0.4 %. At the same time, 
cement content of 35–42.5 % replaced by 30 % fly ash and from 5 to 12.5 % SF in samples M10, M6, M7, 
and M12 showed compressive strength loss at 0.5–2.4 % and mass loss of about 0.1–0.3 %. All these 
mixtures demonstrated that weight loss, as well as strength, are much higher than in the seawater 
environment. We could conclude that during this period, different corrosion resistance in seawater and 
saline-alkaline media is obviously the consequence of the applied FA, SF, and Qp fillers. The samples 
corroded in varying degrees depending on different percentages of active mineral admixture ratios used to 
replace the cement content in concrete.  

Based on the results of the analysis of environmental composition, the results of the evaluation of 
the corrosive process products, the authors found that concrete in saline-alkaline medium was corroded by 
acid corrosion mechanism in the most basic corrosion form. 

 
Figure 4. Effect of curing methods: (a, b) seawater curing and (c, d) saline-alkaline curing. 
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Permeability is a measure of the ease with which the substances are transported due to a pressure 
differential, while absorptivity and absorption-to-porosity are measures of the absorption characteristics of 
concrete. The permeability of concrete is a function of the w/b ratios, aggregates particles size, pore size, 
and its distribution in the mix. The permeability of hardened cement paste greatly affects the durability of 
concrete and in turn, is strongly affected by the pore structure. The pore structure is formed during the 
hydration process. The void spaces between the cement particles start to fill up with hydration products. 
The w/b ratio and the degree of hydration determine the total capillary porosity. In general, the capillary 
porosity rises or drops as the w/b ratio rises or reduces. In addition, adding a supplementary cementitious 
material finer than cement such as FA and SF (incorporated with a reasonable dosage of superplasticizer) 
to fill into the voids can significantly increase the packing density of the cementitious materials leading to 
low permeability of the concrete. Therefore, blending Portland cement with pozzolanic materials has 
become an increasingly accepted practice in the construction of structures exposed to harsh environments 
such as offshore structures, highway bridges, tunnels, sewage pipes, and structures for wastes containing 
toxic chemicals and radioactive elements. According to TCVN 3116- 2007[14], cylindrical samples are used 
to check the water permeability, correspondent to GOST 12730.5-2018[15]. As expected, water permeability 
values decreased (i.e., the concrete became more impervious) with increasing age due to the improvement 
on concrete microstructure, resulting from the increased amount of the C-S-H phase. 

Table 6. Water permeability and water absorption of concrete at the 28th day 
Mix No M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 M14 M15 
Water 

permeability, 
Kt *10-11 cm/sec 

1.60 1.18 3.16 1.21 1.33 2.6 1.13 1.21 1.98 1.1 1.03 1.09 1.01 1.08 1.63 

Concrete 
grades for 

watertightness 
W16 – W20 

Water 
absorption in 
24 hours, % 

2.50 2.39 3.23 2.52 2.57 3.01 2.38 2.53 2.86 2.43 2.19 2.33 2.03 2.54 2.82 

 

An economic analysis was carried out for all the mixes. The unit price includes the costs of all 
ingredients necessary for producing the HPC mixtures, excluding the transportation costs. For this, the 
material prices used were as follows: Cement PCSR40 – 1.66 vnd/kg ; Silica Fume Sikacrete® PP1 – 12.00 
vnd/kg, 86 % higher unit price than the cement; class F fly ash – 500.00 vnd/ton, 69 % lower unit price than 
the cement; coarse aggregate – 320.00 vnd/m3; fine aggregate – 400.00 vnd/m3; quartz powder – 600.00 
vnd/ton; potable water – 16.72 vnd/m3; and Sika®ViscoCrete®151 – 44.00 vnd/l. The exchange rate was 
1USD = 23.23 VND. The material cost of the concrete per cubic meter for each mix are presented in 
Table 4. These costs apply to locally available materials in Thua Thien Hue province, Vietnam, in 2019. It 
can be noted from the figures in Table 4 that the control mix has the lowest price, but as the SF content 
added was gradually rising, so were the prices of the concrete. Among the samples that have the 
compression strength greater than or equal to the control mixture (86.5 MPa after 450 days), sample M5 
(12.5 % SF + 20 % FA) mix had the maximum strength attained (101.6 MPa), while also having the highest 
material price (103.04 $/1m3). The average cost per strength was 0.87 $/m3/MPa for the control mixture; 
0.91 $/m3/MPa corresponds to M1 mixture; 0.96 $/m3/MPa to M10, M3, and M6 mixtures; 1.0 $/m3/MPa for 
the designed M8, M4, M7, M5 mixtures, respectively; and 1.13$/m3/MPa corresponds to M12 mixture.  

4. Conclusion 
Based on the observations and the experimental studies through the results achieved in this study, 

the following conclusions may be drawn. 

The research results are consistent with the results previously obtained by other authors. 

The authors developed a method of HPC mix proportioning for a target strength range of 
approximately 80 MPa to suit Vietnamese climatic conditions by using locally available materials. Moreover, 
part of cement content in mixes was replaced by industrial by-product waste materials such as FA and SF 
with dosages ranging within 25–55 %, but still assuring the total binder fixed constant of 550 kg/m3. The 
results confirmed that at the age of 56 days, almost all concrete mixes designed in the above research 
attained strength ranging from 85 to 105 MPa, and their physical properties continued to grow at older ages. 

It was established that high-performance concrete with respect to strength and durability can be 
produced from mixtures with a water-binder ratio at 0.35 and cementitious material content of at least 
550 kg/m3, including 20 to 40 % fly ash and 5 to 12.5 % silica fume. The results of the experiment showed 
that almost all the mixes containing SF content at 10 % reached the highest physical properties at all ages. 

http://www.xaydung.gov.vn/en/web/guest/thong-tin-tu-lieu/-/tin-chi-tiet/ek4I/86/19641/luan-ban-van-de-tham-nuoc-cua-be-tong.html
http://www.xaydung.gov.vn/en/web/guest/thong-tin-tu-lieu/-/tin-chi-tiet/ek4I/86/19641/luan-ban-van-de-tham-nuoc-cua-be-tong.html
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Therefore, 10 % is the optimum replacement content of SF in concrete mixtures when combined with  
20–40 % FA content. 
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Abstract. The approach to numerical modeling of fiber reinforced concrete slab (FRCS) under blast load 
is considered. The slab is used for coverings of buried protective structures. The stress-strain state of this 
structure is investigated in the dynamic setting. The loads in this case change in time in terms of both 
intensity and area. The calculation makes provision for the consideration of rigid and deformable structure 
of support units. The damping properties of the structure are evaluated for its resistance to progressive 
collapse. Concrete dilatation and softening are factored in the numerical simulation. The bond between the 
fiber concrete and the reinforcement was modeled by introducing interpolation elements that simulate the 
absence of deformation in the area of their contact. The interaction of FRCS with the deformed support was 
modeled using the linear contact. The transition from the elastic-plastic deformation stage to the rigid stage 
was performed by introducing gap elements. The geometric nonlinearity, as well as the physical nonlinearity 
for fiber-reinforced concrete and reinforcement, was taken into account in estimating the ultimate loading. 
The load absorbed by the structure through the thickness of the ground during detonation explosion of a 
charge on its surface was considered. To realize numerical integration of the system motion equations, an 
implicit scheme was used. It is based on a modification of the Newmark step method in which effective 
matrices of fiber concrete and reinforcement stiffness are constructed at each step considering the loading 
history of the structure for its deformed state. The possibility of effective regulation of the stress-strain state 
of FRCS was established, which allows the design of effective and safe structures of this type. 
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under blast loads. Magazine of Civil Engineering. 2023. 117(1). Article no. 11703. 
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1. Introduction 
In connection with the need to ensure the mechanical safety of load-bearing structures under special 

influences, the topic of the article is relevant. External challenges require the design of new structures and 
reconstruction of existing buried protective structures. At the same time, the impacts from soil, transferred 
to the structure, most often have the highest intensity for the cover slabs. The results of deformation 
analysis and design of bearing systems under such impacts show that a significant increase in material 
intensity of bearing systems is required to ensure mechanical safety [1–5]. In addition, the choice of 
dynamic calculation methodology is of interest. A number of works [6–8] are aimed at the investigation of 
the dynamics of building structures with high loading rates. In this case, explicit solvers are most often used, 
and the criterion for material failure is often equivalent von Mises stresses. Such works are devoted to the 
resistance to explosive loads for reinforced concrete and steel frames [9–13], plates [14–18], for panels of 
steel plates with corrugated middle layers [4, 7, 19, 20], etc. 

The study of the dynamics of structures with low impact velocities is characteristic when assessing 
the resistance to progressive collapse of structures at local mechanical damage [21–26], at combined 
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damage [27]. For such calculations with relatively long transient dynamic process time, implicit integration 
schemes can be effectively used [28–30]. 

Reducing the consumption of materials for supporting structures under dynamic loads can be 
achieved by regulating the values of the spectrum vibrations that can be excited by the dynamic action. 
Such regulation is possible by changing the configuration or supports stiffnesses, as well as by introducing 
additional devices [31, 32]. In analytical studies of this issue, there are certain difficulties with 
implementation for engineering calculations. Therefore, numerical simulation is currently the only way to 
solve this kind of problems in an approximate manner. The search for rational stiffnesses of supports in the 
dynamic formulation of calculation problems is very time consuming. The selection of optimum values by 
manual method seems to be ineffective, so to solve these problems it is preferable to use optimization 
methods. Among many of these methods, it is reasonable to use both gradient and probabilistic approaches 
[33–35]. 

Another equally important task is the modeling of dynamic loads on structures [36–40]. For low-
velocity dynamics and for relatively simple structures, a simplified energy approach can be applied, 
according to which the dynamic force can be calculated as the difference between the doubled value of the 
static force in the calculation of a damaged structure and the static force for an undamaged structure. 
However, this approach can be applied when the basic form of oscillations excited by the dynamic action 
coincides with the deformed pattern from the action of the static load. In a number of cases, in particular, 
when the load changes in time and in the area of action on the structure, it is impossible to use a static 
equivalent. 

Consideration of the transient dynamics of structures is closely related to the use of the damping 
model. Often the Rayleigh scheme is used, which allows taking into account the damping of vibrations in 
the medium (inertial damping) and the damping of vibrations as a result of internal friction in the material 
(structural damping). In this calculation accuracy depends on the values of coefficients α  and .β  There 
are also other models, such as the Kelvin-Voigt, nonlocal in time model [41]. To determine the damping 
properties of structures, a number of experimental studies have been performed, for example [42], which 
found that the coefficient β  varies within a fairly wide range of 0.01–0.2, depending on the design of nodes 
and the degree of structural damage. For the case we are considering, no values for the α  coefficient are 
given in the literature. This is due to the fact that the medium in which the vibrations occur includes two 
phases with significantly different properties. On the top of this medium is represented by the ground, and 
on the bottom – it is air. 

This paper considers an approach to modeling fiber reinforced concrete slab (FRCS) under area-
variable dynamic loads. The slab is considered to be buried in dense soil. An explosion at the ground 
surface is considered as the initial momentum. The symmetric and asymmetric effects of the blast load 
pulse are considered. The analysis of dynamic displacements of the structure and deformations of materials 
with changes in the stiffness of the support joints is performed. 

2. Methods 
2.1. Statement of the problem 

Examine an explosion on the surface of the ground, which affects the structure buried in the ground 
by depth h  (Fig. 1 a). In the general case of the detonation type of explosion, there are two phases: 
discharge and compression. The character of change in the initial pulse during the duration of these phases 
is shown in Fig. 1 b [43]. The influence of the duration of the discharge phase 1τ  on the load transmitted 
to the RFCS buried in the ground was not considered. Assume that the explosion energy is transmitted to 
the ground and then to the structure for a time of 2.τ  In this case, the blast wave front D  can be transferred 
to the slab both symmetrically and asymmetrically (Fig. 1 d). The process of oscillations of the mechanical 
system "structure-soil" under explosive impacts is a complex little-studied problem. However, in [43] the 
results of numerical simulation of blast wave propagation in the ground with transmission to the structure 
as a function of the depth 1 3h h−  for dense three-phase soil (Fig. 1 c) are presented. Given this time 
distribution of pressure, it is assumed that the structure-soil system interacts on the basis of one-sided 
contact. The contact elements have compressive stiffness 0EA >>  and tensile stiffness 0.EA ≈  
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a) b) c) 

 
d) 

Figure 1. Initial data for modeling the blast load. 

2.2. Modeling of blast loads 
The initial explosion intensity is characterized by a pulse value (Fig. 1 a), which can be determined 

on the basis of the experimentally verified Johnes-Wilkins-Lee (JWL) model: 

1 2

1 2
1 1 ,R V R V EP A e B e

R V R V V
− −   ω ω ω

= − + − +   
   

                                   (1) 

where the values ,A  ,B  1,R  2,R  ,ω  E  are constants, which are determined on the basis of the methods 
of works [44, 45], V  is the relative volume of explosive substance, determined by the method JWL. As an 
example of a reference explosion for TNT, values A  = 3.712 Mbar, B  = 0.0323 Mbar, 1R  = 4.15, 

2R  = 0.95, ω  = 0.3, E  = 0.07 Mbar are given in [46]. 

Based on the oscillation graph shown in Fig. 1 c, consider that the pulse impact i  can be represented 
in the form of an equivalent load ,eqq  acting for time :t  

2 2 ,eqi P q t= µ τ =                                                                  (2) 

where µ  is the coefficient of maximum pulse reduction due to structural burial, t  is the action time of the 

equivalent load .eqq  

Considering the duration 2τ  of the compression phase and assuming the magnitude t ≈  0.2 ,T  it is 
possible to represent the load on the structure as a sum: 

( ) ( ) ( ),
1

,st st i eq i
S

i
F t q f t q f t

=
= + ∑                                                      (3) 

where stq  is the intensity of constant loads, ( )stf t  is the unit function of change in static load introduced 

to ensure the stability of the numerical integration procedure, ,i eqq  is the maximum intensity of dynamic 

load of i  type, S  is the number of functions modeling the change in load in time by area and intensity, 

( )if t  this is the unit function of change in time of dynamic load. The type of these functions is presented 
in section 3.1. 
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2.3. Modeling of FRCS deformations 
The problem is solved in a dynamic formulation based on an implicit scheme for numerical integration 

of the equations: 

,M y C y K y F Gτ+ + = + χ
  



                                                            (4) 

where M is the mass matrix, C is the damping matrix, Kτ  is the general tangent stiffness matrix for the 

finite element system, y  is the displacement vector, ,y


  y


  are the vectors of first and second derivatives 

of displacements, ,F


 ,G


 is the vectors of nodal forces from external dynamic loads and gravity forces 
respectively, χ  is the Heaviside function equal to one at 0t >  else 0.χ =  

The matrix C  is defined as follows: 

; ,bo so po co b s pC K K K K K K K K Kτ τ σ σ σ= β = + + + + + +                             (5) 

where ,boK  ,soK  poK  are, respectively, the deformation matrices for fiber concrete, reinforcement, and 

supports (when considering non rigid supports), coK  is the stiffness matrix of the contact finite elements, 

,bK σ  ,sK σ  pK σ  are the geometric matrices for fiber concrete, reinforcement, and supports. 

Fibre concrete is modeled by hexahedral solid elements, for which the Drucker-Prager material 
model is implemented, determined by the concrete internal friction angle ϕ  and cohesion stress ;c  the 

presence of fibre in the concrete is modeled by increasing the design tensile strength .btR  A polymeric 

fiber is considered, for which the design compressive resistance bR  of fiber concrete is taken equal to that 
of the concrete matrix Consideration of dilatation is performed for the level of relative stresses  

bRσ ≥  0.3, with subsequent softening when stresses bRσ =  are reached. Rebars are modeled by 
means of spatial rod elements deforming in accordance with the Prandtl elastoplastic model. The yield 
criterion is the equivalent Mises stresses, the fracture criterion is the level of deformation exceeding the 
value 0.025. In the case of modeling of deformable support structures, shell elements deformed 
elastoplastically without hardening are used. 

2.4. Modeling the contact interaction 
There are two types of contact interaction in the problem under consideration (Fig. 2 a). The first one 

simulates a one-sided connection of the structure with the above ground. Simplified, this connection can 
be modeled by an element of GAP type working only in compression. The first node of the element is 
connected to the structure, the second node is connected to a point mass from the action of the ground. 
The ground is considered to be unbound particles as a result of the passage of the blast wave. The second 
type of contact determines the interaction of FRCS with the supporting structure (Fig. 2 b). 

 
а) b) 

Figure 2. Contact interaction types: 1 – ground, 2 – GAP element, 3 – FRCS,  
4 – damping support, 5 – contact search nodes. 

This contact is of the "surface-surface" type and, taking into account the small variations in rotation 
angles during oscillations in the supports, is accepted as glue. The friction in this contact in the plane of the 
plate is not taken into account in the case of additional attachment of the support to the plate with anchors. 
The distance to find the nodes glued in the contact interaction is assumed to be 5 mm. If the elastoplastic 
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structure of the support has significant deformations, causing its transition to the rigid phase of deformation, 
GAP-type elements can also be used for this purpose. 

3. Results and Discussion 
3.1. Input data and model description 

Consider the FRCS structure, which is part of the covering of the structure. Lateral loads transferred 
from the explosion to the structure are not considered. The geometry of the slab is shown in Fig. 3 a, b. 
The dimensions are taken from the album U 01-01-/80 "Unified prefabricated monolithic structures of buried 
premises with beam type slabs". The reinforcement scheme was adopted as a typical one. Initially, a 3D-
solid model for fiber concrete and a reinforcement cage model in the form of lines were made. This model 
was imported into the Femap 2021.2 preprocessor where the finite element model was created. 

3.1.1. Simulation of loads 
Two types of loads were considered in accordance with Fig. 1 d. Modeling of dynamic loading by 

explosive load transmitted through the ground to the structure was performed as follows. To reproduce the 
distribution of the load over the area, divide the slab into 5 sections Fig. 4 b. 

To describe the symmetrical momentum propagation scenario, and we will use the time functions 
(Fig. 4 a) for each of the loads 1 3.q q−  The load taken by the plate during normal operation is denoted by 

the variable 4.q  It increases for 0.5 sec and remains constant over the entire integration time interval. The 

residual load intensity in 0.3 q  for each of loads ( )1 ,q t  ( )2 ,q t  ( )3q t  approximates the additional load 
from the structure-disturbed soil. The distribution of the load in time, taking into account the summation for 
each moment of time, is shown in Fig. 4 b. 

Five different time functions 1 5f f−  are used to describe the asymmetric loading scenario. Their 
formation is similar to Fig. 4 a, and the summation of the loads for each time moment gives the load 
distribution shown in Fig. 4 c. 

3.1.2. Material Models and Finite Elements 
Fibre concrete with non-metallic fiber for FRCS was modeled based on the Drucker-Prager failure 

criterion described by the following equation: 

( ) ( ) ( ) ( )2 22
1 2 2 3 1 3 1 2 3

1 ,
6

A B σ −σ + σ −σ + σ −σ = + σ +σ +σ  
                      (6) 

where 1,σ  2,σ  3σ  are the principial stresses in the fiber concrete, and 1 2 3.σ > σ > σ  

  
a) d) 
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Figure 3. Geometry and model of FRCS. 
Where the constants are: 

2 2, ,
3 3

b bt bt b

b bt b bt

R R R RA B
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                                       (7) 

where btR  is the limit design tensile stress in fiber concrete, bR  is the limit design compressive stress. 
The initial parameters of fiber concrete presented in Table 1 were used. 

This criterion (6) was chosen from the considerations of modeling the plastic work of fiber concrete 
together with the reinforcement in estimating the ultimate loading of the structure. The Drucker-Prager 
model allows for dilatation under loading as well as softening of the material during the pre-fracture stage. 
At the same time, there are a number of strength models, such as Mohr-Coulomb, Willam-Warnke, 
geological CAP model and others, which allow modeling the deformations of concrete and reinforced 
concrete as a three-dimensional body. 

Table 1. Parameters of the fiber concrete deformation model 

Compressive strength

bR , MPa 

Tensile strength 

btR , MPa 
Angle of internal 
friction ϕ , deg. 

Cohesion 
С, МPа 

Angle of 
dilatation, 

deg. 

Dilatation level 

bRσ  

11.5 4.0 35 3.0 25 0.8 
 

A bilinear model with a tangent modulus equal to zero is used to simulate the deformations of the 
reinforcement and steel pipe. For the reinforcement, equivalent von Mises stresses sR  = 420 MPa are 

taken as yield stresses. For steel pipes the yield stresses is yR  = 325 MPa. 

The fiber concrete was represented by coordinated hexahedral solid elements, which were 
connected to the rod elements 1 of the rebars (Fig. 5 b). For such connections, interpolation elements 2 
were used under the hypothesis of rigid coupling of fiber concrete and reinforcement. In this case, the 
connection node 3 of the interpolated rigid element 2 with the fiber concrete has a dependence on the linear 
displacements and angles of rotation from the connection node with the reinforcement. If it is assumed that 
during deformation the contact determining the bond between the concrete and the reinforcement is pliable, 
then BEAM or GAP elements can be used as connection elements 2 for which a shear stiffness function is 
specified. 



Magazine of Civil Engineering, 117(1), 2023 

The partitioning of the solid geometric object for fiber concrete was accepted with the maximum size 
of the finite elements not more than 0.05 m. The rod elements have a partitioning step of 0.01 m. The finite 
elements of the plates on the supports have a size of 0.05 m. 

 

 

a) 

 
b) c) 

Figure 4. Distribution of dynamic load in time. 
The softening function shown in Fig. 5, a is used, which simulates the fracture of fiber concrete when 

the level of ultimate strain reaches the value 0.0035. 

  
a) b) 

Figure 5. Function of fiber concrete softening and model of its adhesion with reinforcement: 
1 – rebar; 2 – interpolation element; 3 – fibercrete element node. 
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3.1.3. Kinematic constraints 
Two cases of support fixtures were considered: 

− hinged fixed support at the right edge of FRCS and hinged moving support at the left edge (CS1); 
− the same support conditions, but in the zone of pipe contact with the wall of a reinforced concrete 

buried structure (CS2). 
When considering symmetric loading, the supports only support compressive forces. In asymmetric 

loading, pipe detachment from the FRCS can be observed. In this calculation, this detachment does not 
occur due to the anchors introduced connecting the FRCS to the pipe and spaced 350 mm apart. For 
vertical deformations of the pipe, the support assembly is assumed such that there are no restrictions on 
horizontal deformations. Otherwise, GAP elements can be used to simulate this constraint. 

3.2. Model verification. Ultimate static loading 
3.2.1. Compression model of fiber concrete prism 

To determine the values of cohesion stresses and the angle of internal friction given in Table 1, a 
numerical calculation up to failure of a standard 30×30×90 mm fiber concrete prism was performed. The 
Drucker-Prager plasticity model was used. The condition for achieving failure is the value of compressive 
stresses ,c bRσ =  and for tensile stresses – .t btRσ =  The test results of the prism are shown in Fig. 6, 

C  = 3.0 MPa, ϕ  = 35°. 

 

A
xi

al
 c

om
pr

es
si

on
 s

tr
es

se
s 

 
 Load step/increment 

a) b) 
Figure 6. Results of the verification of the computational model. 

3.2.2. Static calculation results 
The calculation was performed for the action of a load uniformly distributed over the area of the 

structure. To account for physical nonlinearity, the Newton-Raphson method was used with a force 
unconstraint equal to 0.001. At each step, 25 iterations were considered. Reaching the limit load level was 
fixed in the state just before the formation of the mechanism. That is, when the stiffness matrix of the system 
became ill-conditioned or its determinant was equal to zero. The sequential additional loading assumed 50 
steps of 2 kN/m2 at each step. At 21 steps the calculation was interrupted. As a result, a maximum load of 
40 kN/m2 was determined. The maximum deflection of the slab was 8.5 cm. The distribution of axial 
longitudinal stresses in the fiber concrete is shown in Fig. 7. 
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Figure 7. Results of static analysis for FRC, kN/m2. 

At the same time through cracks are formed in the slab part and the fiber concrete goes out of 
operation, transferring the load to the reinforcement mesh and beams. The stresses in the reinforcement 
reach the yield strength. At the level of load of 20 kN/m2 the transition of the slab to the limit state starts, 
which indicates the correctness of the chosen model with its standard operational load of 18 kN/m2, 
including its own weight of 3 kN/m2 and the weight of the overlying 1 m thick soil – 15 kN/m2 (the value is 
taken from the album of typical solutions U 01-01-/80 "Unified precast-monolithic structures of underground 
premises with beam type slabs"). 

3.3. Dynamic loads 
3.3.1. Symmetrical influences 

The stress change fields in the fiber concrete in time are shown in Fig. 8. When an explosive load is 
transmitted through the ground, the entire fiber concrete slab of the FRCS goes out of operation in 0.6 s, 
and the reinforcement works as a cable structural system. By the time of 2.0 sec the top layer of fiber 
concrete is destroyed. In this case, as can be seen in the graph (Fig. 9 a) of stresses change in the lower 
working rebars in time, the stresses in this reinforcement reach the yield strength. 

 
t = 1.0 sec 

t 
= 1.2 sec 

 
 

 
t = 1.4 sec  

 
t = 1.3 sec 

 
t = 1.6 sec 

 
t = 2.0 sec 

Figure 8. Stress state of fiber concrete under dynamic impact  
from blast load transmitted through the ground. 



Magazine of Civil Engineering, 117(1), 2023 

vo
n 

M
is

es
 s

tr
es

se
s 

in
 th

e 
lo

w
er

 re
ba

rs
 

 
 Time increment 

а) 

Ve
rt

ic
al

 d
is

pl
ac

em
en

t, 
m

 

 
 Time increment 

b) 
Figure 9. Character of changes in the components of the stress-strain state in time:  

(a) – displacements; (b) – von Mises stresses in the lower rebars. 
The oscillations of the system are damped quite rapidly, the character of this damping is not harmonic 

due to the significant damping by the fractured soil. The graph of changes in the structure's displacements 
in time for the characteristic point in the middle of the span is shown in Fig. 9 b. When the anchoring variant 
(CS1) was used in the system, the system collapsed on the fiber concrete with a load exceeding 25 kPa. 
The introduction of a deformable tubular support (CS2) did not cause the structure to collapse up to a load 
of 38 kPa, which has a significant effect in improving the safety of such a structure. At the same time, the 
tubular support deformed in time as shown in Fig. 10. 
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t=1.3 sec 

 
t=1.4 sec  

 
 

von Mises stress, Pa 

 
t=1.5 sec 

 
t=1.6 sec 

 
t=1.7 sec 

 

 
t=1.8-2.5 sec 

Figure 10. Deformation of the left tubular support during FRCS blast loading. 

3.3.2. Asymmetric loading 
Calculation of the asymmetric impact showed that with this form of impulse, the load limit value was 

26 kPa. This shows an almost equivalent effect in the location of the structure in the immediate spot of the 
explosion. The nature of the stress redistribution shown in Fig. 11 suggests that the load-carrying capacity 
margin is higher under this action than under the symmetrical action. Deformation of tubular support is 
shown in Fig. 12, the limiting value of dynamic load applied to the plate is 39 kPa. It should be noted that 
the introduction of a damping support here led to a very significant effect, because the limiting load obtained 
under static loading is 40 kPa. The collapse of the fiber concrete of the structure under this influence begins 
from the time of 1.3 sec, and by the time of 1.4 sec through formation of cracks is observed, the same as 
under symmetric loading. 

 
t=1.2 sec 

 
t=1.25 sec 

 
t=1.3 sec 

 
t=1.4 sec  

 
t=1.6 sec 

 
t=2.0 sec 

Figure 11. Stress state of fiber concrete under asymmetric loading. 
The deformation of the right tubular support here has the character shown in Fig. 12. At a time of 1.4 

sec the stress in the upper fiber at the right edge of the steel tube reaches the yield stress, then this stress 
state is redistributed to the left edge in 0.2 sec and subsequently stress relaxation occurs. 
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t=1.6 sec 

 

 
t=1.7 sec 
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Figure 12. Deformation of the right FRCS tubular support under asymmetric loading. 
It is notable that the presence of anchors, providing the connection of the pipe and FRCS, prevents 

the pipe from detachment and contributes to the dissipation of the blast energy, which is spent on the 
deformation of the pipe during its loading and unloading. The nature of the contact interaction with the pipe 
is shown in Figure 13. As can be seen in the figure the stiffness of the tube does not allow for its significant 
deflections and determines the elastic-plastic nature of the deformations without changing to the rigid body 
stage. In order to improve the damping properties of the support with the possibility of saving material, a 
compressible insert inside the pipe is allowed. Comparison of the ultimate load of the obtained calculation 
results is given in Table 2. 

  
а) б) 

Figure 13. Deformations of the tubular support considering its contact interaction with FRCS:  
a) – for symmetric loading; b) – for asymmetric loading. 

Table 2. Calculation results of the dynamic load limit value. 
Maximum dynamic load 

Symmetrical 
static load (CS2), kPa 

symmetrical 
(CS1), kPa 

symmetrical 
(CS2), kPa 

asymmetric 
(CS1), kPa 

asymmetric 
(CS2), kPa 

25 38 26 39 40 
Increasing the intensity dynamic load, % 

– 
100(38-25)/25= 

= 52 
– 

100(39-26)/26= 
= 50 

– 
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3.4. Discussion 
The model of vibration damping is very important in dynamic calculations. In this work, this model is 

presented on the basis of the combined use of the Rayleigh scheme, which takes into account only the 
structural damping at the lowest frequencies of the slab vibrations, and the contact finite elements. With 
the presence of support tubes, damping was considered in the range of 23.1–24.2 Hz, and for rigid supports 
this interval was 13.7–14.8 Hz. The damping coefficient was assumed to be 0.1, taking into account local 
structural damage, based on the recommendations of [42]. It is likely that quantitatively different results can 
be achieved using improved damping models, such as the nonlocal in time model from [41]. 

The conducted research has prospects both in terms of preparation and conducting of experiments 
on dynamic effects on buried structures and in terms of selection of rational parameters of reinforcement 
and stiffnesses of damping supports for structures of this type. The problem of designing rational 
parameters can be solved using heuristic methods, for example [31], that allow topological synthesis of 
objects. Thus, as an example, we can consider the possibility of intermittent pipe supports instead of a 
continuum support. 

4. Conclusion 
1. The approach to modeling FRCS under dynamic actions with variable in area and intensity 

loading, simulating blast, taking into account the possible burial of the structure in the ground, including: 

− modeling the propagation of dynamic loads using time functions normalized to the value of the 
peak load; 

− an approximate account of the damping of the medium, representing on the one hand the ground 
and on the other hand the air environment. 

2. High efficiency of application of elastoplastic supports for damping vibrations of protective 
constructions has been revealed. It has been established that the cupping effect in the propagation of 
progressive destruction of an individual structure can increase the resistance to mechanical damage and 
the overall level of mechanical safety of structures. 
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Abstract. Building blocks extracted from natural lateritic soil strata have wide popularity in masonry 
construction in the state of Kerala in India. However, extensive variations in strength and physical properties 
can be observed in these blocks even though they are collected from the same location. Stabilized soil 
blocks from this lateritic soil can be a sustainable solution for standardization. This research aims at 
optimizing the soil gradation and assessing the significance of clay minerals for the strength characteristics 
of stabilized earthen building blocks from lateritic soil. Lateritic soil samples from four different locations 
and depths were collected and tested for their characterization, as well as chemical and mineralogical 
investigations. The suitability of stabilizers such as cement, lime, and quarry waste was investigated and 
stabilized lateritic building blocks were manufactured in different particle combinations from each soil 
sample and tested to study the influences of gradation patterns on stabilization. The best combinations 
were further investigated for optimization studies. Combined effects of soil gradation, as well as the 
presence of chemical and mineral contents in the lateritic soil, were found to contribute toward strength 
gain. Results of the studies reveal the significance of silt content among the particles and the influence of 
kaolinite and hematite minerals in the soil samples on the strength gain of stabilized laterite blocks. 
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1. Introduction 
Tropical and sub-tropical countries are rich in lateritic soil deposits [1, 2]. The state of Kerala in India 

is covered with a laterite blanket of more than 60 % over various crystalline rocks [3, 4]. And the majority 
of this laterite deposit belongs to the category of moderate to weak laterization [5]. Building blocks extracted 
from this naturally available deposit are widely used in Kerala for masonry construction. But these laterite 
blocks are found highly varying in nature with respect to strength, durability, and physical characteristics [1, 
4]. The availability of good quality cut laterite building blocks is further narrowed by the restriction imposed 
by Government on quarrying from greater depths. Stabilized building blocks made from abundantly 
available lateritic soil deposits can be suggested as a sustainable solution to overcome these issues of 
standardization and availability. 

The lateritic soil is distinct from other soil types as it contains various chemicals and minerals. It is 
affluent in aluminium, iron, silica, and kaolinite clays and varies with mineral and chemical composition 
based on formation [6, 7]. Dense rainfall, warm temperature, and local topography influence the formation 
of a lateritic soil group. The existence of iron oxides influences the color of laterite soil and variation can be 
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observed from light red to brown shades [8]. Rock weathering in tropical areas is very rigorous as seen in 
the fast disintegration of feldspars as well as ferromagnesian raw materials. Displacement of bases 
including Na2O, K2O, and MgO, silica, and the absorption of aluminium and iron oxides can also be noticed 
[9]. This procedure which includes leakage of silica and decomposition of iron and aluminium oxides is 
called laterization [10]. H.A. Narayanaswamy et al. observed a variation in the strength characteristics of 
lateritic rock with respect to location and strata along with a variation in dry and saturated environments. 
And they suggest climatic conditions in tropical countries and response to moisture owing to the porous 
nature of the material as the influential factors [11]. Similar observations were reported by Mc Farlane Mj 
and reported that the depth of induration of laterite profiles is due to water table fluctuations [12]. Mineralogy 
of the rocks and natural chemical stabilization (due to weathering) is responsible for the strength of these 
porous blocks. The induration of laterite is due to the development of constituent sesquioxides (Fe2O3 and 
Al2O3), precipitated, concentrated, and crystallized as a result of desiccation [13]. However, the significance 
of various chemicals and minerals present in the laterite soil towards strength gain of stabilized earthen 
blocks is yet to be studied. 

As the characteristics of soil greatly vary according to particle sizes, a major challenge in the 
production of stabilized soil blocks is with respect to optimum soil grading limits influencing the strength 
and durability characteristics [14]. Hitherto, the documented research on compressed stabilized earth 
blocks indicates that all soils available in nature need improvements with respect to particle size proportions 
[15]. There are different recommendations for particle sizes that are suitable for earth construction. 
H. Danso conducted a review of different research on the suitability of particle size for adobe and reported 
desirable ranges for clay (0 % to 25 %), silt (0 % to 25 %), and sand (60 to 90 %) constituents [16]. Whereas 
the ranges suggested by L.P. Bengtsson and J.H. Whitaker are 20 % to 50 % for a combined proportion of 
clay-silt and 50 % to 80 % for sand particles [17]. But B.V. Venkatarama Reddy et al. restricted the upper 
range of clay as 14 % to16 % suitable for stabilized mud blocks [18, 19]. C.A. Oyelami and J.L. Van Rooy 
[20] reviewed earlier findings and reported wide ranges for different constituents from various research. 
According to their review, clay content of about 23 % was reported by H. Houben and H. Guillaud [21], a 
range of 6 % to 30 % by V. Rigassi [22] and 5 % to 40 % clay content 10 % to 30 % silt, and 25 % to 80 % 
sand and fine gravel by M.C.J. Delgado and I.C. Guerrero [23]. It is clear from the above discussion that 
there is still no agreement between the different recommendations rather than suggesting a wide range for 
each constituent. 

The main objective of this study is for finding out the optimum soil gradation for the production of 
stabilized building blocks from lateritic soil and also for investigating the significance of clay minerals and 
chemicals towards strength gain. Soil samples collected from different locations and depths are 
investigated for verifying the results. 

2. Methods 
Lateritic soils from four different locations of Cochin (Kerala, India), within a radius of 20 Km were 

collected and subjected to characterization studies. Stabilized lateritic blocks were made out of these 
samples with different mix proportions for finding out the suitability of stabilizers and gradation patterns. 
Optimization studies were conducted to identify the optimum gradation with respect to strength 
characteristics. Chemical and mineralogical characteristics of soil samples were also evaluated to 
investigate the influences. Details of experimental programs are illustrated in the following sections. 

2.1. Materials 
Lateritic soil (source material), river sand and quarry waste (as stabilizers with respect to the 

gradation of the source material), cement, and lime (stabilizers) were used. The properties of the materials 
are detailed below. 

2.1.1. Lateritic Soil 

The soil samples used for this research are designated as S1, S2, S3, and S4 based on their 
locations. S1 sample was taken from Aluva (at an average depth of 3.50 m), S2 sample from Kakkanad 
(average depth of 1.50 m), S3, and S4 samples from different locations of Thrikkakkara from an average 
depth of 2.50 m and 4.50 m respectively. The samples were sieved through a 4.75 mm IS sieve and general 
properties were investigated (Table 1). The physical appearance of the soil samples is illustrated in Fig. 1. 
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Figure 1. Pictures of the soil samples. 

Table 1. Properties of lateritic soil samples. 
Properties S1 S2 S3 S4 

Colour Blush red Often red Often red Blush 
Specific gravity 2.55 2.42 2.38 2.58 
Liquid limit (%) 58 60 52 55 
Plastic limit (%) 35 30 36 34 

Shrinkage limit (%) 19.79 29 29 32 
Plasticity Index (%) 23 30 17 21 

pH value 4.73 4.49 4.55 4.22 
Clay (%) 28 23 28 21 
Silt (%) 18 15 16 20 

Fine sand (%) 11 14 15 8 
Medium sand (%) 23 32 24 34 
Corse sand (%) 20 16 17 17 

Dry density (gm/cc) 1.64 1.64 1.64 1.67 
Optimum moisture 

content 21 21 22 20 

2.1.2. Sand & quarry waste 
Sand and quarry waste passing through a 2 mm IS sieve and retaining on 425 microns IS sieve were 

used for modifying the gradation of soil samples as stabilizers. Properties of sand and quarry dust are 
tabulated in Table 2. 

Table 2. Properties of sand and quarry waste. 
Properties River Sand Quarry Dust 

Specific gravity 2.61 2.8 
Bulk density (g/cc) 1.47 1.18 

% bulking 44 66 
Porosity 0.37 0.42 

Voids ratio 0.25 0.56 
% Gravel 2.4 0 
% Sand 98.8 86 
% Silt 1.2 14 

Fineness Modulus 3.23 2.38 
Grading zone Zone 1 Zone 2 

2.1.3. Cement and lime 
Commercially available 53 grade ordinary Portland cement and locally available shell lime were used 

as stabilizers. 

2.2. Experimental Program 
The experimental program was conducted through two stages. Initially, to investigate the suitability 

of the stabilizers and further for assessing the influence of soil gradation on strength gain. The significance 
of various chemicals and minerals present in the laterite soil towards strength gain was also assessed. 
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3. Results and Discussion 
3.1. Study on the suitability of stabilizers 

The suitability of different stabilizers like sand, quarry waste, cement, and lime was investigated in 
this phase. Preliminary studies were conducted in S1 and S2 soil samples with cement and sand as 
stabilizers. Further, the studies were extended to S2, S3, and S4 samples with quarry dust and lime. 
Cement content was fixed as 8 % based on earlier studies [24–26]. Lime fixation studies were conducted 
based on previous researches and fixed the lime content [27, 28]. Mix designations and corresponding 
proportions of constituents with respect to different soil samples are shown in Table 3. Specified proportions 
of soil and stabilizers for each mix designation were taken and mixed thoroughly in a dry state to get a 
homogeneous mix. Optimum water content was determined and introduced to this mix, mixed well until a 
uniform consistency was obtained. The measured quantity of mix was then transferred to the mold of the 
manually operated block-making machine (ASTRAM) and compressed. The details of the block-making 
process are depicted in Fig. 2. The building blocks (190 mm × 110 mm × 100 mm) thus prepared were 
initially kept under a shade for 24 hours in a leveled platform and further subjected to 28 days of wet curing 
by covering with wet gunny bags. These building blocks after curing were subjected to different tests for 
density as per IS: 1725 -2013 [29], wet compressive strength as per IS: 3495 -Part I [30], and water 
absorption as IS: 3495 -Part II [31]. Results are presented in Table 4. 

 
Figure 2. Manufacturing process of Stabilized Lateritic soil block specimens. 

Table 3. Mix designations and proportion. 

Sl No 
Designation Mix Proportion By Weight (%) 

S1 S2 S3 S4 Soil Sand Quarry Dust Cement Lime 
1 S10C8    90 10 – 8 – 
2 S20C8    80 20 – 8 – 
3 S25C8    75 25 – 8 – 
4  A   100 – – 8  
5  B 3X 4X 80 – 20 8  
6  RB   80 20  8  
7  C 3V 4V 75  25 8  
8  D 3Y 4Y 80  20 8 4 
9  RD   80 20  8 4 

10  E 3Z 4Z 75  25 8 4 
11  RE   75 25  8 4 
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Preliminary studies conducted on the S1 sample gave satisfactory results for the stabilized lateritic 
block (S25C8, 3.60 N/mm2) using cement and sand as stabilizers. Whereas, in the S2 soil sample, quarry 
dust is additionally required for better results (B, 2.14 N/mm2). Improvement was further noticed on S2 
blocks on lime stabilization (D, 3.16 N/mm2). Results of S1 and S2 samples indicate the influence of 
gradation on the suitability of stabilizers. Studies were extended to S3 and S4 soil samples to verify this. 

Fig. 3 shows the variation in compressive strength of stabilized lateritic blocks made from the 
selected soil samples with their mix combinations giving maximum strength. On comparing the suitability 
of cement to cement- lime combination for stabilization, blocks made from S2, S3, and S4 showed better 
results for the latter in line with the low pH value of the soil samples. The strength characteristics of blocks 
from all the soil combinations except S4 samples showed significant variations in introducing quarry 
dust/sand as stabilizers but did not show a unique behavior regarding the quantity of stabilizer (sand/ quarry 
dust). This further justifies the significance of soil gradation in block making. Studies were extended to 
evaluate this influence and for identifying the optimization of gradation. 

 
Figure 3. Selected mixes and Compressive strength of soil samples. 

Table 4. Strength and durability properties of the stabilized lateritic blocks. 

Sl 
No 

Type of 
Soil Designation  

Test Results  
Fresh 

Density 
(g/cc) 

Dry 
Density 
(g/cc) 

Wet Compressive 
Strength (MPa) 

Water Absorption 
(%) 

1 S1 S10C8 2.05 1.73 2.99 14.16 
2 S1 S20C8 2.08 1.76 3.39 14.14 
3 S1 S25C8 2.06 1.75 3.60 14.12 
4 S2 A 1.94 1.67 1.72 14.72 
5 S2 B 1.99 1.70 2.14 14.58 
6 S2 RB 1.98 1.69 1.83 14.16 
7 S2 C 1.98 1.69 1.94 14.63 
8 S2 D 1.98 1.69 3.16 14.16 
9 S2 RD 1.98 1.69 2.72 14.18 

10 S2 E 1.98 1.69 2.98 14.16 
11 S2 RE 1.98 1.69 2.57 14.15 
12 S3 3X 2.01 1.70 2.16 14.18 
13 S3 3Y 2.01 1.70 2.67 14.13 
14 S3 3V 2.02 1.71 2.55 14.20 
15 S3 3Z 2.03 1.72 3.35 14.14 
16 S4 4X 2.00 1.70 4.10 14.12 
17 S4 4Y 2.00 1.70 4.24 14.12 
18 S4 4V 2.01 1.70 4.17 14.13 
19 S4 4Z 2.00 1.70 4.22 14.12 
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3.2. Influence of soil gradation on strength gain 
In this phase, quarry dust, cement (8 %), and lime (4 %) were selected as stabilizers based on the 

preliminary studies discussed above. Best mix combinations identified from each soil sample were selected 
and blocks were made and tested to confirm the results. In addition to this, one more combination was also 
tested in all samples by modifying the mix to restrict the clay content to the desired value of 15 % as reported 
by researchers [18, 19]. Since there were no considerable variations in the results of S4 samples, an 
additional mix was tested without adding quarry dust. The details of mix designations and gradation of soil 
samples before and after modification are tabulated in Table 5, and the results are presented in Table 6. 

Table 5. Mix designation and gradation of soil samples for optimization study. 

 

Results of all the soil samples were reconfirming the results of the preliminary studies. Also, S1, S3, 
and S4 samples were found to comply with the basic strength requirements as per IS 1725-2013. Whereas 
S2 showed slightly low values compared to the standards. Water absorption of the blocks was found lower 
and complies with Indian standards. The suitability of quarry dust over river sand was verified in the S1 
sample. Whereas, the S4 sample confirmed the appropriateness of virgin soil over stabilized soil with 
respect to gradation. At the same time, modified mixes stabilized by restricting the clay content proved 
inferior among the selected combination. 

Table 6. Average measured strength and durability properties of soil samples. 
Sl 

No: 
Soil 
Type Designation Wet compressive 

strength ( MPa) 
Wet 

density Dry density Water absorption 
(%) 

1 S1 S1A 3.98 2.02 1.72 14.12 
2 S1 S1B 3.68 2.02 1.72 14.12 
3 S2 S2A 3.13 2.02 1.72 14.14 
4 S2 S2B 2.91 2.02 1.72 14.14 
5 S3 S3A 3.50 2.02 1.72 14.15 
6 S3 S3B 3.30 2.02 1.72 14.14 
7 S4 S4A 4.47 2.01 1.72 14.14 
8 S4 S4B 4.30 2.01 1.72 14.14 
9 S4 S4V 4.68 1.99 1.70 14.18 

 

Table 7. Gradation of maximum strength gained lateritic soil sample after optimization. 
Serial 

No 
Soil 

Sample Designation Before modification After modification 

   Sand Silt Sand + 
Silt Clay Sand Silt Sand + Silt Clay 

1 S1 S1A 54 18 72 28 62 17 79 21 
2 S2 S2A 61 16 77 23 66 16 82 18 
3 S3 S3A 56 16 72 28 64 15 79 21 
4 S4 S4V 59 20 79 21 59 20 79 21 
 

Sl No: Soil 
Type 

Soil gradation before 
modification Designation Mix Proportion By 

Weight (%) 
Soil gradation after 

modification 

  Sand Silt clay  Soil Quarry 
dust Sand Silt clay 

1 S1 54 18 28 S1A 75 25 62 17 21 
2 S1 54 18 28 S2B 54 46 69 16 15 
3 S2 61 16 23 S2A 80 20 66 16 18 
4 S2 61 16 23 S2B 66 34 70 15 15 
5 S3 56 16 28 S3A 75 25 64 15 21 
6 S3 56 16 28 S3B 54 46 70 15 15 
7 S4 59 20 21 S4A 80 20 64 19 17 
8 S4 59 20 21 S4B 72 28 67 18 15 
9 S4 59 20 21 S4V 100 0 59 20 21 
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Table 7 shows the gradation of selected mix combinations before and after modifications based on 
the above results. On examining the gradation of the optimized soil samples before and after modification, 
a uniqueness in the pattern in line with the strength gain can be noticed. Optimized mixes of S1, S3, and 
S4 showed a clay content of 21 % and a combined sand-silt content of 79 % in their modified gradation. 
The presence of high silt content observed in the S4 sample (20 %) justifies the significance of silt in 
strength characteristics. Variations in the results of S3 confirm this observation. 

3.2.1. Statistical Analysis 
Results obtained from the studies were statistically analyzed by linear correlation to establish the 

relationships between various variables and to determine their rate of dependence on each other. Fig. 4 
illustrates the correlation of particles with strength. 

 
         (a) Sand                            (b) Silt                       (c) Clay 

Figure 4. Scatter plot showing the relationship between variables and Compressive Strength. 
Fig. 4 (a) showed only a negligible influence of sand content in the compressive strength of the blocks 

by representing it almost as a horizontal line with minimal slope. Whereas 4(b) showed a positive influence 
and 4(c) negative influence in terms of the presence of silt and clay respectively. Table 8 shows the 
correlation between different constituents and compressive strength. A high significance of silt was evident 
from the analysis with a p-value less than 0.05. However, the correlations of sand and clay particles were 
found insignificant with higher p- values. 

This statistical analysis establishes a positive correlation and significance of silt content and a slight 
negative correlation with respect to clay content. On analyzing the results of experimental studies, it can be 
seen that maximum strength was reported for the sample with the highest silt content in concurrence with 
the results of statistical analysis. At the same time, soil samples with the lowest silt content did not give a 
result as projected by the statistical analysis. Sand being a mandatory component of soil like clay and silt, 
its elimination cannot be possible from the soil sample. This justifies the influence of sand + silt content as 
verified by experimental research (79 %). The silt content of the S4 sample (20 %) can be recommended 
as the optimized value for comparing the silt contents of other samples with respect to the strength of the 
blocks. Low values of the clay contents of the modified gradation compared to the original gradation justified 
the results of the statistical analysis. However, the S2 sample with the lowest clay content among the 
samples was behaving inferior. This indicated the significance of an optimum clay content (21 %) as verified 
by the experimental research. 

Table 8. Correlation analysis – influence of soil particles on compressive strength. 
Variable Mean Standard deviation r - value p - value 

Sand 64.96 3.546 -0.140 0.581 
Silt 15.98 1.995 0.722 0.001 

Clay 19.06 3.118 -0.303 0.221 
Compressive Strength 3.386 0.772   

3.3. Influence of chemical and mineralogical fraction of clay on strength gain 
Even though the modified soil samples (S1, S3, and S4) showed similarity in gradation patterns, 

variations can be observed in the compressive strengths of corresponding building blockings. S4, the soil 
sample taken from the deepest source showed maximum strength compared to other soil samples. 
Strengths of S1, S2, and S3 were also found to vary in the same order corresponding to the source depths. 
Variations in clay mineralogy of collected soil samples from different depths can be considered as the 
reason. The strength of S2 also supports these observations and points towards the influence of clay 
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minerals along with gradation. As the presence of clay minerals varies in soil samples based on the depth 
of their source, the influence of clay minerals needs to be investigated. 

Soil samples passing through a 75-micron sieve were subjected to energy dispersive X-ray 
spectrometry (EDAX) for identifying chemical composition and X-ray diffraction (XRD) for mineralogical 
analysis. Quantitative analyses were also carried out in both studies. The results of the EDAX analysis are 
presented in Table 9. Whereas Table 10 and Fig. 5–8 show the results of XRD analysis. 

Table 9. Chemical composition and oxides of lateritic soil samples. 
Soil Type  Al2O3 SiO2 Al2O3 + SiO2 K2O TiO2 Fe2O3 MgO 

S1 41.34 46.41 87.75  0.86 1.42 9.38 0.61 
S2 35.22 41.57 76.79   0.51 2.17 20.35 0.18 
S3 37.82 46.79 84.61   0.49 2.36 11.79 0.75 
S4 40.92 48.34 89.26   0.70 1.89 8.15  

 

Chemical analysis of soil samples showed a similar variation in the total content of Al2O3 and SiO2 
as that of strength characteristics of the stabilized lateritic blocks made from the respective soil samples. 
At the same time, Fe2O3 values were found to vary in the reverse order justifying its negative influence. 

 
Figure 5. X-ray diffraction pattern of soil sample S1. 

 
Figure 6. X-ray diffraction pattern of soil sample S2. 
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Figure 7. X-ray diffraction pattern of soil sample S3. 

 
Figure 8. X-ray diffraction pattern of soil sample S4. 

Table 10. Mineral composition of lateritic soil samples. 
 

 
 
 
 
 

 
 

Table 10 and XRD patterns of the soil samples (Fig. 5–8) shows the presence of kaolinite  
(Al2 Si2O5(OH)4), gibbsite (Al(OH)3), sodium aluminium silicon oxide (NaAlSi3O8), quartz (SiO2) and 
hematite (Fe2O3) as the main minerals. Strength variation among the stabilized lateritic blocks was found 
to vary in the same order as that of kaolinite (Al2Si2O5(OH)4) content in the respective soil samples similar 
to the observations on chemical composition. It is generally agreed that in a wetted soil-cement mixture, 
cement hydrates and cementitious products such as calcium-silicate hydrate(CSH) and calcium aluminate 
hydrate (CAH) are formed apart from the release of a small percentage of calcium hydroxide (lime) [19]. 
Alumina dissolves in the high pH environment created by the presence of lime. The major part of this 
dissolved alumina reacts and forms CAH and CASH phases [32]. The presence of the hydroxides of silica 
and alumina was evident in the identified minerals of soil samples in different compositions. This also 
contributes to strength characteristics. 

Soil 
Type 

Kaolinite 
(Al2Si2O5(OH)4) 

Quartz 
(SiO2) 

Hematite 
(Fe2O3 ) 

Sodium aluminium 
silicon oxide 
(NaAlSi3O8 ) 

Gibbsite 
(Al(OH)3) 

S1 82.85 4.43   12.72 
S2 69.917 1.919 5.920 16.571 5.672 
S3 72.22 3.74 2.06 11.84 10.14 
S4 83.967 2.429 1.524 10.090 1.991 
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The presence of hematite (Fe2O3), as identified by XRD analysis was found to influence the strength 
in the reverse order. Soil samples collected from deep sources were having comparatively low iron content 
and showed more strength than that from lower depths with higher iron content. The colour of the soil 
samples were varying from bright red to pale red corresponding to the iron content. 

Even though the presence of quartz is visible in all soil samples, the identified clay minerals 
contributed to the formation of cementitious phases, actively reacting with stabilizers (cement and lime) and 
thus resulting in strength gain. 

4. Conclusion 
Source materials for lateritic soil blocks comprise different particle fractions such as sand, silt, and 

clay. Each of these components has its role in strength development. This study established a positive 
correlation and significance of silt content with an optimum value of 20 %. However, a combined influence 
of sand and silt was found more significant than individual influences. The optimum clay content of 21 % 
was also verified through experimental research. Thus the recommended gradation for locally available 
lateritic soil can be suggested as sand – 59 %, silt – 20 %, and clay – 21 %. These results are thus helpful 
in standardizing the production of stabilized lateritic soil masonry blocks. 

This investigation also verified the influence of source depths on the strength characteristic of 
stabilized lateritic blocks. Based on the depth of extraction, chemical and mineralogical compositions of the 
soil samples vary. Soil samples from deeper sources showed higher strength compared to those from lower 
depths due to a higher concentration of oxides of alumina, silica, and kaolinite minerals. Experimental 
studies also verified the combined effects of Al2O3 and SiO2 in the development of cementitious properties 
and strength gain. The presence of kaolinite minerals had a positive influence and hematite was found to 
have a negative influence on the strength gain. 

These investigations could thus establish a clear guideline for gradation and combined effects of 
chemical-mineralogical compositions of the source material in the strength gain of masonry blocks made 
from lateritic soil. 
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Abstract. This paper presents new research results aimed at ensuring reliability and durability of equipment 
due to its diagnostics including monitoring and recording parameters changes of bearing units technical 
conditions determined before the moment of equipment shutdown, dismantling and fault detection of units 
as well as development of new methods for their restoration. As a method of operability recovery of unique 
bearing units a progressive approach is offered based on use of composite material 'Multimetal Stahl 1018'. 
A new field of application of composite material 'Multimetal Stahl 1018' to create temporary bearing sliding 
support instead of failed unique design construction with rolling bearings is described. Successful operation 
of majority of industrial equipment units restored using composite materials evidences broad prospects for 
solving various repair tasks mechanics of repair industries face including protection of foundations from 
destruction during vibration loads. 
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1. Introduction 
Reliability and durability of equipment are determining factors for sustainability of any production 

based on use of continuous production cycles. Ensuring compliance of mechanical equipment with 
requirements of reliability and durability largely depends on maintaining operating condition of bearing 
assemblies [1]. Certain system of equipment maintenance has been developed at industrial enterprises 
that regulates procedure for carrying out work related to operation of bearing assemblies. Part of work is 
carried out by divisions of enterprises, extraordinary operations are usually carried out by specialized 
contractors. Diagnostics of mechanical equipment to ensure its trouble-free operation and, in particular, 
state of its bearing assemblies in combination with modern methods of restoring their performance has 
become increasingly widespread. 

Large number of scientific works devoted to identification of damages of mechanical equipment 
bearing assemblies has been carried out [1–4]. Types of bearing assemblies damages are usually divided 
according to location of defects. Following main defects are distinguished: damages of rings, damages of 
cages, damages of rolling elements, etc. However, the same type of damage localized in different places 
can be caused by different reasons. Consequently, use of such classification for identifying causes of 
damage of machine elements, in particular rolling bearings, cannot guarantee acceptable accuracy. It is 
proposed to identify force effect on detail to determine cause of failure. Nature of wear of equipment detail 
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will depend on type of force and its direction. Appearance of failed detail surface is closely related to nature 
of its wear arising in damaged unit. It is possible to classify type of force action according to following types: 
circulating load (shaft imbalance); local load (gravity); axial load (axial forces arising in bevel gearing); load 
from misalignment of assembly details (misalignment of bearing and shaft) [5–8]. 

This classification allows localization of damage. Types of damage are proposed to be subdivided 
into: 

1.  mechanical ones are fatigue failure, abrasive wear, plastic deformation;  

2.  molecular mechanical ones are adhesive, selective transfer; 

3.  corrosion-mechanical ones are, in particular, oxidative wear. 

Prevention of these and other types of destruction is the main task of diagnostics. To monitor 
technical condition of supporting elements of mechanical equipment, in general case, following diagnostic 
parameters are used [9]: 

− visual inspection, including measurement of linear dimensions; 
− control of machine noises; 
− unit temperature control; 
− lubricant analysis; 
− analysis of drive current characteristics; 
− measurement of vibration parameters. 

Visual inspection usually allows identifying already developed damages, e.g. extrusion of end caps 
arising at the last stage of destruction of bearing assemblies. This method does not represent significant 
value from point of view of early diagnosis. 

Mechanism noise control is based on subjective organoleptic sensations of specialists and allows 
getting high-quality picture of bearings conditions at 'good-bad' level. Under conditions of working 
equipment it is impossible to ensure effective listening to noise with help of stethoscope because according 
to labor protection rules it cannot be, e.g. on moving crane. In addition, experience of operating steel casting 
cranes has shown that the most likely damage is on internal (relative to the crane beams) bearings which 
are practically inaccessible for listening. One solution is to use ultrasonic stethoscopes manufactured by 
SKF. 

Controlling temperature of bearing units can be effective if there is insufficient amount or 
inconsistency of grade of lubricant used at intensive stage of destruction of bearing unit elements during 
prolonged (more than 1 hour) operation of mechanism. Such solution is possible on practice but it is very 
difficult to provide: 

− placing temperature sensors directly inside bearing assembly and ensuring reliable signal 
transmission to measuring device in existing production conditions; 

− installation of sensors on equipment which has not place for installation of diagnostic devices. 
It is preferable to use non-contact temperature measurement methods using pyrometer or thermal 

imager for temperature control. However, problem of control of hard-to-reach units (e.g. internal (relative to 
crane beams) bearings of running wheels of casting crane) is also not solved. 

Lubrication analysis involves performing control operations of lubricant flow into friction zone and 
determining quality of lubricant. Problem of sampling lubricant from bearing housings during their operation 
is practically insoluble which makes this method inapplicable in real operation conditions. 

Analysis of drive current characteristics on practice of support units diagnostics of equipment has not 
found wide application because it requires use of systems for recording electrical parameters of drive in 
production conditions which is difficult to implement on equipment. In addition, it needs involvement of 
qualified personnel to analyze obtained records in conjunction with technological processes and emerging 
loads in mechanical system. 

Above analysis based on well-known publications showed that the most acceptable data sets in real 
operating conditions (allowing to assess condition of units with rolling bearings) are vibration parameters 
taking into account such factor as their negative impact on durability of foundations. Measurement of 
vibration parameters as effective method for detecting malfunctions of mechanical systems is widely used 
in practice of operating mechanical equipment [1–4, 6–10]. Well-developed algorithms and diagnostics 
standards including bearing assemblies are based on measurement of vibration parameters. However, 
experience of operating mechanical equipment has shown that this method also has limitations in terms of 
assessing state of bearing assemblies in specific operating conditions of construction industry. There are 
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cases when with favorable vibration parameters bearing units of critical equipment suddenly failed during 
absence of their obvious overload by external forces which could very likely be a consequence of 
deformation of foundation supports and, as a result, it resulted in uncontrolled misalignment of mechanism. 
As a rule such incidents remain in materials of factory investigations of accidents causes of operating 
equipment and are not subjected to thorough analysis and, accordingly, remain unknown to operational 
and design personnel involved in ensuring use and design of mechanical equipment. Familiarization with 
the results of investigations of such accidents will, from point of view of authors of this paper, improve work 
on ensuring reliable and durable use of mechanical equipment. 

As it was mentioned above, condition for ensuring stable operation of construction industry is use of 
diagnostics of mechanical equipment and state of its bearing assemblies in combination with modern 
methods of restoring their performance. There is a problem associated with uniqueness and high cost of 
mechanical equipment bearing assemblies which makes it economically inexpedient to manufacture 
replaceable set of spare parts in advance or use reserve piece of equipment [1] during restoration of 
defective surfaces of mechanical equipment bearing assemblies. There is a danger of prolonged downtime 
of equipment which determines possibility of fulfilling production program of any enterprise in the event of 
premature or unpredictable failure of such units. This is due to need to wait for unique unit newly 
manufactured at machine-building enterprise (e.g. pins of support ring of oxygen converter) or with 
sufficiently long recovery cycle of expensive unit (e.g. custom-made gearbox housing). In the latter case, 
classical recovery technology is used including dismantling of defective assembly followed by transportation 
to mechanical workshop to remove defective fragments by machining, restoration of metal surface by 
cladding, heat treatment and finishing machining to achieve nominal size. At the same time, experience of 
solving problems of restoring various units using composite materials [1] or using composite elastomers 
[11, 12] is known. Use of composite materials to restore performance of unique and expensive bearing 
assemblies of mechanical equipment allows, in some cases, to solve problem arising from sudden failure 
of unique assembly with long production time and significantly reduce recovery time for single-piece 
products. 

New results obtained during the performance of works to ensure the equipment reliability and 
durability can be shown. The complex of works comprise stages from diagnostics, that includes monitoring 
and recording of the parameters changes of bearing assemblies technical conditions, to determination of 
the equipment shutdown moment, disassembly and detection of assemblies, selection and assignment of 
a recovery method. Problem of assessing applicability of monitoring vibration parameters for determining 
performance of bearing assemblies is considered on example of wheel assemblies of steel casting crane. 
Problem of restoring unique and expensive bearing assemblies of mechanical equipment was solved in two 
versions, namely, temporary solution to restore operability of bearing support of support ring trunnion of the 
steelmaking converter and complete restoration of operability of worn surfaces being in contact with bearing 
of reducer of screw-down mechanism of hot thick strip rolling mill rolling stand. Progressive approach based 
on use of composite material 'Multimetal Stahl 1018' was used as method of restoring operability of bearing 
assemblies. 

2. Methods 
Steel casting crane is moved by four movement mechanisms where two ones are on each side of 

bridge. Each drive of the travel mechanism consists of an electric motor, a brake and a gearbox connected 
to driven wheel. The driven wheels of the crane are located in non-driven and driven balancing trolleys to 
main balancers. The main balancers are pivotally connected to the bridge. Wheels are installed in roll-out 
axle boxes connected to trolley frames. During operation of the crane there were sudden failures of the 
running wheel bearings with jamming of the mechanism and violation of technological sequence of steel 
smelting. During elimination of consequences by shop personnel reasons for sudden failures were not 
identified and therefore task was set to assess performance of units using vibration diagnostics methods. 

To determine vibration parameters in the bearing assemblies of the driven wheels of the movement 
mechanism of the steel casting crane following instruments were used: 795 M vibration spectrum analyzer, 
vibrometer 107 В. Sensor is mounted using a magnet. The sensor installation place is on the driven wheel 
bearing assembly. The sensor orientation is in vertical direction. 

Measurements were carried out in several frequency ranges: 2…400 Hz, 2…1000 Hz, 10…1000 Hz, 
10…2000 Hz, 10…4000 Hz. Lower limit of ranges was determined being based on basic informative 
frequencies of bearing 3632 that has following data: rotation frequency (at nominal speed of the crane 
movement) frot = 3 Hz; number of rolling bodies z = 15; diameter of rolling elements d = 45 mm; contact 
angle α = 140; diameter of circle passing through centers of rolling elements D = 250 mm. Calculation based 
on known dependencies [10] showed that frequency associated with damage to: 

− outer ring is 18.5 Hz; 
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− inner ring is 26.4 Hz; 
− rolling elements is 16.1 Hz; 
− separator is 1.2 Hz. 

Repair of bearing assemblies was carried out according to: 

− temporary option for destroyed roller spherical double-row bearing on trunnion of support ring 
of the 300 tons converter from drive side; 

− full restoration option of operability for worn surfaces being in contact with bearings of screw-
down mechanism reducer of hot thick strip rolling mill rolling stand. 

Standard measuring tools such as calipers, micrometers, internal micrometers, locksmith rulers and 
sets of probes were used to assess size of defects in bearing assemblies as well as dimensions of 
technological equipment used for repairs and reconditioned surfaces. 

3. Results and Discussion 
In described case of studying vibration parameters of bearing assemblies of running wheels of steel 

casting crane choice of control points for measuring vibration was decided unambiguously due to design of 
bearing assembly. All wheel bearings are installed with transition fit and without bushes. Loading zone of 
external force and support reaction are located in the upper part of rings. Therefore, sensor for measuring 
vibration parameters must be located on top, in radial direction, vertically, in the middle of bearing. 

Preliminary measurements of vibration parameters were carried out on operating equipment when 
the crane was moving without load to select frequency range and vibration parameters. 

Spectral analysis of vibration parameters data obtained during experiment indicates quasi-
polyharmonic composition of vibration signal with broadband components of shock processes. Spectrum 
contains components with frequencies: 6 Hz, 40 Hz, 50 Hz, 75 Hz, 86 Hz, 97…100 Hz, 120…123 Hz, 
177…200 Hz, 256 Hz, 300…315 Hz, 400…444 Hz, 525 Hz, 1395 Hz, 1985 Hz, 2339 Hz, 2870 Hz, 
3262 Hz, 4024 Hz. Signal is modulated by frequencies: 5…6 Hz, 24…27 Hz, 82 Hz. 

Numerical results of eleven measurements of vibration parameters of the running wheel outer 
bearing using equipment described above are given in Tab. 1. The Tab. shows frequency ranges of 
measurements, root mean square values (RMS) of corresponding parameters and peak values of vibration 
acceleration recorded during the experiment. 

Disassembly of failed bearing assembly of the running wheel during repair showed presence of 
traces of thickening and oxidation of lubricant (so-called 'lubricant coking'). General view of this unit is 
shown on Fig. 1. Traces of the bearing rotation in its housing were revealed on the outer surface of the 
outer ring of the bearing. 

Below there is example of repairing a bearing assembly that has failed as a result of coking lubricant. 
As mentioned above, the repair of the bearing assembly according to the temporary option was carried out 
for surfaces being in contact with destroyed spherical double-row roller bearing on the trunnion (850 mm in 
diameter) of the bearing ring of the 300 tons converter from the drive side (refer to Fig. 2). 

Table 1. Vibration parameters measurement results. 

# Frequency  
range, Hz 

Vibration 
displacement, 

RMS, μm 

Vibration speed, 
RMS, mm/s 

Vibration acceleration, 
RMS, m/s2 

Vibration 
acceleration, 
peak, m/s2 

1 2…400 5.7 0.10 0.004 – 
2 2…400 5.7 0.10 0.004 – 
3 2…400 78.0 1.30 0.070 0.3 
4 2…1000 263.0 43.40 0.800 – 
5 2…1000 477.0 75.70 1.200 – 
6 10…1000 603.0 44.70 1.800 2.1 
7 10…1000 12.0 0.90 0.100 – 
8 10…2000 14.0 1.30 0.200 – 
9 10…4000 6.0 0.46 0.390 4.1 

10 10…4000 10.0 1.00 0.400 – 
11 10…4000 35.0 2.40 0.300 – 
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Figure 1. Coking traces of lubricant on the 
running wheel bearing details. 

Figure 2. Surface of the trunnion of  
the converter support ring after the 

destruction of the bearing. 
The unit is slow-moving (about 1 rpm) so its failure was not diagnosed in a timely manner. Due to it 

degree of damage done to the trunnion seating surface was very high. As it is seen on Fig. 2, the trunnion 
surface after contact with destroyed bearing elements and rollers is covered with dents and has noticeable 
wear of outer diameter surface. Such damage done to the bearing seat on the trunnion makes it impossible 
to further use the trunnion without dismantling and subsequent laborious restoration. 

Considering that the trunnion is made as one piece with the converter support ring solution seems 
to be obvious. It is to order a new ring and a new bearing keeping in mind its unique characteristics both in 
size and design. But this rather long way did not exclude necessity of putting the converter into operation 
with some kind of temporary technical solution until moment of overhaul with installation of a new support 
ring and bearing. 

It was decided on this support to switch temporarily to a sleeve bearing. To implement this idea it 
was necessary to restore the trunnion surface and install assembled cage on it which would subsequently 
be used as trunnion surface being in contact with inserts of sliding bearing. It was proposed using composite 
material 'Multimetal Stahl 1018' produced by company 'Diamant Metallplastic GmbH'. Technical 
characteristics of 'Multimetal Stahl 1018' are given in Tab. 2 [13, 14]. 

Table 2. Technical characteristics of 'Multimetal Stahl 1018'. 
Compressive strength N/mm2 max 160 

Tensile strength N/mm2 76 
Shear strength N/mm2 89 

Bending strength N/mm2 22 
Elastic modulus N/mm2 14.000 

Linear elongation ratio  32 × 10-6 °К 
Long-term temperature resistance °C – 40 / + 90 
Resistant to aging and weathering  very good 

Processing time at +20°C min ~ 45 
Hardening at +5°C hour ~ 72 

Hardening at +20°C hour ~ 24 

Specific weight gram/cm3 2.4 

 

However, doubts arose whether the material could withstand part of weight of the converter with steel 
acting on the support. Theoretical calculations have confirmed possibility of using the composite when 
temperature of contact details does not exceed 80 °C. Preliminary temperature measurements showed that 
its values within area of the trunnion do not exceed 60 °C, hence restoration of the bearing surface of the 
trunnion was performed using the composite. Technology of using the composite and restoring the trunnion 
is illustrated on Fig. 3. The stages of this work included: degreasing the trunnion surface, preliminary 
installation of two parts of assembled cage 50 mm thick on base screws and centering it along axle of the 
trunnion, then dismantling the cage, applying the composite material (refer to Fig. 3a) and subsequent 
installation of the cage on the base screws with further connection of both parts with screws installed in 

https://www.translate.ru/dictionary/en-ru/bending%20strength
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recesses relative to their working surface. Excess of the composite is visible, squeezed out through control 
holes which confirms complete filling with the composite of cavity between the old trunnion and inner 
surface of the cage (refer to Fig. 3b). 

 
a) 

 
b) 

Figure 3. Stages of the trunnion restoration: a) the composite application;  
b) installation of the assembled cage. 

Rebuilt according to this temporary scheme unit worked from March to June and was dismantled due 
to failure of the composite material because temperature in zone where the composite was located 
increased (when outside temperature increased) and during its destruction it was around 140 °C. 

Complete restoration of operability of housings worn surfaces being in contact with rolling bearings 
is described using example of restoration of the screw-down mechanism reducer housings of the hot thick 
strip rolling mill rolling stand. The housings worn surfaces of the screw-down mechanism reducer are shown 
on Fig. 4. Standard technology for restoring those surfaces requires dismantling worm gear and 
transporting the reducer housings to machine shop for restoration. In this case, use of the composite 
material 'Multimetal Stahl 1018' made it possible to abandon operations performed in the mechanical shop. 
For this specially made polished template with diameter equal to diameter of outer ring of bearing was 
processed with special separator and after applying the composite to machined groove the template was 
installed on unworn surfaces being in contact with rolling bearing on both of the housings (refer to Fig. 4b). 

 
a) 
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b) 

Figure 4. Restoration of housings worn surfaces being in contact with rolling bearing  
of the screw-down mechanism reducer housings of the hot thick strip rolling mill rolling stand: 

a) worn surfaces of the housings; b) formation of support surfaces using the specially made 
polished template. 

After 16 hours of complete polymerization of the composite the template was removed, excess of 
extruded and hardened composite was also removed. Restored housings worn surfaces are shown on Fig. 
5. Restored unit was returned for another restoration after 3 years of operation. 

a) b) 
Fig. 5. Restored housings worn surfaces being in contact with rolling bearing: 

 a) bottom housing; b) top housing. 
From data given in Table 1 it is clear that overall level of vibration parameters (except cases 4-6 in 

terms of vibration speed and vibration displacement) is low. Thus, RMS of vibration speed in most 
observations remain within limits corresponding to good technical condition of casting cranes that is less 
than 2.8 mm/s [9]. Cases 4-6 (where range of values is over 18 mm/s) correspond to unsatisfactory 
technical condition [9] and they can be apparently associated with insufficiently reliable fastening of the 
vibration sensor (using a magnet) which leads to jumps in readings when the casting crane passing joints 
of its rails. 

In low-frequency region of spectrum which includes informative frequencies of bearings used in 
running wheel assemblies all recorded parameters have significant scatter of values, i.e. ratio of the highest 
value of RMS parameters to the lowest is around ten or more times. At the same time, in measurement 
range from 10 to 4000 Hz RMS vibration accelerations are quite stable, i.e. ratio of the highest RMS value 
to the smallest is approximately 1.3 with peak value exceeding RMS by about  
10–13 times. For the first stage of further research it is advisable to use specified measurement range (from 
10 to 4000 Hz) with vibration acceleration control as a parameter giving relatively stable readings. To 
assess effectiveness of proposed measures to improve monitoring system of technical condition of running 
wheels bearings it is necessary to carry them out for at least 6-12 months with statistical analysis of obtained 
results and subsequent refinement of monitoring method and frequency range of controlled parameters. 

Failure of running wheel bearings at moderate vibration rates of the unit may be due to phenomenon 
of thickening and oxidation of lubricant ('lubricant coking') revealed during disassembly of defective unit 
shown on Fig. 1. On the investigated crane this phenomenon was noted: in bearings located on side of 
heat effect acting from moving ladle with hot steel leading to elevated temperature of the bearing assembly 
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details and in irrational lubricant supply device designed during development of the crane. Coking of the 
lubricant leads to increase of torque of resistance between rolling elements of bearing and their rolling path; 
the torque of resistance becomes greater than torque fixing fit of the bearing outer ring in the bearing 
housing which ultimately leads to wear of the bearing seat and appearance of additional shock loads due 
to appearance of gaps. Temporarily rebuilt converter trunnion assembly of the converter support ring 
worked, as indicated above, from March to June and it was dismantled due to destruction of the composite 
material. Temperature in zone where the composite was located was around 140 °C (before repair 
measurements on operating converter showed temperature of about 60 °C in this zone at permissible 
operating temperature of the applied composite material of 80 °C). Thus, it can be stated that the composite 
material can withstand significant loads in compliance with temperature limits that in this case made it 
possible to solve problem of starting the converter and using it in time interval necessary to prepare for 
replacement of the support ring and bearing. 

The gearbox housing of the screw-down mechanism of the hot thick strip rolling mill rolling stand with 
full restoration of performance of worn surfaces being in contact with rolling bearings using the composite 
material has been successfully operated for three years that exceeds service life of such units restored 
using known technology including dismantling, moving to specialized section of mechanical workshop, 
machining in order to remove defective layer, followed by cladding and precise machining. 

The restoration technology with formation of worn surfaces of the housings by the composite material 
using the polished template showed greater load-bearing capacity of restored assembly in comparison with 
traditional restoration method. This feature can be explained by fact that polished outer ring of bearing 
contacts restored by the composite material surface and formed, as shown above, using the polished 
template. At traditional technology of restoring support surface after its machining with milling cutter makes 
bearing outer ring to be sat on tops of microroughness of milled surface. Even with slight dynamic loads 
these tops of microroughness can be pressed down which is reason for subsequent wear of bearing seat 
[15–25]. 

Another factor providing increase of loading capacity is ability of the composite enclosed in a closed 
volume, according to developed technical proposals of the restored unit design, to partially damp shock 
and vibration loads without destruction which contributes to increase of service life of supporting surface of 
both mechanism itself and metal structures or foundations on which it is installed. 

4. Conclusion 
The authors analyzed known methods for diagnostics of running wheels bearing assemblies on 

example of a casting crane in steelmaking shop. Analysis showed that vibration parameters give the most 
acceptable data in real operating conditions to evaluate technical state of rolling bearings. However, this 
method is not universal because its application must be combined with thorough analysis of design and 
loading of diagnosed bearing unit. For the considered crane, there were cases of failure of running wheel 
bearings with moderate vibration of the unit associated with lubricant coking under influence of elevated 
temperatures because of peculiarities of technological process structural elements were heated from the 
ladle with hot liquid steel and influence of irrational device for supplying lubricant material to bearing 
assembly. 

At present, composite material 'Multimetal Stahl 1018' can have a new application of creating 
temporary sliding bearing support instead of failed unique design with rolling bearings. Usage of such 
support instead of spherical double-row ball bearing (diameter of trunnion is 850 mm) of damaged roller for 
support ring of the 300 tons converter allowed the converter to work for three months. This helped to reduce 
economic losses associated with long production and installation time of new trunnion unit and 
corresponding downtime of the converter. Longer service life of the temporary support can be provided by 
combining this method of bearing assembly temporary restoration with additional cooling system. 

Restoration of machines housings with worn surfaces under outer rings of bearings using 
conventional technology requires significant time and money expenses for dismantling and cladding of worn 
surfaces and subsequent machining. 

Usage of composite material 'Multimetal Stahl 1018' to restore support surfaces of bearing units of 
screw-down mechanism reducer of hot thick strip rolling mill rolling stand allowed to refuse operations 
carried out in machine shop and meeting deadline for current repair of equipment. 

Successful operation of majority of industrial equipment assemblies restored with help of composite 
materials testifies to broad prospects for solving various repair problems facing mechanics of repair 
industries. 
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Abstract. The paper presents the production technique of anorthite-based building ceramics using semidry 
pressing of the powder based on sintering of the raw mixture consisting of low-melting clay and blast 
furnace sludge (BFS) in different proportions. The fabricated ceramic specimens are sintered at 1050 °C. 
The raw mixture properties are studied to increase the anorthite phase content in ceramic specimens. 
Investigations of physical and mechanical properties of ceramic specimens show that the addition of BFS 
to the mixture composition provides the compressive strength of the obtained specimens up to 48.8 MPa, 
which is 25% higher than that of the reference specimen. The higher compressive strength is explained by 
the formation of the anorthite phase, which is proven by XRD investigation. According to the differential 
thermal analysis of the obtained specimens, exo-effect occurs at 1050 °C sintering, which is typical for the 
anorthite phase formation. 
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1. Introduction 

In construction industry, ceramic brick is currently one of the building materials that are often used. 
The ceramic brick performance and decorative properties allow it to remain a competitive building material. 
In this regard, many researchers are involved in studying the problem of the improvement of the ceramic 
brick performance and decorative properties. This work investigates the anorthite-based ceramics. Much 
attention is paid to the modification of building ceramic materials and products. Different approaches and 
methods are used to study these materials and their properties. 

Brick with increased strength can be used in the construction of buildings with increased number of 
storeys and increased load. Also, such bricks can be used for construction in areas with a low average 
annual temperature due to their high heat resistance. Thus, the use of BFS and clay raw materials as raw 
materials will significantly improve the economics of enterprises for the production of ceramic products. 

Sal [1] and Rat'kova et al. [2] optimized the aluminosilicate waste-based raw mixture with different 
chemical composition via varying the mixture composition. A comparative analysis of the obtained and 
reference specimens showed that the selection of the mixture composition provided a 5–7 % increase in 
the compressive strength, up to 3 % decrease in the ignition loss, and 6 % growth in the porosity of 
products. 

Utilization of industrial by-products through their introduction in the ceramic mixture [3–17] has 
attracted much attention from research teams. For example, in [4], talcum powder is used as a by-product, 
which allows to reach the porosity up to 42 %. In works [5–9], the use of bottom ash waste provides the 
ceramics strength increase from 10 to 12 MPa. According to [10, 11], mining waste materials and tails are 
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used in the ceramic industry to improve the compressive strength from 18.5 to 22.8 MPa and minimize the 
water adsorption of the products down to 1.8 %. Several publications [12–14] have appeared for the past 
years documenting the use of ceramic waste, namely, porcelain and brick, that increase the compressive 
strength by two times and reduce the water absorption from 6.3 to 3.5 %. Therefore, the addition of non-
standard materials to the ceramic mixture improves the ceramic brick performance by ~20 %. 

As shown in [18–24], the physical and mechanical properties of ceramic brick directly depend on the 
rate of the crystal and amorphous phase formation and interaction. In varying the process conditions and 
chemical composition of the raw material in ceramic brick fabrication, it is possible to synthesize different 
energy-intensive phases such as anorthite, quartz, carbonates, montmorillonite, wollastonite, and others. 
The anorthite-based ceramics is rather promising material due to its high performance. Zong et al. [25] and 
Kamal et al. [26] report that the phase composition of the anorthite-based ceramics is rather high in anorthite 
due to the different chemical composition of the raw mixture components. In particular, the formation of the 
anorthite phase is conditioned by CaO content in the ceramic mixture. At the same time, the strength 
properties of the ceramic specimen increase by ~35 %, that can be explained by the anorthite phase 
morphology in the chemical composition of the raw mixture components. The anorthite phase crystals form 
a skeleton of the whole material due to their acicular shape and bound aluminosilicate compounds together, 
thereby forming conglomerates. 

This paper proposes to utilize metallurgical raw materials. The aim of this work is to produce 
anorthite-based building ceramics incorporated with a raw mixture containing a carbonaceous raw material 
from the metallurgical production. The paper describes the ceramic brick fabrication with the different 
content of metallurgical raw materials in the laboratory conditions and presents the experimental results of 
the effect from the waste content in the ceramic mixture on the ceramic product performance and the 
anorthite phase concentration in the phase composition. 

2. Methods 
Clay from Verkhovoe deposit (Tomsk region, Russia) and carbonaceous raw material from the 

metallurgical production were used in our experiment. The carbonaceous raw material was a fine-grained 
substance formed during the blast furnace gas purification. Clay was dried to a constant humidity less than 
1 % and grinded in a ball mill to obtain 50 µm particles. Blast furnace sludge (BFS) was processed in the 
same manner. Ceramic specimens were produced using semidry pressing of the raw mixture. The raw 
mixture components were mixed and homogenized at various proportions. The mixture humidity was 10 %. 
The mixture was placed in pressurized vessels for 12 hours for the humidity to be uniformly distributed in 
it, and then subjected to mold pressing at 20–25 MPa. The obtained 50×50×25 mm specimens were dried 
at 90 °C for 6 hours to remove excess humidity. Afterwards, the specimens were baked in a laboratory 
furnace SNOL 12/16 at a maximum temperature of 1050 °C. 

The XRF-1800 Sequential X-ray Fluorescence Spectrometer (Shimadzu, Japan) was used to 
analyze the chemical composition of the raw materials and the specimens obtained. The X-ray diffraction 
patterns of the specimens were recorded on a Shimadzu XRD-6000 Diffractometer (Japan). A differential 
thermal analysis (DTA) of specimens was carried out on a thermal analyzer Netzsch STA 449 F3 Jupiter 
(Germany). 

3. Results and Discussion 
The high physical and mechanical properties of ceramic specimens obtained in the laboratory 

conditions were provided by the prevailing concentration of silicon, aluminum, and calcium oxides in the 
chemical composition of the initial raw mixture. The concentration of these oxides was detected by 
analyzing the chemical composition of the raw mixture components given in Table 1. 

Table 1. Chemical composition of raw mixture components. 

Raw mixture components 
Oxide content, wt.% 

SiO2 Al2O3 CaO MgO FeO Fe2O3 Δm 
Clay 64.05 12.10 3.08 2.97 – 4.53 13.27 
BFS 34.54 14.05 6.29 2.02 6.47 – 36.63 

 

According to Table 1, the BFS chemical composition with 34.54 wt.% SiO2, 14.05 wt.% Al2O3 and 
6.29 wt.% CaO is sufficient for the building ceramics production. The larger loss on ignition of the blast 
furnace sludge is observed for carbon, whose concentration in the chemical composition is 30.5 wt.%. This 
fact indicates to a probable decrease in the sintering temperature due to the additional heat release caused 
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by carbon combustion during the specimen baking. Next, it is advisable to introduce the nondimensional 
coefficient C  to describe the carbon concentration in the ceramic mixture: 

( )
2 2 3

,C BFS

SiO Al O CaO i C BFS

m AC
m m m m m m A

⋅
=

+ + + + + ∆ − ⋅

                                    (1) 

where Cm  is the carbon content in the blast furnace sludge, wt.%; im  is the oxide content, wt.%; m∆  is 

the ignition loss, wt.%; BFSA  is the BFS content in the mixture component, which varies between 0 and 
1.0. 

After studying the chemical composition of the raw mixture components, we selected mixtures with 
the different content of clay and BFS and CaO/Al2O3 and CaO/SiO2 ratios, as presented in Table 2. Kamal 
[22] suggested a high probability of the anorthite phase formation due to such contents. 

Table 2. Raw mixture components for ceramic specimens produced in laboratory conditions. 
Raw mixture components Content, wt.% 

Clay 100 90 80 70 60 50 
BFS 0 10 20 30 40 50 

 Oxide ratios, a.u. 
CaO/SiO2 - 0.122 0.131 0.141 0.153 0.166 
CaO/Al2O3 - 0.491 0.493 0.495 0.497 0.499 

 

Based on the analyzed compositions of the ceramic mixture, the ternary phase diagram is 
constructed for the SiO2–Al2O3–CaO system. Its chemical composition is reduced to three components in 
accordance with the molar ratio. In Fig. 1, points 1–6 correspond to the data given in Table 2 and 
characterize the BFS quantity from 0 to 50 wt.%, respectively. As can be seen from Fig. 1, the anorthite 
crystallization involves the compositions with ~25 wt.% BFS. For such specimens, there is a growing 
probability for the anorthite phase formation.  

 
Figure 1. Ternary phase diagram of SiO2–Al2O3–CaO system. 

The results of testing the physical and mechanical properties of the obtained specimens such as 
strength, density, water adsorption and frost resistance, are presented in Fig. 2. 
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a) b) 

Figure 2. Physical and mechanical properties of ceramic specimens depending on BFS content: 
a – strength dependence; b – density and water adsorption dependence.  

According to Fig. 2a, the compressive strength of the ceramic specimen with 20 wt.% BFS is 25 % 
higher (48.8 MPa) than that of the reference specimen, and this is the maximum value among other 
specimens tested. As can be seen from Fig. 2b, the density and water adsorption of this specimen is 
1.95 g/cm3 and 7.6 %, respectively. This is 5 and 40 % lower than those of the reference specimen, 
respectively. These results are achieved through the different carbon content C  in the initial raw mixture. 
It is worth noting that at the carbon content of 0.03 < C  ≤ 0.06, the strength properties of the ceramic 
specimen grow by ~25 % of the reference specimen. At 0.06 < C  ≤ 0.15, the strength properties lower 
down to 30 %, which is an 8 % loss of the reference specimen. The specimen density reduces linearly to 
16 % at any carbon content. 

Fig. 3 plots the DTA results of the raw mixtures that describe the phase transitions in ceramic 
specimens. 

 

 

 
Figure 3. DTA curves of raw mixture components:  

a – clay, b – BFS, c – clay/BFS mixture in 50:50 proportion.  
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According to Fig. 3a, clay undergoes the following phase transitions. Endo-effect occurs at 140 °C 
sintering, which is characteristic to the humidity removal from the raw mixture. Exo-effect occurs at 470 °C 
sintering, and this is typical for burning-out of organic inclusions. The loss on ignition of clay is 2.83 % at a 
sintering temperature below 580 °C, which is typical for Al4[Si4O10](OH)8 dehydration, while in the 
temperature range of 580–750 °C, the loss on ignition is 1.55 %, which is accompanied by endo-effect. The 
latter indicates to the loss of hydroxyl groups of the (Na, Ca)0.3(Al, Mg)2Si4O10(OH)2·nH2O crystal lattice and 
its destruction. A minor exo-effect is observed at 910 °C, which is conditioned by recrystallization of 
amorphous products of (Na, Ca)0.3(Al, Mg)2Si4O10(OH)2·nH2O lattice degradation. Next, exo-effect is 
observed at 1050 °C sintering indicating to recrystallization of amorphous silicic acid. And then a large exo-
effect occurs at 1200 °C, which is caused by the formation of the anorthite crystal phase.  

As follows from Fig. 3b, the humidity removal occurs at 112 °C followed by exo-effect at 539 °C, 
when the formation of silicates occurs due to the reducing properties of carbon and its high heat capacity. 
In the temperature range of 539–749 °C, the loss on ignition of BFS is 8.46 %, exo-effect is observed at 
575 °C, which is characteristic to the carbon removal. At 955 °C, we observed endo-effect that may indicate 
to the degradation of clay minerals, the loss of the hydrate group, and recrystallization of amorphous 
products of degradation. Recrystallization of the amorphous inclusions is observed at 1000 °C, and exo-
effect occurs at 1100 °C indicating to the formation of a new aluminosilicate compound of the anorthite 
type.  

The DTA curve for the clay/BFS mixture in 50:50 proportion given in Fig. 3c, has points typical for 
both pure clay and pure BFS. The largest exo-effects are observed at 550 and 1150 °C sintering. Due to 
the polymorphic modifications of SiO2 and Al2O3, the anorthite nuclei appear, which facilitate the formation 
of the main anorthite phase. 

According to the DTA results, the BFS introduction in the ceramic mixture initiates the formation of 
the additional centers of thermal activity in the matrix volume due to the increase in the total thermal energy 
released after carbon combustion. Such a mechanism provides the additional thermal effect, which, in turn, 
provides a temperature shift of the anorthite nucleation toward an ~1050 °C region. 

Based on the DTA, the dependence between the total thermal flux and the raw mixture composition 
is suggested in Fig. 4. One can see that the total thermal flux Δ grows in the raw mixture composition with 
increasing BFS content .k  The exponential curve described by the relation 

7 5 25 10 2 10 0.0034 2.0986,k k k− −∆ = ⋅ + ⋅ + +  indicates to the increase in the internal energy during the 
mixture heating, that results from the carbon burning-out from the blast furnace sludge. This phenomenon 
provides the additional energy source during the specimen heating. 

 
Figure 4. Dependence between the total thermal flux and raw mixture composition. 

The phase identification in the obtained specimens is provided by the X-ray diffraction (XRD) 
analysis; the XRD patterns are given in Fig. 5. The initial materials (clay, BFS) are investigated as well as 
the reference specimen with the clay content of 100 wt.% and the specimen with 50 wt.% BFS. 
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Figure 5. XRD patterns of initial materials:  

a – clay, b – BFS, c – reference specimen, d – specimen with 50 wt.% BFS. 
As shown in Fig. 5, the initial clay is montmorillonite high in silica. The initial blast furnace sludge 

contains carbonaceous, ferrous and quartzous inclusions. The baked ceramic specimen made of 100 wt.% 
clay, contains silicate compounds and insignificant quantity of anorthite inclusions. The ceramic specimen 
with 50 wt.% BFS, contains silica and anorthite phases. Unlike the reference specimen, its XRD patterns 
have many diffraction peaks matching anorthite. Based on these XRD patterns, we show that the BFS 
addition to the raw mixture composition provides the increase in the anorthite phase content. This correlates 
with the experimental data on the physical and mechanical properties of the obtained specimens (see 
Fig. 2). 

4. Conclusion 
The experimental data obtained in this work concerned the synthesis of the anorthite phase in the 

ceramic brick matrix with the addition of metallurgical raw materials. The physical and mechanical 
properties of ceramic brick and phase transformations during its sintering were investigated in the raw 
mixture components with the different BFS content by using the up-to-date techniques of materials science 
in construction. Summing up the results, it can be concluded that  

− the BFS addition to the raw mixture allowed substituting up to 50 wt.% of the main component 
(clay) of the ceramic mixture by metallurgical raw materials. The obtained ceramic specimens 
were higher in the anorthite phase CaO∙Al2O3∙2SiO2 as compared to the reference specimen; 

− the BFS addition to the raw mixture in the amount of 20 wt.% provided the formation of a ceramic 
skeleton possessing 48.8 MPa compressive strength and 1.9 g/cm3 density. Further increase 
in the BFS content reduced the compressive strength and the density down to 33.8 MPa and 
1.6 g/cm3, respectively; 

− at 0.03 < C  ≤ 0.06 carbon concentration in the raw mixture, the strength properties of ceramic 
specimens increased by ~25 % as against the reference specimen. At 0.06 < C  ≤ 0.15, the 
compressive strength reduced exponentially down to 30 %, which was an 8 % loss of the 
reference specimen. At the same time, the specimen density reduced linearly to 16 % at any 
carbon content; 

− the BFS addition to the ceramic mixture initiated the formation of the additional centers of 
thermal activity in the matrix volume due to the increase in the total thermal energy released 
after the carbon combustion. Such a mechanism provided the additional thermal effect, which, 
in turn, shifted the temperature of the anorthite nucleation toward an ~1050 °C region. 

Thus, the use of BFS in the composition of ceramic bricks can have a positive effect on the 
environmental situation and opens up new prospects for the use of ceramic materials in the construction 
industry. 
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Abstract. The article deals with lime dry building mixtures for the restoration of historical buildings. 
Considering the low strength and water resistance of coatings based on lime compositions, the possibility 
of using mixed clay fired at low temperatures (450–500 °C) as mineral additives in dry building mixtures 
was considered. The chemical and mineralogical composition of clays was established. The spectrum of 
the distribution of adsorption centers according to the acid-base type, as well as the nature of its change in 
the process of firing clay at different temperatures, was investigated. The regularities of the structure 
formation of lime finishing compositions with the use of mineral additives was established. It is shown that 
lime composites based on compositions with a mineral additive fired at a temperature of 450–500 °C are 
characterized by a high content of zeolites, a decrease in Ca (OH)2, and an increase in the amount of 
chemically bound lime by 31.8 %. It is shown that the introduction of clay fired at temperatures of  
450–500 °C into the lime-sand composition contributes to a 2–2.6 times increase in compressive strength 
at the age of 28 days of air-dry hardening, depending on the firing temperature and the type of clay. The 
technological and operational properties of lime dry building mixtures and coatings based on them are 
given. 

Citation: Loganina, V.I., Akzhigitova, E.R. Mineral additive for lime dry building mixtures. Magazine of Civil 
Engineering. 2023. 117(1). Article no. 11707. DOI: 10.34910/MCE.117.7 

1. Introduction 
Lime compositions are widely used for the restoration of historical buildings [1–7]. Finishing layers 

based on lime compositions have high vapor permeability and biostability, but low strength and water 
resistance. One of the ways to prevent premature destruction of lime finish coatings is to introduce 
modifying additives into the formulation [8–11]. 

One of the modifying additives used for the production of dry building mixtures (DBM) is 
metakaolinite. Metakaolinite chemically interacts with lime, which helps to increase the strength of the 
composition [12–16]. 

In lime plaster mixes, metakaolinite, being a clay material, provides excellent plasticity to the 
compositions and the absence of stickiness, which makes it possible to produce high-quality dry mixes. 
The light color of the additive also allows it to be used in decorative mixtures. The rate of reaction with lime 
in metakaolinite is higher than in pozzolanic additives, which ensures reliable binding of slow-hardening 
lime already in the first days of its hardening. 

The work found that when mixing lime, water and metakaolinite, fired at a temperature of 730 °C, the 
strength of the composition is 10–15 MPa. Hydration products are mainly C2ASH8 and CSH [17, 18]. In 
study [19], metakaolin was used to enhance the volume stability, mechanical properties and environmental 
erosion resistance of traditional plasters. Research results show that metakaolin reacts with Ca(OH)2 via 
pozzolanic reactions. Additionally, the microstructure of mortars becomes more compact due to the 
formation of cross-linked microstructures. 

https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-7532-0074
https://orcid.org/0000-0001-9536-8112


Magazine of Civil Engineering, 117(1), 2023 

Despite the numerous positive properties of the metakaolinite additive, one cannot fail to note, firstly, 
significant energy costs for the thermal processing of clay (up to 800 °C), since today, the issues of energy 
conservation are still relevant. Secondly, Russia has limited resources of kaolin clays. In connection with 
the above, the problem arises of developing a mineral additive that is not inferior in properties to 
metakaolinite, but can be obtained using a less energy-intensive technology based on local clays with a 
predominance of kaolinite. 

The territory of the Volga region, including the Penza region, has significant reserves of mineral raw 
materials, in particular, clays, which can be used in the production of mineral additives for dry building 
mixtures. 

It is known that the clay surface is a set of Lewis and Bronsted centers of both acidic and basic types 
[20, 21]. Most of the processes occurring on the surface of clay particles are local in nature and are largely 
determined by the energy parameters of specific active centers. In this regard, it is of particular importance 
to study the spectrum of the distribution of adsorption centers according to the acid-base type, as well as 
the nature of its change during the firing of clay at different temperatures [22]. 

The clays of the Volga region, including the Penza region, are mainly polymineral in terms of their 
mineralogical composition. It is proposed to obtain active mineral additives from polymineral clays by firing 
them at low temperatures. According to [23–25], when clay is fired in the temperature range of 450–650 °C, 
single-water kaolinite Al2O3⋅2SiO2⋅H2O (hydroxoaluminium salt of metasilicic acid) is formed, which is more 
reactive with respect to lime than metakaolinite. 

The aim of the work was to develop a scientifically grounded technological solution for obtaining a 
mineral additive based on mixed clays for lime dry building mixtures. To reach this goal, it is necessary to 
solve the following tasks:  

– to evaluate the possibility of obtaining a mineral supplement during low-temperature firing of clays; 

– to establish patterns of structure formation of lime mixtures with mineral additives; 

– to develop a formulation of a lime dry building mixture and to determine the operational properties 
of a finishing layer based on it. 

2. Methods 
In the development of the mineral additive, the clays of the Vorobyevsky, Kameshkirsky, Belinsky, 

as well as the Issinsky deposits of the Penza region were used. The chemical composition of clays is 
presented in Table 1. 

Table 1. Chemical composition of clays. 

Chemical 
compound 

The content of chemical compounds depending on from clay deposit, (%) 
Belinsky  Kameshkirsky  Vorobyevsky  Issinsky  

SiO2 59.56 75.41 72.76 65.50 
A12O3 11.85 11.04 11.57 9.54 
Fe2O3 4.54 6.61 7.39 7.72 
Other 24.05 6.94 7.72 15.46 

 

The indicator method of adsorption of indicators with different pKa values was used to evaluate the 
acid–base sites on the surface of clay particles. The quantitative determination of the centers of adsorption 
was carried out photometrically. Optical density was measured on a KFK-3KM photocolorimeter. The 
change in optical density as a result of the process of adsorption of the indicator ( D∆ ) on the sample 
surface was calculated by the formula 

( ) ( )0 1 0 2 .D D D D D∆ = − ± −                                                       (1) 

Number of active centers was calculated by the formula 

0 1 0 2

0 1 2
,ind ind

pKa
D D D DN Vq

D a a
 − −

= ±  
 

                                          (2) 
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where indN  is concentration of the indicator solution, mg-mol/ml; indV  is the volume of the indicator 

solution taken for analysis, ml; 0D  is optical density of the indicator before sorption; 1D  is optical density 

of the indicator after sorption; 2D  is the optical density of the "blank" solution. 

The “–” sign corresponds to a unidirectional change 1D  and 2D  relative 0,D  i.e. 1D  and  

2D  < 0D  or 1D  and 2D  > 0D . The “+” sign corresponds to a multidirectional change 1D  and 2D  relative 

0D , i.e. 1D  > 0D , 2D  < 0D  or 1D  < 0D , 2D  > 0D . 

Three series of solutions were prepared for photometry. 

Series 1 (working solution). The required volumes of indicators with a certain pKa value were poured 
into centrifuge tubes with a capacity of 10 ml, diluted to the mark with water, mixed, and after 30 minutes 
weighed portions ( a  ≈ 0.04 g) of clay were poured out. After the adsorption equilibrium was established, 
the optical density value 1D  was measured at a wavelength ( )maxλ  corresponding to each indicator. 
Before measuring, the tubes with the material were centrifuged for 3-5 minutes. 

Series 2 (“blank experience”). Weighed portions of the sample ( )2 1a a≈  were placed in dry 
centrifuge tubes and filled with 6 ml of water. After 1 hour, the solution was decanted into another tube with 
preliminary centrifugation. The required volumes of indicators were added to the solution, water was 
brought to the mark, the suspension was stirred, held for 30 minutes, and the value of optical density ( )2D  

was measured, taking into account 2D±∆  due to a change in the pH of the medium and dissolution of the 
sample. 

Series 3 (indicator solution). The required volumes of indicators were poured into test tubes with a 
capacity of 10 ml, diluted to the mark with water, mixed, and after 30 minutes the optical density value 
( )0D  was measured. 

Based on the data obtained, a curve of the distribution of acid-base centers on the surface of 
diatomite in coordinates was constructed ( ).pKaq F pKa=  

During the tests, the following indicators were used: brilliant green (pKa = + 1.5), fuchsin 
(pKa = + 2.1), methyl orange (pKa = + 3.46), bramphenol blue (pKa = + 4.1), bromocresol purple 
(pKa = + 6.4), bromothymol blue (pKa = + 7.3), thymol blue (pKa = + 8.8), Nile blue (pKa = + 10.5) and 
ethylene glycol (pKa = +14.2). The determination of the cationic absorption capacity was carried out by the 
adsorption method based on the adsorption of an organic dye. Methylene blue solution was used as an 
organic dye. The research was carried out in the following sequence. 

1. A 0.3 % solution of methylene blue was prepared and kept in a dark container and in a dark place 
for 3 days.  

2. 10 g of clay was dried at a temperature of 105–110 °C and crushed until it completely passed 
through a sieve with 2500 holes/cm2.  

3. In three volumetric flasks with a capacity of 100 cm3 were placed 0.3 g of prepared clay. 

4. Using a pipette, 50 cm3 of a 0.3 % aqueous solution of organic dye were poured into the flasks. 

5. The contents of the flasks were shaken for 20 min and quickly filtered through a Blue Ribbon filter. 

6. Measurement of the concentration of the methylene blue solution after treatment with a sample 
of clay was carried out on a KFK-3KM spectrophotocolorimeter. 

7. The calculation of the cationic absorption capacity of the material was carried out according to 
the formula: 

100 100 ,A abd c e= ⋅ ⋅                                                         (3) 

where a  is the difference in the percentage of methylene blue in the solution before and after clay 
treatment; b  is the amount of methylene blue taken for analysis, b  = 50 ml; d  is the percentage of the 
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dye, d  = 0.3 %; c  is sample of the test substance, taking into account hygroscopic water, c  = 0.3 g; e  is 
equivalent weight of methylene blue dye, e  = 319.9. 

The adsorption of the indicator under the conditions of analysis occurs both on the Bronsted centers 
and on the Lewis centers in accordance with its pKa value. The quantitative determination as a result gives 
the total content of the Lewis and Bronsted centers of the corresponding force on the surface of the studied 
sample. 

The studies were carried out in the field of Bronsted acid (pKa from 0 to 7) and basic (pKa from 7 
to 13) centers, and Lewis acidic (pKa > 13) centers. Centers of neutral character correspond to pKa = +7. 
An increase in pKa values corresponds to an increase in the donor properties of metal atoms, and a 
decrease in acceptor properties.  

To study structure formation, the kinetics of binding of calcium oxide CaO was determined. The 
content of active CaO in lime was determined by titrating a weighed portion of lime with hydrochloric acid. 
For this, a 1 g sample of lime was placed in a 250 ml conical flask, 150 ml of distilled water was added, 
covered with a watch glass and heated for 5–7 minutes. After cooling, 2–3 drops of a 1 % alcohol solution 
of phenolphthalein were added and titrated with 1 n hydrochloric acid until the contents were completely 
discolored. The amount of active calcium oxide was determined by the formula 

2.804% ,V KCaO
m

⋅ ⋅
=                                                                      (4) 

where %CaO  is the content of active CaO, %; V  is the amount of 1 N hydrochloric acid solution 
consumed for titration, ml; 2.804  is the amount of CaO corresponding to 1 ml of 1 N hydrochloric acid 
solution, multiplied by 100; K  is correction to the titer of 1 N hydrochloric acid solution; m  is weight of 
lime, g. 

The rheological properties of lime-sand compositions were assessed by the indicator of plastic 
strength, which was determined using a KP-3 conical plastometer. 

3. Results and Discussion 
Analysis of clays in terms of cationic absorption capacity allows us to assert that, in terms of 

mineralogical composition, the clay of the Vorobyevsky deposit belongs to the kaolinite type of clays, the 
Belinsky deposit – to the hydromica type, Kameshkirsky and Issinsky deposits – to the montmorillonite type 
(Table 2). 

Table 2. Cationic absorption capacity of the studied clays. 

Clay deposit Cationic absorption capacity value, E, mEq 
Vorobyevsky  11.79 

Belinsky  20.48 
Kameshkirsky  42.50 

Issinsky  39.73 
 

In Fig. 1 shows the distribution curves of adsorption centers on the surface of clays. 

The influence of the temperature factor led to a change in the energy state of the particles surface in 
the studied clays. Comparison of the distribution of adsorption centers on the surface of materials that have 
practically the same chemical, mineralogical, and granulometric compositions indicates that the number of 
Bronsted and Lewis acid centers on the surface of thermally treated clays exceeds the number of the same 
centers on the surface of unburnt clay. 
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a) b) 

  
c) d) 

Figure 1. Distribution of acid-base centers on the surface of mineral additives obtained at 
different burning temperatures of clay:  

a – from the Vorobievskoye deposit: 1 – without burning; 2 – at 500 °С; 3 – at 600 °С; 
4 – at 450 °С; b- from the Kameshkirsky deposit:  

1 – without burning; 2 – at 450 °С; 3 – at 600 °С; 4 – at 400 °С;  
c – from the Belinsky deposit: 1 – without burning; 2 – at 600 °С; 3 – at 450 °С;  

4 – at 500 °С; d – from the Issinsky deposit: 1 – without burning;  
2 – at 400 °С; 3 – at 600 °С; 4 – at 500 °С. 

Dehydration of the surface of layered aluminosilicates leads to the formation of a large number of 
Lewis centers. The number of active centers in the region pKa > 13 on the surface of Kameshkir clay before 
firing was 104.57 mmol/g, after firing at a temperature of 400 °C – 413.65 mmol/g. It is the Lewis centers 
on the surface of the clay that give it a greater reactivity with the binder. Not only the quantity but also the 
total content of adsorption centers differs. 

To study the process of dehydration of clay from the Vorobyovskoye deposit, its differential thermal 
analysis (DTA) was carried out (Fig. 2) [26–28]. When analyzing the obtained thermogram, it was found 
that 6.1 % of bound water is present in Vorobievskaya clay, which is gradually removed to a temperature 
of 1000 °C with the formation of new minerals. When burning clay at a temperature of 400 °C, 2.2 % of 
water is removed, at 500 °C – 3.4 %, at 550 °C – 3.7 %, at 600 °C – 4.0 %. It has been established that 
half of the bound water in the amount of 2.9 % in Vorobievskaya clay is removed at a temperature of 450 °C, 
at which monohydric kaolinite is formed, which gives the mineral additive the greatest activity to lime. 

The hardening process of lime compositions consists in carbonization, crystallization of lime, and 
additionally in the formation of calcium hydrosilicates, hydroaluminates and calcium hydroaluminosilicates. 
This helps to increase the strength of the finishing compositions. However, metakaоlinite Al2O3⋅ 2SiO2 can 
react with lime only with the dissolution of the initial substance, while monohydrate caolinite 
Al2O3⋅2SiO2⋅H2O can interact with Ca(OH) 2 topochemically [29, 30]. 

To determine the content of the mineral additive in the composition of the DBM, studies were carried 
out to select the optimal concentration of fired clay, at which the highest value of the ultimate strength in 
compression of the lime composite will be achieved. Clays of the Vorobyevsky, Kameshkirsky, Belinsky 
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and Issinsky deposits after burning at a temperature of 500 °C were used as a mineral additive, and 
Ukhtinsky sand was used as a fine aggregate. 

 
Figure 2. Derivatogram of the Vorobyovskoe deposit clay. 

It was found that the highest compressive strength is achieved when a mineral additive is added to 
the composition of the DBM in an amount of 10 % of the lime mass. So, when Vorobyov's clay was added 
to the DBM formulation after burning at a temperature of 500 °C in an amount of 10 %, the compressive 
strength Rcs was 1.55 MPa, in an amount of 15 % – 1.38 MPa, in an amount of 20 % – 1.32 MPa. A similar 
pattern is also observed with the introduction of mineral additives based on Belinskaya, Issinskaya and 
Kameshkirskaya clays. This is probably due to the fact that with an increase in the amount of the mineral 
additive over 10 %, an excess of the finely dispersed fraction is obtained, which leads to a lack of mixing 
water. 

Additionally, to assess the structure formation of lime-sand compositions with the addition of a 
mineral additive, the kinetics of lime binding was studied. Analysis of experimental data indicates that over 
time, there is a decrease in the amount of free lime. So, at the age of 7 days, the amount of free lime in the 
lime-sand composition is 84.5 %, and at the age of 28 days it is 78.6 %. A lower content of the amount of 
free lime in the compositions with the use of clay after firing at a temperature of 500 °C was established. 
So, in the samples with the addition of Belinskaya and Kameshkirskaya clays, fired at this temperature, the 
content of free lime on the 28th day of hardening decreased to 68.21 % and 70.83 %, respectively. 

The introduction of fired clay into the lime-sand composition increases the compressive strength at 
the age of 28 days of air-dry hardening, depending on the firing temperature and the type of clay, by  
2.0–2.6 times. With the introduction of Kameshkirsky clay, the highest value of the compressive strength at 
the age of 28 days of hardening is achieved with the introduction of an additive fired at a temperature of 
400 °C into the composition, and is Rcs = 1.75 MPa, while for the composition without the additive it is 
0.84 MPa. With the introduction of Vorobyovskoy clay, fired at a temperature of 450 °C, the strength 
increases to 1.67 MPa. The introduction of Belinsky and Issinsky clays after firing at a temperature of 
500 °C helps to increase the strength of the compositions to 2.2 and 1.68 MPa, respectively. The results of 
the conducted studies confirm that the addition of low-fired clay to the lime-sand composition contributes 
to an increase in the strength of lime composites by 6–26 % compared to metakaolinite due to the 
monohydrate kaolinite formed at a temperature of 400–500 °C, which decomposes in an aqueous alkaline 
medium to ions Al(OH)2+ and SiO32-. The infinite nanoradical [SiO3] ∞2– has increased activity in an aqueous 
medium towards calcium oxide and hydrate, while infinite layers of the radical [Si2O5] ∞2– kaolinite and the 
final radical [Si2O7] 6– in metakaolinite have little activity towards lime. 

In Fig. 3 shows the curves of the kinetics of the strength gain of lime compositions based on the 
results of the approximation of experimental data for determining the compressive strength of the test 
samples. The data were approximated using the CurveExpert 1.3 program. The dots in the figures indicate 
the experimental values of the ultimate compressive strength of lime samples. Based on the results of 
approximation and experimental studies (Fig. 3), it follows that clays after firing at temperatures of  
400–500 °C (curve 2) contribute to a more intense structure formation of lime-sand samples than clays fired 
at a temperature of 600 °C (curve 1). 
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Figure 3. Kinetics of strength gain of lime-sand compositions with the addition  

of clay from the Vorobievskoye deposit: 1 – after firing at t = 600 °C; 2 – after firing at t = 450 °С. 
The curves shown in Fig. 3 are described by the exponential equation 

( )1 ,bxy a e−= −                                                                             (5) 

where a  is a constant that takes into account the maximum possible compressive strength; b  is rate 
constant of structure formation; x  is the hardening time. 

The values of the rate constant of structure formation b are given in Table 3. 

Table 3. Values of constants for the kinetics of strength gain. 
Clay deposit Clay firing temperature, °С a b 
Vorobievskoe 450 1.744 0.146 

600 1.611 0.123 
 
The calculation results show that at low-temperature firing of clay, the value of the rate constant of 

structure formation is higher in comparison with firing clay at a temperature of 600 °C. Thus, the rate 
constant of structure formation b for lime compositions with the addition of Vorobiev's clay after firing at 
600 °C was 0.123 MPa/day, while for compositions with clay fired at 450 °C it was 0.146 MPa/day (Table 3). 
A similar law is observed with the introduction of mineral additives based on Belinskaya, Kameshkirskaya 
and Issinskaya clays. 

It was found that mineral additives increase the plastic strength in the early stages of hardening 
(Fig. 4). The fastest increase in plastic strength was observed for the composition with the addition of clay 
after firing at 500 °C (Fig. 4, curve 4), the plastic strength after 67 hours from the moment of mixing was 
0.064 MPa, while for the composition with the addition of clay fired at temperature of 600 °C, – 0.054 MPa. 

 
Figure 4. The effect of the clay firing temperature on the kinetics of changes in the plastic strength 
of the mixture: 1 – control composition (without additive); 2 – clay content 10 % by weight of lime 

(without firing); 3 – clay content 10 % by weight of lime (clay fired at a temperature of 600 °C);  
4 – clay content 10 % by weight of lime (clay fired at a temperature of 500 °C). 
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The water-holding capacity of composites is 96.5–98 %. The results obtained agree with the data of 
the authors [31, 32]. The authors proposed, when developing a composition for restoration, to use a mixture 
of calcium hydroxide, pozzolan, volcanic ash and quartz sand as a filler. Using X-ray analysis and high-
resolution SEM images of newly applied plaster, the transformation of portlandite to calcite and the 
pozzolanic effect of kaolinite are established. 

We recommend using the proposed dry mortar for the restoration of historical buildings. The mortar 
mixture is well applied to the surface and is combined with previously finished surfaces. 

Table 4 shows the compared indicators of technological and operational properties of finishing 
compositions based on developed dry mixes and a prototype composition. The technological and 
operational properties of the developed dry mixes were compared with the properties of the finishing 
classical Runit plaster based on air lime, produced by the company OOO "Azhioproekt" [33]. Plaster "Runit" 
is used for the restoration of buildings. 

Table 4. Technological and operational properties of finishing compositions. 

Name of indicator 
Value of indicator of Finishing compositions 

developed prototype 

Average density DBM, ρa, kg/m3 1290–1304 1575 

Viability at stored in open capacities, hour 8–10 ≥ 2 
Workability good good 

Recommended thickness of one layer, mm before 20 Before 20 

Consumption of finishing composition at 1 layer is applied of 
thickness 10 mm, kg/m2 12–14 15–17 

Water-holding capacity,% 98.0–98.3 95.0–97.0 
Time of drying at 20 °С to degree “5”, min no more 55 no more 45 

Adhesive durability Rаd, MPa 0.60–0.76 0.40 

Durability at compression, Rс, MPa 2.52–3.71 0.40 

Shrinkable deformations, ε, % 0.027–0.034 0.030–0.040 

Vapor cofficient µ, mg/m⋅h⋅Pa 0.055–0.058 0.047 

Cracks due to shrinkage no no 
Temperature of application, °С 5–35 5–35 

 

It was found that the developed dry mix is not inferior to the prototype in terms of technological and 
operational properties. At the same time, the production of the proposed dry mixes is more economical due 
to the use of local raw materials and domestic additives. 

4. Conclusions 
1. The authors developed a technology and formulation of a mineral additive for lime dry building 

mixtures involving low-temperature firing of clays at a temperature of 400–500 °C. It was revealed that the 
effect of the temperature factor leads to a change in the energy state of the surface of clay particles, which 
consists in an increase in the number of Lewis centers (up to 4 times), as well as the total number of active 
centers (up to 2 times). 

2. The study established regularities of the structure formation of lime finishing compositions with 
the addition of mineral additives. It was revealed by XRD and mechanical tests that samples based on 
compositions with a mineral additive fired at a temperature of 500 °C are characterized by a high content 
of zeolites, a decrease in portlandite, and an increase in the amount of chemically bound lime by 31.8 %. 
The optimal concentration of a mineral additive was selected, which is 10 % of lime mass. It is shown that 
the introduction of clay fired at temperatures of 450–500 °C into a lime-sand composition increases 
compressive strength at the age of 28 days of air-dry hardening, which, depending on the firing temperature 
and the type of clay, is 2–2.6 times. 

3. The main technological and operational properties of the lime composition and coatings based 
on it were determined. The finishing layer based on the developed mixture is characterized by the following 
indicators: adhesion strength Radg = 0.60–0.76 MPa, cohesive strength Rkog = 0.35–0.36 MPa, vapor 
permeability µ = 0.055–0.058 mg/mhPa, conditional coefficient crack resistance Ktr = 0.54–0.58, water 
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absorption by weight Wt = 12.29–13.62 %, softening coefficient Kp = 0.48–0.52, elastic modulus  
Eel = 40–50 MPa, deformation modulus Edef = 20.59–24.00 MPa, shrinkage deformations  
ε = 0.027–0.034 %. 
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Abstract. Loading conditions are among the significant determinants of the stability of embankment dams: 
they need to be carefully investigated during the design phase of the dam construction. Unfortunately, it is 
almost impossible to investigate the combination of these parameters in-situ. In the current work, the 
influence of rapid drawdown loading conditions on the stability of the embankment dam was investigated 
with the help of numerical modeling for a case of the Aktobe dam in Kazakhstan. The seepage analyses 
were carried out concurrently with slope stability analyses. Mainly, five different drawdown cases were 
investigated, which are: steady-state, instantaneous drawdown, 5-days drawdown, 10-days drawdown, and 
1m per day drawdown rate. In terms of flow type, both steady-state and transient flow conditions were 
investigated. In general, when the embankment was subjected to the 1 m per day drawdown rate a 
minimum factor of safety value of 1.486 was retrieved from computations. The factor of safety value is 
equivalent to a 3.7 % increase from the 10 days drawdown rate, 8.3 % from the 5 days drawdown rate and 
48.6 % from the instantaneous drawdown. 

Funding: This research was funded by the Science Committee of the Ministry of Education and Science 
of the Republic of Kazakhstan (Grant No. АР09258790). 

Citation: Aldungarova, A.K., Mkilima, T.M, Utepov, Ye.B., Tulebekova, A.S., Zharassov, Sh.Zh. 
Heterogeneous embankment dam under rapid drawdown. Magazine of Civil Engineering. 2023. 117(1). 
Article no. 11708. DOI: 10.34910/MCE.117.8 

1. Introduction 
Embankment dams are artificial barriers constructed to retain or detain water for either permanent 

storage or release at a controlled rate, which have been in existence for millenia. It is believed that 
embankment dams date back to Ancient Egypt, India, and China [1]. Embankment dams are also famous 
in urban catchments, where they are used as flood control structures.  

Embankment dams are considered to be the most economical type of dams, a phenomenon that is 
highly attributed to the fact that, the filling materials can be retrieved at the dam site with little or no 
processing before their application [2]. However, these dams are always challenged by the potential slope 
failure. The slope stability of an embankment dam is highly dependent on the material characteristics, slope 
steepness, and nature of loading [3]. 

The location and geometry of these dams are highly dependent on the results from feasibility studies 
that have to check geological issues, hydrological conditions, nature of the terrain as well as seismic factors; 
without forgetting the availability of the construction materials [4]. In most cases whether an embankment 
dam or concrete dam will be constructed is highly dependent on the size of the valley; whereby, concrete 
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dams are always preferable in narrow valleys while embankment or earth-fill dams are preferable in wider 
valleys with problematic foundation soil [5].  

In terms of material characteristics; an embankment dam is normally created by the placement and 
compaction of a complex semi-plastic mound. This mound can have various compositions of earth-fill 
materials including: sand, clay, gravel, or rock. Gravels are among the materials used in the construction 
of embankment dams characterized by high hydraulic ( )k  conductivities also known as permeability rates 
ranging from 1 to 100 cm/s. For instance, the Hazen equation has for long been used to estimate hydraulic 
conductivity in cm/s based on semi-empirical correlations with effective grain size ( )10D  as summarized 
in Equation 1 [6]. 

2
10,k C D= ×                                                                              (1) 

where, 10D  represents the grain size in mm which is equivalent to 10 percent passing on the gradation 

curve for the soil, while the constant C  varies from 0.4 to 1.2, with an average typical value being 1 [7]. 
Some other researchers have also tried to relate k to the 15D  size for uniform filter sands as summarized 
in Equation 2 [8]. 

2
15.k C D= ×                                                                              (2) 

In terms of slope, it is always recommended to use shallow slopes such as 3 units horizontal to 1 
unit vertical. For upstream slopes, the ratio is 4 units horizontal to 1 unit vertical, and for downstream slopes, 
2.5 units horizontal to 1 unit vertical, especially for homogeneous or modified-homogeneous small dams 
constructed of fine-grained soils [9]. In terms of loading conditions several parameters have to be always 
taken into consideration when designing embankment, which are: end of construction, steady seepage, 
seismic forces, and most importantly rapid drawdown (from spillway elevation to the crest of the lowest 
gated or ungated outlet). 

Despite the potential usefulness of these dams, slope failure has been always a significant concern 
[10]. A failure of such a dam likely leads to unmanageable catastrophic consequences. Loss of human 
lives, damage to domestic and wild life, loss of properties, and environmental degradation are among the 
potential results of the embankment dam slope failure. The slope failure process starts with seepage flow 
on the downstream slope of an embankment dam and is a primary indication of the migration of fine 
particles in the dam [11]. 

Unfortunately, another major issue of concern with embankment dams that has currently emerged is 
the potential of embankment failure under rapid drawdown scenarios [12]. Normally, an embankment dam 
is subjected to a fairly long-time constant elevation of water surface, which is also known as the long-term 
steady-state: the flow of water within the embankment (seepage) during the long-term reservoir level has 
likely reached a steady-state making the dam relatively stable. However, in some cases, the reservoir has 
to be drained rapidly either intentionally or due to the system failure upstream, including the impacts of land 
use/land cover change [13]. In such a case, the pore-water pressures developed within the embankment 
from the long-term steady-state conditions may remain relatively high, whereby the removal of water also 
removes the stabilizing effect of the reservoir’s weight along the upstream side of the embankment and the 
embankment eventually fails [14–15]. However, the mode of failure due to the rapid drawdown conditions 
differs from one case to another. Therefore, the potential response of an embankment dam with a relatively 
low permeability material zone in the upstream face under rapid drawdown conditions is yet to be 
discovered. 

There are already many cases of embankment dam failure, including the following examples. The 
Belci dam in Romania failed in 1991, and the embankment with a clay core was constructed in 1962 [16]. 
The Tous dam embankment dam in Valencia, Spain, failed due to overtopping in 1982 with an estimated 
damage of approximately 400 million USD [17]. The Upper Taum Sauk embankment dam failed on 
December, 14th 2005, in Missouri, the United States of America; the construction of the dam started in 1960 
and ended in 1962, while it was put into operation in 1963 [18]. The Teton Dam located within the Teton 
River catchment in Madison County, southeast Idaho in the United States of America, faced a total failure 
in 1976 and is among the most famous case studies in terms of dam failure [19–22]. The Baldwin Hills 71 m 
high with a crest length of 198 m which was designed as a homogeneous embankment dam faced a failure 
in 1963 [23]. These are only some of the many cases of dam failures. With these cases, it is beyond 
reasonable doubt that the stability of embankment dams remains one of the most significant concerns for 
Civil and Geotechnical Engineers. 
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In this study, the influence of rapid drawdown loading conditions on the stability of the embankment 
dam is investigated with the help of numerical modeling for the case of the Aktobe dam in Kazakhstan. 

2. Materials and Methods 
2.1. Case study description 

The Aktobe dam is located approximately 10 km from the Aktobe City center in Western Kazakhstan; 
latitude: 50°12'23.26"N and longitude: 57°18'36.18"E. The reservoir with a volume of approximately 
245 million m3 was put into operation in 1988. The Aktobe region is known to be among the largest regions 
in terms of area coverage in Kazakhstan with an approximate area of 300,629 km2 occupying approximately 
11 percent of the entire country. 

Several rivers are decorating the Aktobe region including the Kargaly river which discharges its water 
into another river (Ilek River). One of the tributaries of the Ilek (left tributary) passes through the center of 
the Aktobe region. Sazdy River is another important river that passes within the city; whereby, large 
entertainment centers, shopping malls, and other social buildings are located along the river banks. 

In terms of climatic conditions, the Aktobe region is characterized by a humid continental climate with 
significantly high seasonal variation levels in terms of temperature. The region is also characterized by 
harsh winters like many other parts of the country with temperatures dropping as low as –48 °C; whereas, 
the daily average minimum temperature is −16 °C. Also, the Aktobe region is characterized by hot summers 
with the temperature reaching 43 °C; whereas, the average maximum temperature is 30 °C. However, is 
also worth pointing out that, the levels of weather changes are extremely high in the region in spring and 
autumn, especially during the windiest days of March. Moreover, the rainy seasons are generally during 
early spring and a bit of late autumn (the period when winter starts); characterized by heavy snows during 
the winter. On average, the annual precipitation in the Aktobe region is approximately 330 mm. 

Like many other parts of Kazakhstan, the geological condition in the Aktobe region is characterized 
by significantly extensive basement rocks resulting from the Precambrian and relatively high widespread 
Paleozoic rocks. Based on some studies it has been observed that the groundwater of some parts of the 
region is characterized by high concentration levels of petroleum products [24]. 

2.2. Embankment geometry and modeling process 
In this study, finite element method analyses were used to evaluate the potential influence of rapid 

drawdown loading conditions on slope stability of an earth-fill dam for the case of the Aktobe dam. The 
general modeling process is characterized by two main types of analyses, namely; seepage analysis and 
slope stability analysis. The seepage analysis was executed using the SEEP/W unit of the GeoStudio, while 
the slope stability was executed using the SLOPE/W of the GeoStudio 2018 R2 (version 9.1.1.14749). 
Mainly, five different drawdown cases were used, namely; steady-state, instantaneous drawdown, 5-day 
drawdown, 10-day drawdown, and 1 m per day drawdown rate. It is also worth noting that, the seepage 
analyses were carried out concurrently with slope stability analyses. The Aktobe dam embankment is 
characterized by a maximum water depth of 18.5 m, with an embankment height of 22.7 m (Fig. 1). The 
embankment is mainly divided into five different zones based on material properties (discussed in the 
materials properties section).  

 
Figure 1. Embankment geometry. 

2.3. Seepage analysis 
In the seepage analysis, it was important to establish a long-term steady-state using the Steady-

state type of analysis before subjecting the embankment to the transient analysis. In that matter, the 
developed long-term steady conditions were used to feed pore-water pressures to the transient seepage 
analyses through the “parent” approach. This was an important step or process because, from prolonged 
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develop a steady-state condition of seepage that has to be taken into consideration during the numerical 
modeling [25]. 

However, as previously mentioned, the numerical modeling process consisted of several drawdown 
rates (instantaneous, 5 days drawdown, 10 days drawdown, and 1 m per day drawdown rate) and isotropic 
hydraulic conductivity values. To model the transient flow through varying water levels as the reservoir was 
being drained, linear functions were specified as a boundary condition on the upstream face of the 
embankment. It is also worth highlighting that, the transient flow analyses received pore-water pressures 
from seepage analyses. Fig. 2 presents the summary of the drawdown boundary conditions for the 5 days 
drawdown, 10 days drawdown, and 1 m per day drawdown rates. 

  

 
Figure 2. Boundary conditions. 

2.4. Slope stability analysis 
As previously mentioned, the slope stability models received their pore-water pressures from the 

seepage analysis models. In general, the slope stability modeling is based on the Morgenstern–Price 
approach which is a general method of slices established based on the limit equilibrium. Its application 
requires the fulfillment of equilibrium of forces and moments acting on individual blocks. To generate the 
blocks, the soil above the slip surface has to be divided by dividing planes [26]. Generally, the method is a 
limit equilibrium approach used to assess the factor of safety value of the potential failure mass based on 
satisfaction of both force and moment equilibrium [27]. 

In this study, the Morgenstern–Price approach was selected due to the fact that it is capable of 
satisfying the equilibrium conditions and involves the least numerical difficulty [28]. Moreover, it has to be 
noted that the fundamental supposition governing the Morgenstern–Price method is that the ratio of normal 
to shear interslice forces through the sliding mass is characterized by an interslice force function resulting 
as a product of a specified function ( )f x  and an unknown scaling factor .λ  

Several assumptions were incorporated in the formulation of the Morgenstern–Price method to 
compute the limit equilibrium of forces and moment on individual blocks [28]: 

• The planes that divide one block and another are always vertical. 
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• The action line of the weight of the block passes through the center of the particular segment of 
slip surface represented by a point. 

• The normal force is acting in the center of the particular segment of the slip surface at a point. 
• The inclination of forces acting between blocks is different on each block at slip surface 

endpoints. 

2.5. Material characteristics 
The embankment was divided into different zones and each zone was assigned a specific type of 

material based on the heterogeneity of the Aktobe dam. Zone 1 was composed of more non-cohesive 
materials (coarse materials) mixed with some fine materials with fixed hydraulic conductivity based on the 
dam material characteristics. Zones 2 (a) and (b) were also characterized by non-cohesive soil (filter 
materials) with more sand and gravel. On the other hand, Zone 3 was mainly composed of relatively high 
cohesive soil material including fine-grained materials (clay). Moreover, Zone 4 was mainly composed of 
coarse material with relatively very little content of fines materials. In general, the liquid from all the zones 
ranged from 18 % to 52 %. From Table 1 it can be observed that some other parameters such as diameter 
at passing 10 %, diameter at passing 60 %, internal angle of friction (degree), as well as unit weight were 
specified in the model. Fig. 3 presents the summary of the volumetric water content and hydraulic 
conductivity functions assigned to the model from Zone 1 and 2. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3. Volumetric water content and hydraulic conductivity functions for different zones. 
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Table 1. Material properties. 

Parameter 
Zone 

Zone 1 Zone 2 Zone 3a,b Zone 4 
Saturated hydraulic conductivity (ksat), m/s 1.2 ∙ 10-5 1.42×10-8 1.1×10-4 5.2×10-5 

Diameter at passing 10 % (mm) 0.1 0.002 0.2 0.1 
Diameter at passing 60 % (mm) 40 0.05 0.8 40 

Liquid limit (%) 25 to 45 50   

Unit weight (kN/m3) 20.5 20 18.5 20.5 
Saturated water content (%) 29.6 36.8 40.1 29.6 

Internal angle of friction (degree) 40 28 38 40 
Cohesion (kPa) - 15 - - 

 

3. Results and Discussion 
Both seepage and slope stability analyses were successfully executed. As previously mentioned, the 

investigation process is based on the different drawdown rates to investigate their influence on the stability 
of a heterogeneous embankment. Each investigated case started with seepage analysis followed by slope 
stability; whereby, the seepage model acted as a parent to the slope stability model. Also, both steady-
state and transient flow conditions were taken into consideration. 

3.1. Seepage analysis 
Generally, seepage flow within an embankment is the movement of water from the upstream side of 

the dam (where the reservoir is located) to the downstream side crossing the dam body preferably below 
the foundation. Due to the potential stability issues that can be associated, it is of significant importance to 
control seepage in earth-fill dams, especially during the design and construction phases of the dam. 

From Fig. 4 it can be observed that, based on the material arrangements from the Aktobe dam, the 
modeling revealed that under long-term steady-state conditions the seepage within the embankment is 
safely carried without crossing the downstream face of the embankment. In the literature, it has been 
observed that seepage flow through earth-fill embankments is the principal cause that leads to failure due 
to some factors such as eroding, scouring, as well as piping [29]. 

Moreover, it is also important to investigate the long-term steady-state seepage because when the 
reservoir is filled, immediately water starts seeping through the body of the embankment. Whereby, after a 
certain time the seepages reach steady conditions, and a distinct phreatic line is generated; that means the 
embankment soil under the distinct phreatic line is relatively saturated and is under seepage pressure. Also, 
according to Perri et al., [30] an increase in embankment pore water pressures a phenomenon that is linked 
to the development of the long-term steady-state seepage condition can also result in an associated 
decrease in effective stress in the soil; whereby, the decrease in effective stresses leads to a reduction of 
the available effective strength of the soil. 

 
Figure 4. Steady-state seepage. 

From Fig. 5 it can be observed that the seepage line heights keep on decreasing with the decrease 
in water levels in the reservoir. It is also important to be noted that, the first seepage line indicates the initial 
water level in the reservoir. Then when the reservoir drawdown was simulated by instantaneously removing 
all the water, the water level was relatively sustained at the level of the toe of the slope making more of the 
seepage lines to be concentrated at the embankment toe [31]. 



Magazine of Civil Engineering, 117(1), 2023 

 
Figure 5. Instantaneous seepage. 

3.2. Slope stability analysis 
The evaluation of slope stability is mainly based on the factor of safety values. From Fig. 6 it can be 

seen that the long-term steady-state factor of safety value is 1.784 which is highly acceptable in terms of 
slope stability. 

According to the Washington State Department of Transportation Geotechnical Design Manual [32], 
it is recommended that for slope stability analysis of permanent cuts, fills, and landslide repairs, 1.25 is 
adopted as the minimum safety factor value. Furthermore, it is recommended that larger safety factors must 
be adopted in a case when there is a potential uncertainty in the analysis input parameters. Also, according 
to Jiri H. et al., [33], some other authorities recommend a minimum factor of safety of 1.5 for slope stability 
analysis of embankments. 

 
Figure 6. Steady-state slope stability. 

When the embankment was subjected to the instantaneous a minimum factor of safety of 1.164 was 
retrieved; whereby, based on the recommendation of some authorities the obtained factor of safety is an 
indication of a potential failure. Also, from Fig. 7(b) it can be observed that the lowest factor of safety value 
was obtained within the first day of the instantaneous drawdown; that means, the potential failure is of 
immediate effect when the embankment is subjected to an instantaneous drawdown. 

 
(a) 
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(b) 

Figure 7. Instantaneous slope stability. 
Also, when the embankment was subjected to 5 days drawdown rate a factor of safety of 1.372 was 

achieved which is a bit higher than the instantaneous drawdown (equivalent to a 17.9 % increase). 
However, with the fact that some other authorities recommend a minimum factor of safety of 1.5 to consider 
an embankment safe during loading, the 1.372 factor of safety value may also signify a potential failure. 
From Fig. 8 it can be observed that the minimum factor of safety value is obtained within the fourth and fifth 
day of the drawdown. 

 
(a) 

 
(b) 

Figure 8. Drawdown 5 days. 
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Moreover, when the embankment body was subjected to 10 days drawdown rate, a minimum factor 
of safety of 1.433 was achieved; equivalent to a 4.4 % increase from the 5 days drawdown rate and 23.1 % 
from the instantaneous drawdown rate. From Fig. 9 it can be observed that the minimum factor of safety 
value is obtained within the 9th day of the reservoir draining. 

 
(a) 

 
(b) 

Figure 9. Drawdown 10 days. 
Another case that was taken into account in this study is the 1 m per day drawdown rate (Fig. 10); 

whereby, when the embankment was subjected to the 1 m per day drawdown rate a minimum factor of 
safety value of 1.486 was retrieved from computations. The factor of safety value is equivalent to a 3.7 % 
increase from the 10 days drawdown rate and 8.3 % from the 5 days drawdown rate and 48.6 % from the 
instantaneous drawdown. 

Furthermore, in the literature rapid reservoir draining has been noted to be among the critical factors 
in the stability of embankment slopes that were initially submerged from the upstream face. Therefore, the 
reduction process of water level leads to two main consequences; firstly, a decrease in terms of the external 
stabilizing hydrostatic pressure due to the unloading effect of removing water, and secondly, alteration of 
the internal pore water pressure [34]. 
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(a) 

 
(b) 

Figure 10. Drawdown 1m per day. 
From Table 2 it can be observed that the minimum (min) factor of safety values were increasing with 

the decrease in drawdown rates. A similar phenomenon can be observed from the median, arithmetic mean 
(mean), and standard deviation. (STD). However, the maximum (max) factor of safety values remained 
constant as they are determined by the long-term steady state. 

As previously mentioned, the minimum factor of safety when the embankment was subjected to the 
instantaneous drawdown case was 1.164, while the same embankment was subjected to the 1 m per day 
drawdown rate the minimum factor of safety was 1.49; which is equivalent to 48.6 % increase. 

In most cases the minimum factor of safety is of interest because in geotechnical engineering, for 
instance, a factor of safety provides an overall picture of how much stronger a structure is than it needs to 
be for a specific type of loading; also expressed as the ratio of the capacity of the structure to the appropriate 
demand [35, 36]. Another key aspect to note is that these values are normally computed using detailed 
analysis due to the fact that comprehensive testing can be associated with feasibility issues on many 
engineering projects. However, the structure's ability to sustain potential loading conditions should be well 
checked in principle to resolute to a sensible accurateness. Moreover, well-designed with a sufficient value 
of factor of safety has the potential to increase the safety of people that in turn reducing the risk of failure 
of the particular structure [37–39]. 

Table 2. Summary of the factor of safety values from the investigated drawdown rates. 

Drawdown type Min Max median Mean STD 

Instantaneous 1.164 2.512 1.556 1.552 0.201 

Drawdown-5 days 1.372 2.512 1.562 1.583 0.202 

Drawdown-10 days 1.433 2.512 1.567 1.624 0.231 

Drawdown-1 m per day 1.486 2.512 1.569 1.692 0.271 
 

On the other hand, Fig. 11 presents the summary of the factor of safety values distribution. It can be 
seen that, the data distribution from the instantaneous, 5 days, and 10 days drawdown rates is almost 
symmetrical; which means there was an equal data distribution with the list of factors of safety values. 
However, from the 11 m per day drawdown rate, the median is observed to be closer to the lower quartile 
of the boxplot meaning that the data distribution was positively skewed with higher values than the lower 
values. 

In summary, the observed effects of the rapid drawdown loading conditions can be again linked to 
the fact that when the water in the reservoir is removed relatively fast the supporting water load from the 
upstream face of the embankment in combination with the changes in pore water pressure results in an 
undrained unloading condition in which total stresses decrease that in turn increases shear stresses within 
the embankment [40]. 
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Figure 11. Distribution of factor of safety values for the investigated drawdown rates. 

4. Conclusions 
1. The influence of rapid drawdown loading conditions on the stability of the embankment dam was 

investigated with the help of numerical modeling for the case of the Aktobe dam in Kazakhstan.  

2. From the investigation results, it was observed that when the embankment was subjected to the 
1 m per day drawdown rate, a minimum factor of safety value of 1.486 was retrieved from computations.  

3. The factor of safety value is equivalent to a 3.7 % increase from the 10-days drawdown rate, 
8.3 % from the 5-days drawdown rate, and 48.6 % from the instantaneous drawdown.  

4. However, some authorities recommend a minimum factor of safety of 1.5 for an embankment to 
be regarded as safe enough in terms of slope stability.  

5. Moreover, the results in this study further revealed that even a heterogeneous dam supplied with 
a core in the embankment can be highly susceptible to failure when subjected to rapid drawdown loading 
conditions.  

6. Therefore, it is of significant importance to investigate the response of an embankment dam 
subjected to a rapid drawdown condition during the design phase of the embankment to avoid potential 
failure when the dam is already in operation.  

7. The process ensures the stability of the structure as well as provides protection against health 
impacts and property damage. 
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Abstract. The aim of the study presented in the current article was to experimentally substantiate the 
possibility of obtaining the cost effective building materials for electromagnetic radiation shielding by using 
powdered charcoal as a filler. Such charcoal properties as low cost and high carbon content (up to 
90.0 wt.%) were the prerequisites for the study. To achieve the goal, a method for obtaining composite 
materials based on powdered charcoal and building gypsum was developed and experimentally 
substantiated by the authors. Further, the samples of charcoal-containing building materials were made 
according to the developed method and the electromagnetic radiation reflection and transmission 
coefficients values of the samples were measured in the frequency range of 0.7–17.0 GHz using scalar 
network analyzer. According to the measurements results, it was found that the average value of the 
electromagnetic radiation reflection coefficient in the specified frequency range of the materials produced 
in accordance with the presented method (when these materials thickness was equal to 1.0 cm) was –3.0 
dB, and the average value of the electromagnetic radiation transmission coefficient was –25.0 dB. The 
studied materials are recommended for use in electromagnetic shielding of the rooms housing the 
electronic devices. 
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1. Introduction 
Nowadays the building materials for electromagnetic radiation shielding are one of the objects 

of scientific area dealing with the functional materials development and research. This is due to the 
combination of the following reasons: 

1) expansion of the number of electronic devices used to solve industrial and household problems, 
and the increase in the level of the electromagnetic background associated with it (since in the course of 
their operation each of these devices forms and emits electromagnetic waves [1, 2] due to them containing 
antenna analogs); 

2) the need for electromagnetic shielding of the rooms housing the electronic devices that are 
sensitive to interference (servers, medical equipment, measuring equipment, etc.) [2, 3]. 

Currently developed building materials suitable for electromagnetic radiation shielding are 
composites with the following combinations of components: 

1) matrix and filler; 

2) binder agent and filler. 

https://creativecommons.org/licenses/by-nc/4.0/
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The materials associated with the first combination, as a rule, are used as finishing panels for the 
walls of the rooms housing the electronic devices sensitive to interference. In such materials, porous 
substrates are their matrices, while iron, nickel, copper or carbon particles serve as their fillers. The 
technology obtaining such materials is based on deposition of these particles in the pores [4] or on the 
surface [5] of the matrices. Their main advantage is the possibility to produce finishing panels of complex 
shape on their basis (not flat and not associated with the regular geometric figures). For example, it’s 
possible to obtain finishing panels, the surface of which contains a set of inhomogeneities interacting with 
and scattering the electromagnetic radiation. This is a very important property, especially when the shielded 
room should resemble an anechoic chamber. Moreover, such materials allow designing finishing panels of 
non-straight boundaries. This shape comes useful, when the room in need of shielding has uneven corners. 
In general, the shape of the panels, formed on the basis of the discussed materials, is defined by their 
matrices shape. However, the main disadvantage of such materials is technological complexity and high 
time consumption of their production. This disadvantage is critical, because the total square of the room 
might be comparable with the total square of the room walls, which should be covered by these panels, 
making it a challenge to cover everything. 

The building materials suitable for electromagnetic radiation shielding and associated with the 
second of the presented combinations, are characterized by lower technological complexity compared with 
the materials of the first combination. This is due to the fact, that their production technology is based on 
the distribution of the particles or fibers, containing iron, nickel, copper or carbon, in the volume of binder 
agent, which is, as a rule, cement, building gypsum or polymer [6–11]. Such materials are used as building 
mixtures for covering the walls of the rooms housing interference-sensitive electronic devices with panels. 
These panels, compared with the matrix-and-filler panels, are characterized by regular (as a rule, rectangle 
or square) and flat shape. 

It’s necessary to stress, that carbon particles or fibers are a more promising source for the fillers in 
the composite panels. This is because metal powders (iron, nickel, copper etc.) give the composites high 
density and low mechanical strength [9]. This means, that such materials, when applied in the rooms 
housing interference-sensitive electronic devices, create a high load on the walls. In addition, such 
materials could be characterized by low adhesion to the walls. 

Carbon particles and fibers, used as the fillers of the building materials, suitable for electromagnetic 
radiation shielding, are characterized by high cost, because the production of such fillers is based on the 
use of expensive components or equipment. This poses the scientific problem of searching or synthesis of 
low-cost carbon-containing fillers for obtaining cost effective building materials, suitable for electromagnetic 
radiation shielding. One of the variants of such fillers is presented in paper [12]. It is a mixture of tire waste 
and slag samples. To extend the results, achieved in the way of the indicated problem solving, the authors 
of the current paper set the following goal: experimentally substantiate the possibility of obtaining cost-
effective building materials for electromagnetic radiation shielding by use powdered charcoal as a filler for 
such materials. To achieve the goal, the following tasks were solved: 

1) the method for obtaining the materials based on powdered charcoal and building gypsum was 
developed and experimentally substantiated by the authors (the optimal volumetric ratio to mix powdered 
charcoal and building gypsum powder was established, and the equipment and accessories needed for the 
production were defined); 

2) the samples of charcoal-containing building materials were made according to the developed 
method; 

3) the electromagnetic radiation reflection ( )11S  and transmission coefficients ( )21S  values 
of the produced samples were measured and analyzed. 

The prerequisites for the goal and tasks setting were the following charcoal properties: 

− low cost, as charcoal is currently produced from wood-processing waste [13, 14]; 
− high carbon content (up to 90.0 wt.%), which determines its electrical conductivity property [15, 

pp. 259–267]. 

2. Methods 
In the way of the development the method for obtaining of charcoal-containing building materials the 

authors defined the optimal volumetric ratio in which it is necessary to mix powdered charcoal and building 
gypsum powder. The following steps were made to solve the indicated task. 

Step 1. Preparing nine mixtures of the powdered charcoal and building gypsum powder with use of 
the laboratory powder mixer. Each of the prepared mixtures differed in the volumetric ratio of its constituent 
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powdered charcoal and dry building gypsum powder. The volumetric ratios of the indicated components 
were the following: 1:9, 1:4, 3:7, 2:3, 1:1, 3:2, 7:3, 4:1, 9:1. 

Step 2. Adding water to every prepared mixture and mixing the first one with the second ones with 
use of laboratory liquid mixer. According to the research results, presented in the papers [16, 17], it was 
established, that the volume of the water added to the mixture must exceed 2 times the volume of the latter. 

Step 3. Application of the mixtures, obtained on the step 2, on the cellulose substrates with use of 
spatula. 

Step 4. Drying the mixtures, applied on the cellulose substrates, under the standard conditions [18]. 

Step 5. Visual control of the quality of the surfaces of the materials, obtained as a result of the steps 
1–4 implementation. The used quality criterion – absence of cracks on the materials surfaces. 

Step 6. Choosing the material, obtained as a result of the steps 1–4 implementation on the basis of 
the mixture, characterized by the optimal volumetric ratio of the powdered charcoal and building gypsum 
powder. The following criteria were used for choosing: 

− there are no cracks on the material surface; 
− the material is characterized by the biggest volumetric content of the powdered charcoal (the 

criterion was established due to the following two reasons: 1) there are no cracks on the several 
materials surfaces; 2) if the volumetric content of the powdered charcoal in the material is greater 

21S  value of the latter is less, due to the fact, that powdered charcoal is characterized by the 
electroconductivity property). 

As a result of the described steps, it was established that the optimal volumetric ratio in which it is 
necessary to mix powdered charcoal and building gypsum powder when obtaining charcoal-containing 
building material is 2:3. 

The authors determined that the following equipment and accessories needed to obtain of charcoal-
containing building materials for electromagnetic radiation shielding: powder mixer, gypsum mixer, spatula, 
molds. 

The developed by the authors method for obtaining of charcoal-containing building materials for 
electromagnetic radiation shielding includes the following steps. 

Step 1. Mixing powdered charcoal and building gypsum powder in the established volumetric ratio 
(i. e. 2:3) with use of powder mixer. 

Step 2. Adding 2 volume parts of the water in the mixture of powdered charcoal and building gypsum 
powder. 

Step 3. Mechanical mixing of the water and the mixture of powdered charcoal and building gypsum 
powder with use of gypsum mixer. 

Step 4. Application of the obtained material to the walls of the shielded room with use of spatula or 
filling the molds with the obtained material (in case, on the basis of this material, it is necessary to obtain 
plates for finishing of the shielded rooms walls). 

The samples of charcoal-containing building materials were made according to the developed by the 
authors method. Table 1 presents the properties of these samples. 

Table 1. The properties of the samples. 

The sample name Type of charcoal used  
for the sample making 

The sample 
thickness, cm 

1.1 
Non-activated birch charcoal 

0.3 
1.2 0.5 
1.3 1.0 
2.1 

Activated birch charcoal 
0.3 

2.2 0.5 
2.3 1.0 

 

The samples 1.1 and 2.1 were made by applying the mixture of the powdered charcoal, building 
gypsum powder and water (when the mixture was in the liquid phase) to cellulose substrates, the thickness 
of which was 3 mm. The indicated substrates are radiotransparency ones and due to this fact they do not 
impact on 11S  and 21S  values of the materials applied on them. 
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The samples 1.2, 1.3, 2.2 and 2.3 were manufactured by the following way: 

1) filling full volume of the molds with the mixture of powdered charcoal, building gypsum powder 
and water (when the mixture was in the liquid phase); the molds length, width and thickness depend on the 
requirements to the corresponding parameters of the formed material; the used molds were made on the 
basis of flexible polymer radio-transparence material; 

2) exsiccation of the mixture of powdered charcoal, building gypsum powder and water in the molds 
under the standard conditions [18]; 

3) extraction from the molds the obtained material. 

11S  and 21S  values of the made samples were measured in the near zone in the frequency range 
0.7–17.0 GHz with use of scalar network analyzer. The indicated frequency range was chosen for the 
measurements performing due to the fact that the spectrum density of the electromagnetic radiation, 
emitted by the modern electronic equipment, is characterized by the maximum values in this range or such 
equipment operates on the frequencies from this range (for example, radars or equipment, used for 
information transmission and receiving via the wireless channels) [6]. 

Fig. 1, 2 shows the measurement schemes of 11S  and 21S  values of the made samples. 

 

Figure 1. The measurement schemes of 11S  values of the made samples. 

 

Figure 2. The measurement schemes of 21S  values of the made samples. 
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3. Results and Discussion 
Fig. 3–6 present 11S  and 21S  frequency dependences in the range 0.7…17.0 GHz of the made 

samples. 

 

Figure 3. 11S  frequency dependences in the range 0.7…17.0 GHz  
of the samples 1.1, 1.2 and 1.3 (curve 1, 2 and 3 respectively). 

 

Figure 4. 11S  frequency dependences in the range 0.7…17.0 GHz 
of the samples 2.1, 2.2 and 2.3 (curve 1, 2 and 3 respectively). 

 

Figure 5. 21S  frequency dependences in the range 0.7…17.0 GHz  
of the samples 1.1, 1.2 and 1.3 (curve 1, 2 and 3 respectively). 
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Figure 6. 21S  frequency dependences in the range 0.7…17.0 GHz  
of the samples 2.1, 2.2 and 2.3 (curve 1, 2 and 3 respectively). 

According to the results of comparative analysis of the frequency dependences presented in the 
Fig. 3 and 4 the following outcomes were obtained. 

1. 0.3 material obtained according to the proposed method on the basis of non-activated birch 
charcoal is characterized by 11S  values, changing from –3.0 to –12.0 dB. When such material thickness 

increases on 0.3 cm its 11S  values increase on 1.0–7.0 dB. It’s due to the fact that the phase difference of 
the electromagnetic waves reflected from the surfaces of 0.5 cm material and the short circuit (metal plate) 
is greater than the phase difference of the electromagnetic waves reflected from the surfaces of 0.3 cm 
material and short circuit (metal plate). When the considered material thickness increases to 1.0 cm its 11S  
values change no more than on 2.0 dB. It’s due to the similarity of the phase difference of the 
electromagnetic waves reflected from the surfaces of 1.0 cm material and the short circuit (metal plate) and 
the phase difference of the electromagnetic waves reflected from the surfaces of 0.3 cm material and the 
short circuit (metal plate). 

2. 11S  values of the materials obtained according to the proposed method on the basis of activated 
birch charcoal is less by 2.0–5.0 dB compared to the materials obtained according to the proposed method 
on the basis of non-activated birch charcoal. It’s due to the set of the following reasons:  

− the materials obtained according to the proposed method on the basis of activated birch charcoal 
are characterized by the greater moisture content, compared to the materials obtained according 
to the proposed method on the basis of non-activated birch charcoal due to the fact that pore 
surface area of the activated charcoal is greater that pore surface area of the non-activated 
charcoal [19]; 

− material moisture containing increasing is the reason of its electrical conductivity increasing  
[20–22] and as a result the reason of increasing electromagnetic radiation reflection coefficient 
of this material [23–25]. 

According to the results of comparative analysis of the frequency dependences presented in Fig. 5 
and 6 the following outcomes were obtained. 

1. 0.3 cm material obtained according to the method of non-activated birch charcoal developed by 
the authors is characterized by 21S  values, changing from –0.2 to –3.0 dB. 21S  values of 0.5 cm and 
1.0 cm materials obtained according to the developed method change correspondently from –1.0 to –8.0 dB 
and from –5.0 to –27.0 dB. 

2. 21S  values of the materials obtained according to the method of activated birch charcoal 
developed by the authors are greater on 2.0–15.0 dB compared to the materials obtained on the basis of 
non-activated birch charcoal. It’s due to the set of the following reasons: 

− the materials obtained according to the method of activated birch charcoal developed by the 
authors are characterized by the greater moisture content, compared to the materials obtained 
according to the proposed method of non-activated birch charcoal due to the fact that pore 
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surface area of the activated charcoal is greater than pore surface area of the non-activated 
charcoal [19]; 

− an increase in material moisture content is the reason of its electrical conductivity increasing [21] 
and a result of increasing electromagnetic radiation losses provided by this material [26, 27]. 

4. Conclusion 
The building materials obtained according to the method developed by the authors on the basis of 

non-activated birch charcoal are recommended for use in order to reduce the level of passive 
electromagnetic interference in rooms shielded with metals. At the same time, they should be applied in a 
layer 0.5 cm thick on the surface of metal sheets used for electromagnetic shielding of the rooms. This 
recommendation is due to the fact that 11S  values of the developed materials, measured in short circuit 
mode, vary in the range from –3.0 to –15.0 dB (when these materials thickness equal to 0.5 cm), i.e., these 
materials at the specified thickness weaken the power of electromagnetic radiation reflected from by 2.0–
32.0 times  

The building materials obtained according the method developed by the authors on the basis 
of activated birch charcoal are recommended for use in electromagnetic shielding of the rooms housing 
interference sensitive electronic devices. 

For this purpose, the developed materials should be used in one of the following forms: 

1) in the form of plaster applied to the walls of the specified rooms (the optimal layer thickness of 
such plaster should be 1.0 cm); 

2) in the form of plates with a thickness of 1.0 cm, intended for cladding of the walls of the specified 
rooms. 

This recommendation is due to the fact that 21S  values of the developed materials at their thickness 
of 1.0 cm vary from –10.0 to –30.0 dB, i.e., these materials provide an attenuation 10.0–1000.0 times the 
power of electromagnetic radiation interacting with them. 

In general, on the basis of the achieved experimental results, it is possible to conclude, that the 
building materials obtained according to the method developed by the authors and their analogs presented 
in papers [7–11] are characterized by similar 21S  values, due to the electrical conductivity property of 

powdered charcoal. 11S  values of the building materials obtained according to the method developed by 
the authors are lower compared to the analogs. It’s due to the following facts: 

− the fractions size of the powdered charcoal is bigger compared to that of the powders, used for 
the analogs [7–11]; 

− if the powder fractions size is greater, the electromagnetic radiation energy dissipated by them 
is greater too [1]. 

Moreover, the building materials obtained according to the method developed by the authors are 
more cost-effective than their analogs, because they are produced from wood-processing waste, as it was 
indicated in the Introduction chapter of the paper. 

Thus, the authors achieved the goal of the study. 
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Abstract. The object of the study is an underground structure located in a region with a harsh climate. The 
placement of structures in the underground space solves the urgent problem of reducing the heating cost 
for buildings and structures in the northern regions. The paper proposes ways to improve the energy effi-
ciency of underground structures through the choice of the structural characteristics of such structures by 
the criterion of minimum heat loss. The method for calculating heat energy losses through external enclos-
ing structures is based on determining the temperature fields in the ground mass adjacent to the structure 
throughout the year. The temperature in the ground is determined by solving the non-stationary heat con-
duction problem. The results of the step-by-step solution of the heat transfer problem in the form of tem-
perature fields are used further to calculate heat losses at specified time intervals. The results of determi-
nation of the influence of thermal insulation, the depth of the object relative to the ground surface and the 
temperature of the internal air on heat loss are presented. The analysis of the presented results makes it 
possible to make the correct choice of the design parameters of the designed underground facilities in 
various climatic conditions. 

Citation: Stetjukha, V.A. Energy efficiency of underground structures in harsh climatic conditions. Maga-
zine of Civil Engineering. 2023. 117(1). Article no. 11710. DOI: 10.34910/MCE.117.10 

1. Introduction 
Great attention is paid to topical problems of energy and energy efficiency of facilities in the world. 

One of the directions is the expansion of the use of alternative energy sources. Another effective way can 
be to reduce the amount of energy consumed for heating the premises or to maintain the required temper-
ature regime in the premises. The enclosing structures of buildings and structures and the surface of the 
Earth are subject to the effects of cyclical changes in the air temperature. Huge resources are spent on 
elimination of such influences on indoor temperature. According to [1], about 40 % of the total heat pro-
duced is consumed only for heating residential buildings. Currently in the world there is an active develop-
ment of natural resources in the northern regions with low air temperatures. Energy costs for buildings and 
structures heating in such regions of the Eurasian and American continents are especially high, and the 
delivery of energy carriers can be complicated. 

At the same time, the average ground temperature at a certain depth is more stable and often ex-
ceeds the air temperature in the cold season. In such conditions, the reduction of heat energy losses by 
structures can be achieved by placing structures underground. At a certain depth, temperature fluctuations 
remain quite insignificant, and in some cases the ground temperature remains closer to the required indoor 
air temperature. The use of thermal energy of the near-surface layers of the ground during the warm season 
can contribute to an increase in the efficiency of underground objects. 

The course of air and ground temperature in the regions of the Northern Hemisphere has been stud-
ied earlier and allows them to be used as initial data in the study of the problem posed. Areas where the 

https://creativecommons.org/licenses/by-nc/4.0/
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temperature of the near-surface ground layer reaches large negative values are described in [2–5]. Ground 
temperature and the pattern of its fluctuations at different depths throughout the year in some regions of 
the northern hemisphere are given in [6–9]. In one of the northern regions of Canada [6], the temperature 
at a depth of about 10 m remains practically constant and is about –3 °C. At a depth of 4 m it can drop to –
3.6 °C, at a depth of 2 m it drops to –4.7 °C, 1 m – up to –6.5 °C. The grounds in the study area are repre-
sented by silty clay. On Olkhon Island (on Lake Baikal), a constant temperature of about 0 °C is maintained 
at a depth of 3.65 m [7]. At the same time, at a depth of 1.5 m, it decreases to  
–3.75 °C, at a depth of 1 m, it decreases to –7.5 °C. Here, the grounds on the site are represented by sandy 
loams. In the conditions of the alpine steppe in Tibet [8], a constant temperature of about 0 °C is maintained 
at a depth of about 10 m. The grounds here are represented by sand and gravel. At a depth of 3 m, in an 
alpine meadow, the ground temperature drops to –3 °C. The results of the most ambitious studies in the 
Central Transbaikalia region are presented by N.A. Shpolyanskaya [9]. Here, for one of the wells, it is 
established that constant temperatures of about 1.3 °C are maintained at a depth of about 13 m. At a depth 
of 8 m, the temperature drops to 0.8 °C, at a depth of 4 m – to –0.8 °C, at a depth of 2 m – up to –6 °C. 
Here, sand with grit and sandy loam with grit occur in the near-surface layer. Ground temperature and its 
fluctuations at depth depend on the composition, moisture, ground structure, on the degree of surface 
shielding by natural and man-made factors. 

Previous studies have shown that, under certain conditions, the costs of heating underground struc-
tures are significantly reduced in comparison with similar above-ground structures. For this reason, the 
interest in underground construction in the world is steadily growing. Prospects are being created for the 
rational use of underground structures in the northern regions. The energy efficiency of underground struc-
tures is confirmed by historical experience, experimental and theoretical studies of a number of authors 
and is analyzed in a number of works. The efficiency of the underground and semi-underground location of 
buildings is substantiated in [10]. Here, using the example of refrigerators built in the USA, it is noted that 
the operating costs of warehouses and refrigerators for underground versions are reduced tenfold. It also 
shows energy savings for underground industrial buildings in Sweden, Norway and Finland. There are 
extensive classifications of underground structures according to various characteristics and directions of its 
use [11, 12]. 

The history and examples of the use of underground space, the main directions and a systematic 
approach to planning this process, a discussion of efficiency criteria are presented in [12–14]. It is noted 
here that the main advantage of underground structures is provided by the thermal stability of grounds and 
their thermal insulation capacity. Passive heat supply from the accumulated thermal energy in the ground 
can occur even in the coldest periods of the year. The advantages and problems of underground construc-
tion, as well as the experience of foreign countries in the development of underground space are given in 
[15]. In the article of V.L. Belyaev [16] notes the presence of large complexes – underground cities – erected 
in Canada, Finland, Japan, Netherlands, China, Singapore. It also deals with the development of under-
ground space in Moscow. The use of underground space in Helsinki is described in [17]. An example of 
using the thermal inertia of ground for storing food is given in [18]. Natural smoothing of extreme tempera-
tures due to the thermal insulating properties of ground masses is also used in tunnels [19], underground 
rooms and shelters [20, 21]. Often, cultural and entertainment, sports objects, production and transport 
objects are being erected as objects of underground structures in the world. The expediency of using un-
derground space for placing garages, warehouses, archives and other objects is noted. 

Criteria and motives for the use of underground space can be associated with the preservation of 
the environment, with the lack of free space for building, with the smoothing of temperature fluctuations at 
the surface of the ground massifs, with the need for high sound insulation, the need to increase the energy 
efficiency of objects, the need to build metro and roads. 

Permissible temperature values in rooms, including underground rooms, are established by regula-
tory documents. For example, according to the requirements of Russian Sanitary Rules and Regulations 
2.2.4.548-96 (Industrial premises), the air temperature at production premises should not drop below 16 °C, 
and sometimes below 13 °C. According to the norms of Russian Construction Rules 113.13330.2012 (Park-
ing of cars), the calculated air temperature in heated rooms is taken not lower than 5 °C. 

Along with the general features and directions of the use of underground space, there are also sig-
nificant differences in its use in the southern and northern regions. In the southern regions, when using 
underground structures, the problems of smoothing the maximum values of positive temperatures are 
mainly solved [21, 22]. In the North, an important role is played by smoothing out the impact of extreme 
values of negative outside air temperatures on structures or maintaining negative ground temperatures. 
Saving thermal energy in the northern regions during the construction of underground structures is consid-
ered in [23, 24], the prospects for the construction of such structures in the North are noted in [25]. The 
issues of cold accumulation are considered in paper [24], the preservation of permafrost in the foundations 
of buildings – in article [26]. 
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The use of a large ground layer as a layer of thermal insulation above the structure will require sig-
nificant costs for earthworks. Therefore, in underground construction, it is necessary to raise the question 
of the use of artificial effective thermal insulation, which will replace the ground layer around the structure 
and ensure even greater temperature stabilization at a certain depth and the conservation of thermal en-
ergy. Ways of using of thermal insulation in order to maximize the efficient conservation of thermal energy 
are considered in [27–30]. The influence of the thickness of the thermal insulation on the amount of heat 
loss for a partially recessed building in Poland is estimated in [27]. The effectiveness of thermal insulation 
for various climatic conditions of the three US states at three temperature options inside a completely buried 
and insulated along the entire contour of a warehouse facility is given in [28]. Experimental studies of the 
efficiency of tunnel insulation in China are presented in [29]. Analysis of the criteria for the effectiveness of 
thermal insulation of an underground facility using numerical modeling based on simplified techniques is 
carried out in [30]. In a harsh climate, the issues of using thermal insulation acquire special significance 
and are considered in [31, 32]. It also solves the actual problem of optimization of ground thermal insulation 
in the conditions of the Trans-Baikal region [32]. The above studies confirm that the use of thermal insulation 
reduces the depth at which significant fluctuations in the temperature of the environment occur, and makes 
it possible to reduce the size of the heat-insulating ground layer above the structure. In the latter case, the 
structure can be located closer to the surface, which reduces the cost of earthworks. 

Various methods are used to calculate the heat loss of underground structures in the design. In most 
cases, to assess heat loss, separate formulas are used that take into account the difference in temperatures 
between the outside air and the air in rooms underground [24, 33, 34]. In [35] formulas for calculating heat 
losses in underground collectors are given, in [24, 33, 34] – formulas for determining heat losses in the 
buried part of buildings. The disadvantage of the above publications is the incomplete consideration of the 
influence of the ground massif temperature and the physical properties of the ground changing in different 
periods of the year. 

Another approach to the determination of heat loss by underground objects includes the determina-
tion of temperature fields in the ground massif adjacent to the underground structure, taking into account 
the effect of temperature in room’s underground [20, 36–38]. In [36], the temperature of the adjacent ground 
is determined by solving a linear problem in a polar coordinate system for an underground potash mine. 
The problems of heat transfer in the ground massif for slightly buried in the ground structures are solved in 
[20, 37–38]. This approach, taking into account the physical and mechanical properties of the ground mas-
sifs adjacent to the structures, increases the reliability of the results obtained. The results of experimental 
studies of heat transfer near underground structures, presented in [30, 39–41], confirm the high accuracy 
of solutions based on the latter approach to the problem. In this case, the calculation of the parameters of 
heat transfer of underground structures should be carried out on the basis of solving the non-stationary 
problem of heat transfer. 

At the same time, the results of calculations, taking into account the thermal inertia of the ground, 
given in the publications presented above, assess the effectiveness of underground structures in the south-
ern regions. The energy efficiency of underground construction in harsh climatic conditions, taking into 
account the choice of the necessary technical parameters of structures, has not been studied enough. This 
circumstance required an assessment in this article of the effectiveness and the feasibility of using under-
ground structures in regions with severe climatic conditions. 

The object of research is underground structures in the northern regions. The subject of research is 
the magnitude of the loss of thermal energy through the external enclosing structures of structures when 
they are underground. The purpose of the work is a numerical analysis of the loss of thermal energy and 
an increase in the energy efficiency of underground structures in harsh climatic conditions. To achieve the 
purpose, it is necessary to solve the following tasks: formation of a method for determining the heat loss of 
a structure, taking into account non-stationary heat transfer in the ground, temperature fields in the ground 
massif and heat loss at specified time intervals; determination of quantitative indicators that assess the 
advantages of the underground layout based on the clarification of the temperature and properties of the 
surrounding ground; assessment of the degree of influence on the energy efficiency of underground struc-
tures of such factors as the depth of the object from the day surface, the thickness of the thermal insulation 
layer, the temperature in the premises. 

2. Methods 
A ground massif subject to continuous temperature changes at each point associated with tempera-

ture changes on the day's surface during the year is considered. The nature of temperature changes over 
time is determined by the climatic parameters of the region. An underground structure is located at some 
depth from the earth's surface. A ground massif with structural elements of the structure and thermal insu-
lation form the design model shown in Fig. 1. The structural elements of the structure's cross-section are 
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highlighted in blue, and the elements of thermal insulation are highlighted in orange. The variable parame-
ters of the computational model are the distance from the structure to the day surface, the thickness of the 
thermal insulation, and the air temperature in the premises. 

The problem is solved by the finite element method using the LIRA CAD software package. The 
design model of structures and ground is divided into finite elements. Finite elements of thermal conductivity 
and convective heat transfer are used. In the vertical direction, the ground massif, reinforced concrete 
structures and layers of thermal insulation are divided into finite elements with a step of 0.25 m, in the 
horizontal direction – with a step of 0.25 and 0.5 m. The temperature change in the ground massif and in 
structures is determined by a software package based on the theory of unsteady heat transfer. The phase 
transition under the influence of seasonal freezing and thawing of the soil is taken into account by stepwise 
adjustment of the parameters during the iterative process. The course of the outside air temperature and 
convective heat transfer are taken into account. The initial and boundary conditions on the contour of the 
ground massif model, on the day surface and in the ground massif are set on the basis of long-term obser-
vations. Numerous studies show that the obtained temperature fields at individual internal points of the 
computational model after repeated cyclic calculations do not depend on the initial temperature in the mas-
sif and are completely determined by the boundary conditions of the problem. The air temperature in the 
premises during the calculations is assumed to be constant. Energy costs for ventilation, water supply and 
sanitation depend on the purpose of the facilities. They are supposed to be taken into account when con-
tinuing research. 

 
Figure 1. Cross-section of an underground structure. 

As a result of the non-stationary problem of heat transfer solving, temperature fields are obtained in 
the ground and in structures. The loss of heat energy is determined by the solution of a quasi-stationary 
problem on specified time intervals of one month. Taking into account the temperature distribution in the 
ground massif, in the structures and in the premises, the heat flux from the structure through the ground 
massif is determined. The heat flux is calculated based on the average temperature fields for each month. 
Heat loss per year is obtained by summing heat fluxes for each month. Heat loss to the ground for a period 
equal to one month is [35] 

( ) ,v sQ z F K t t= ⋅ ⋅ ⋅ −                                                               (1) 

where z  is the heat transfer time, hour; F  is area, m2; K  is calculated heat transfer coefficient,  
(W / m2 · °C); yt  is internal air temperature, °C; st  is the temperature of the adjacent ground, °C. 

Formula (1) defines the heat loss through a selected area with a given area. Redistribution of heat 
fluxes in the ground massif and its accumulation for discrete time intervals is determined at each step of 
solving the non-stationary heat transfer problem. The technique used differs by taking into account the 
change in the temperature fields in the ground adjacent to the structure. 

3. Results and Discussion 
A ground massif, which lies to a depth of 14 m from the day surface with an underground structure 

located in it, is considered. In the horizontal direction, the computational model includes a ground massif at 
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a distance of 20 m from the outer contour of the structure. Fig. 1 and the following figures show fragments 
of sections along the massif, which are necessary for an objective illustration of the studied parameters. 
The cross-section of the underground structure has dimensions of 20 and 4 m (see Fig. 1). The length of 
the structure is taken to be 100 m. The thickness of the bearing enclosing structures of the walls made of 
reinforced concrete is 0.5 m. The floor structures and covering constructions are 0.25 m thick. Structural 
elements inside the structure (columns and internal walls) are not shown in Fig. 1. The depth of the structure 
from the surface is taken equal to 1 and 2 m, the temperature in the rooms is 8 °C or 20 °C, the thickness 
of the thermal insulation layers of the enclosing structures along the outer contour for different options is 
0.25 or 0.5 meters. 

Boundary and initial conditions on the bottom and side faces of the ground massif correspond to the 
temperature values in the massif in natural conditions. The boundary conditions on the upper edge are 
determined by the course of the outside air temperature. The facility is located in one of the regions of the 
Trans-Baikal Territory. Average monthly and annual air temperature according to Russian Construction 
Rules 131.13330.2012 (Construction climatology) is given in Table 1. 

Table 1. Average monthly and average annual air temperature,  °C. 
I II III IV V VI VII VIII IX X XI XII Year 

–25.0 –20.2 –9.6 1 9.2 16.2 18.5 15.7 8.4 –0.8 –13.1 –22.6 –1.9 
 

A homogeneous ground massif in the model is formed from loams with the following characteristics: 
dry ground density γ  = 1.8 g/cm3, moisture content W  = 20 %, thermal conductivity coefficient of frozen 

and thawed ground fλ  = 2.0 W / (m  °C) and thλ  = 1.6 W/(m  °C), heat capacity of frozen and thawed 

ground fC  = 2.41 J / (m3  °C) 10–6 and thC  = 3.17 J / (m3  °C) 10–6, freezing start temperature bfT  = –

0.2 °C. Thermal conductivity and heat capacity of concrete λ  = 1.69 W / (m ⋅ °C),  
c  = 0.84 kJ / (kg ⋅ °C), density of concrete – γ  = 2.5 g / cm3. Thermal conductivity and heat capacity of a 
polystyrene foam heat insulator λ  = 0.03 W / (m ⋅ °C), c  = 1.34 kJ / (kg ⋅ °C), density γ  = 0.035 g / cm3. 

To assess the energy efficiency of an underground object, the temperature fields in the massif and 
the loss of thermal energy through the enclosing structures are determined. Temperature values in the 
middle of each month in typical cross-sections for the considered basic ("basic") variant of the structure, 
buried by 1 m, when the temperature in the premises is taken equal to +8 °C, with a thermal insulation 
thickness of 0.25 m are given in Table 2. The distribution of temperature fields around the structure in mid-
July and mid-February is shown in Fig. 2 and 3. 

 
Figure 2. Distribution of temperature in the massif in July 
(The numerical values on the color scale are given in °C). 

As can be seen from the presented results, the temperature of the ground near the surface of the 
covering structures during the year fluctuates in the range from 12.3 °C in July to –11.5 °C in February. The 
change in ground temperature above the covering structure with an increase and decrease in air tempera-
ture is more significant than a change in ground temperature in its natural state. This is due to the limitation 
of the heated zone with a layer of thermal insulation and the accumulation of thermal energy above the 
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covering constructions. The maximum ground temperature under the floor structure is 3.3 °C in February, 
the minimum is 0.9 °C in June. The ground temperature remains practically the same in the middle sections 
of the floor and the covering constructions and changes slightly as the corners are approached. 

 
Figure 3. Temperature distribution in the massif in February 

(The numerical values on the color scale are given in °C). 
Table 2. Temperature values at different time periods. 

Time period 
Temperature values at characteristic points of the outer surface of structures, °C 

Сovering construction points Floor construction points Wall construction points 
Medial Angled Medial Angled Upper Medial Bottom 

January –8.4 –8.5 2.8 2.7 –3.4 1.6 2.4 
February –11.3 –11.5 2.5 2.4 –7.4 0.8 2.0 

March –2.7 –2.8 1.6 1.4 –2.7 –0.6 1.1 
April –1.1 –1.1 1.6 1.3 –1.5 –0.2 1.0 
May 0.7 0.7 1.4 1.1 –0.1 0 0.7 
June 9.3 9.3 1.2 0.9 5.5 0.5 0.7 
July 12.2 12.3 1.3 1.0 8.5 1.4 0.8 

August 11.4 11.5 1.9 1.6 9.5 4.2 1.5 
September 8.3 8.3 3.2 2.9 8.3 5.5 3.1 

October 4.1 4.0 3.3 3.2 5.4 5.4 3.5 
November 0.8 0.8 3.1 2.9 1.9 3.3 2.6 
December –4.5 –4.6 3.0 2.8 –0.5 2.4 2.7 

 

The nature of the change in ground temperature at the outer surface of the enclosing structures of 
the walls is more complex. At the top of the wall, temperature fluctuations are maximum. They vary in the 
range from –7.4 °C to 9.5 °C. The maximum and minimum ground temperatures at the base of the wall are 
3.5 and 0.7 °C, respectively. The maximum and minimum temperatures at the middle of the wall and at the 
bottom of the wall are reached with a noticeable phase shift in relation to the extreme outside temperatures. 
It depends on changes in ground temperature at depth in natural conditions. Graphs of ground temperature 
changes at a depth of 3.5 and 6 meters in natural conditions are shown in Fig. 4. The upper part of the 
ground massif surrounding the structure, saturated with heat in summer, gives off thermal energy to the 
layers of ground located below. In the cold period of the year, the wave of a decrease in temperature 
spreads downward. The positive temperatures around the structure delays the penetration of extreme neg-
ative temperatures in depth for 2 months (until March) at a depth of 3.5 meters and for 5 months (until June) 
at a depth of 6 meters. The penetration into the depth of extreme positive temperatures occurs with a shift 
of 3 months (until October) at a depth of 3.5 and 6 meters. Such a phase shift distinguishes underground 
structures located in harsh climates from regions with high air temperatures [37], where there is a slight 
phase shift between ground and air temperatures. Wave-like changes in temperature in the ground massif 
adjacent to the structure affect the loss of thermal energy by the structure during the year. Thus, the inertia 
of the ground around the underground structure smooths out extreme fluctuations in the temperature of the 
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outside air. As a result, the influence of ground inertia is a positive factor for stabilizing the temperature of 
the grounds adjacent to the structure. 

 
Figure 4. Annual variation of ground temperature  
at a depth of 3.5 m and 6 m in natural conditions. 

In turn, the air temperature in the underground structure also affects the temperature of the adjacent 
ground massif. The influence of the structure under consideration on the ground temperature in the hori-
zontal direction is about 8 meters. The zone of influence of a buried structure in the horizontal direction 
coincides with the result given in [37]. The effect on the ground temperature below the floor level is about 
7.5 meters. This limited impact is due to the use of thermal insulation. The results of determining heat 
energy losses through the enclosing structures are presented in Table 3. 

Table 3. Loss of heat energy by the structure. 

Time period 
Energy loss, kWh 

Through covering construction Through floor structures Through wall structures Total 
January 2740 868 576 4184 
February 3223 918 674 4815 

March 1788 1068 685 3541 
April 1520 1068 649 3237 
May 1220 1102 622 2944 
June -218 1136 521 1439 
July -702 1120 410 828 

August -568 1018 268 718 
September -50 802 433 1185 

October 652 786 236 1674 
November 1202 902 410 2514 
December 2088 836 473 3397 
In just one 

year 12895 11624 5957 30476 

 

The analysis of the heat losses presented in Table 3 indicates the highest total amount of losses 
through the ceiling (42.4 %) and floor (38.1 %) and less heat loss through the walls (19.5 %). This is due to 
the multiple difference in the areas of these surfaces, as well as year-round heat loss through a significant 
area of the floor surface. At the same time, in terms of the intensity of heat loss through a unit of area in 
the cold season, heat flow through the ceiling and walls prevails. As can be seen from Table 3, in the period 
from October to May there are significant losses of thermal energy through the ceiling, in the period from 
June to September, heat energy enters the ceiling (the energy values are marked in the table with a “-” 
sign). In regions with a warm climate the heat flux through the floor remains insignificant [20]. In our case 
the significant heat flux from the floor is due to the low positive ground temperatures under the floor structure 
throughout the year. At the same time, positive summer heat impulses do not have a significant effect on 
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ground temperature below floor level. The ground temperature here is significantly different from the indoor 
temperature.  

When comparing the underground and aboveground options for structures, it was found that at the 
design temperature of the internal air +8 °C and the above design parameters, the heat loss for the under-
ground structure was 1.5 times lower compared to a similar above-ground structure. A structure without 
thermal insulation is not considered, since this option will lead to freezing of structures and a decrease in 
the temperature of their inner surface below the dew point. 

To assess the effectiveness of individual constructive measures, the temperature distribution on the 
contour of the structure and the corresponding heat energy losses in the most energy-intensive periods of 
the year (in January and February) are determined. The calculation results are presented in tables 4 and 
5. Heat losses during this period fully reflect the influence of the investigated factors on the efficiency of 
underground structures. When the structure is deepened to 2 meters from the outer contour of the structure, 
the ground temperature near the outer contour of the covering construction in January and February be-
comes significantly higher due to the increase in the insulating function of the ground layer. At the same 
time, the temperature of the ground under the floor structure and in the zone of the lower part of the walls 
changes insignificantly due to its greater stability with increasing depth. An increase in the temperature of 
the internal air in the premises up to 20 °C have an insignificant effect on the temperature of the ground on 
the contour of the structure. The indicated increase in the air temperature leads to an increase in the tem-
perature of the ground at the surface of the enclosing covering construction by 1.6–1.8 degrees. The ground 
temperature under the floor structure and at the bottom of the walls also increases in 2 winter months by 
1.2–1.4 degrees. An increase in the size of the thermal insulation layer to 0.5 meters, regardless of the 
considered depth of the structure, limits the heating of the ground massifs adjacent to the structure and 
significantly reduces the temperature at the outer contour of the object (see Table 4). 

Table 4. Temperature values on the contour of the structure for different design features. 

Time period and technical fea-
tures 

Temperature values at characteristic points of the outer surface of  
structures, °C 

Сovering construction 
points 

Floor construction 
points 

Wall construction  
points 

Medial Angled Medial Angled Upper Medial Bottom 

January, basic version –8.4 –8.5 2.8 2.7 –3.4 1.6 2.4 

February, basic version –11.3 –11.5 2.5 2.4 –7.4 0.8 2.0 

January, depth 2 m –0.6 –1.0 3.0 2.8 –0.1 2.4 2.8 

February, depth 2 m –3.1 –3.5 2.6 2.4 –1.3 1.6 2.3 

January, indoor temperature is 
20 °C –7.8 –7.9 4.4 3.9 –2.6 2.8 3.5 

February, indoor temperature is 
20 °C –10.7 –10.8 4.3 3.7 –6.4 2.2 3.2 

February, insulation 0.5 m, 
deepening 1.25 m from the roof 

supporting structure 
–13.7 –13.8 2.1 2.0 –7.7 0.4 1.7 

February, insulation 0.5 m, 
deepening 2.25 m from the roof 

supporting structure 
–5.2 –5.4 2.3 2.2 –1.6 1.2 2.0 
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Table 5. Loss of thermal energy by the structure at different design features. 

Time period and technical features 
Energy loss, kWh 

Through covering 
construction 

Through floor 
structures 

Through wall 
structures Total 

January, basic version 2740 868 576 4184 
February, basic version 3223 918 674 4815 

January, indoor temperature is 20 °C 4640 2600 1354 8594 
February, indoor temperature is 20 °C 5120 2620 1747 9487 

January, depth 2 m 1440 840 442 2722 
February, depth 2 m 1860 900 509 3269 

February, insulation 0.5 m, deepening 1.25 
m from the roof supporting structure 1840 500 310 2650 

February, insulation 0.5 m, deepening 2.25 
m from the roof supporting structure 1120 480 278 1878 

 

 
Figure 5. Energy losses of an underground structure in February. 

As follows from the results presented in Table 5, moving the structure to a depth of up to 2 meters 
from the surface of the outer contour of the structure reduces heat losses by a third in two months compared 
to the base case. An increase in the temperature of the indoor air in an underground room up to 20 °C 
doubles the heat loss in the two coldest months. An increase in the thickness of thermal insulation from 
0.25 to 0.5 meters for a structure located at a depth of 1.25 meters from the supporting structure of the 
coating reduces heat loss by 1.82 times. For a structure located at a depth of 2.25 meters, heat losses are 
reduced by 1.74 times. Increasing the insulation layer turns out to be more effective than increasing the 
depth of the structure and less costly in terms of the amount of work. The effectiveness of constructive 
measures on the example of heat losses in February, characterized by the highest heat losses for the year, 
is clearly shown in Fig. 5. 

4. Conclusions 
1. A method for determining heat losses in underground structures in a harsh climate, based on 

determining the temperature fields in the adjacent ground massifs by solving the non-stationary problem of 
heat conduction is presented. The technique is distinguished by taking into account the thermal inertia of 
the ground mass with significant fluctuations in the outside air temperature. 

2. The degree of energy efficiency of underground construction objects in harsh climatic conditions 
was determined by the criterion of reducing the loss of thermal energy by the structure. Energy losses by 
an underground object in the considered climatic conditions and with the used design parameters are re-
duced by 1.5 times in comparison with a similar above-ground structure. 

3. The effectiveness of individual design measures to reduce heat energy losses for underground 
structures has been established. Deepening a structure to 2 meters from the surface reduces heat energy 
losses by a third in the coldest months compared to a structure buried by 1 meter. The energy efficiency of 
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underground structures in the northern regions increases with the indoor temperature approaching the tem-
perature of the ground in its natural state, as well as with the use of large layers of effective thermal insu-
lation materials at the outer contour of the structures. 

4. The problem to be solved is of great practical importance for assessing the feasibility of using 
underground construction facilities in harsh climatic conditions and for choosing the design parameters of 
underground facilities. 
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Abstract. The work is directed to the researches of composite binders, especially their strength properties 
in conditions of negative temperatures. Since the slowing down of concrete hardening with the addition of 
pozzolanic additives limits the possibility of using composite binders in regions with a short period of positive 
temperatures, a whole area of scientific works fails to find its application. The article presents the results 
on the determination of strength properties and hydration processes in cement stone with pozzolanic 
additive from natural zeolite during freezing and thawing. In determining the strength of the cement stone 
we chose the method of ultrasonic penetration. Graduation dependence of strength on the time of 
ultrasound propagation was revealed for its correct application. It allowed us to obtain dependences of 
cement stone strength with different amounts of additives on cycles of alternate freezing and thawing. The 
obtained results made it possible to get information on frost resistance of different compositions of the 
binders. It was shown that the addition of 30 wt. % and more of ground natural zeolite into Portland cement 
slows down the destructive effect of freezing-thawing due to unfinished hydration processes, which leads 
to an increase in the critical number of freezing-thawing cycles and the Portland cement frost-resistance 
grade from F300 to F400, respectively. 

Citation: Popov, A.L., Yadrikhinsky, V.A., Mestnikov, A.E. Peculiarities of hydration and frost resistance of 
cement with natural zeolite additive. Magazine of Civil Engineering. 2023. 117(1). Article no. 11711. 
DOI: 10.34910/MCE.117.11 

1. Introduction 
All over the world, there is a lot of experience in the use of composite binders, including cements 

with various mineral additives. However, their effective use in construction in cold climates is severely 
limited by temperature parameters, forcing to increase the cost of construction works by resorting to various 
additional technologies to control the curing conditions [1–3], while there are no attempts to increase the 
hydration capacity of binders in cyclic freezing and thawing. Thus, research is needed to improve the frost 
resistance of concrete binders and to expand the temperature conditions of their hardening. 

It is a known fact that a low positive temperature slows down the process of setting and gaining 
strength of concrete, and then the negative temperature stops it completely. At negative temperatures, it is 
impossible to perform concrete work, because glaciated water at 0 °C is not able to bind with the cement. 
Thus, the hydration processes in concrete responsible for strength gain are stopped [4–7]. For example, at 
an ambient temperature of –15 °C, even taking into account the preheating of the concrete mixture to 60 °C, 
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in less than 60 hours the temperature of 200 mm thick concrete drops below zero throughout its entire 
thickness [8].  

Because of this fact, the organization of construction work is carried out mainly in the period of 
positive temperatures, which, depending on the region of construction can be quite short. In this case, a 
well-known fact that Portland cement reaches natural strength within 28 days after mixing with water, which 
introduces its own limitations on the duration of concrete work, which should be carried out before the onset 
of sub-zero temperatures. In this regard, it becomes undesirable to use such new developments as mixed 
cements, which due to their pozzolanic properties slow down the process of setting the strength of concrete 
[9–12]. 

Thus, the retardation of hydration processes, typical for some composite binders, limits the possibility 
of their use in conditions of rapid onset of negative temperatures. Because of this fact in regions with a 
short period of positive temperatures the whole area of scientific developments dedicated to composite 
binders is not practically applied [13–20]. On this basis, studies that study the behavior of composite 
binders, namely their pozzolanic and hydration properties in conditions of negative temperatures are 
relevant.  

The aim of the research is to establish the features of hardening processes and frost resistance of 
Portland cement with natural zeolite additive. As the first step to achieve this goal, the task of studying the 
process of changing the strength of cement stone during freezing-thawing cycles has been set. As a method 
of determining the strength is used ultrasonic screening method. 

2. Materials and Methods 
Portland cement of CEM I 32.5H grade produced by Yakutcement JSC (Mokhsogolokh, Russia) was 

used for the tests (Table 1). Ground natural zeolite produced by Suntarzeolite LLC (Suntar, Russia), an 
enterprise producing and enriching natural zeolite, was used as a pozzolanic additive. Properties of the 
additive are given in Table 2. 

Table 1. Properties of Portland cement CEM I 32.5H (JSC "Yakutcement"). 
Indicator Value 

Normal density, % 25 
Residue on sieve 008, % 7.0 

Uniformity of volume change, mm 0.11 
Timing of setting: 

– start, hr-min 
– end, hour-minutes 

 
2–35 
3–55 

Average activity of cement at the age of 28 days, MPa 40.95 
 
Table 2. Properties of pozzolanic additive – ground natural zeolite. 

Indicator Value 
ulk density, kg/m3 1420 

True density, kg/m3   1780 
Specific surface, m2/kg  3000 

Activity towards CaO, mg/g 76.6 
Quality factor as a component of the composite binder* 1.16 

 

Samples of Portland cement with pozzolanic additive in the amount of 10, 30 and 50 % (instead of 
cement by mass) were made in the form of cubes 70×70×70 mm without using large and small aggregates 
according to interstate standard GOST 10180-2012 Concretes. Methods for strength determination using 
reference specimens. The number of samples in the series was 3 pieces. All samples in the series were 
made from the same sample of the cement mixture, with the same molding and hardening conditions. After 
the end of hardening, all samples are tested at the same age. 

The molding and compaction of cement mixtures into molds was carried out manually using baying. 
Forms are filled with cement mix in 3 layers no more than 30 mm. Each layer is sealed by baying with a 
steel rod 16 mm in diameter with a rounded end. 

Samples intended for hardening under normal conditions, after manufacturing before they are 
stripped, are stored in molds covered with a damp cloth, which excludes the evaporation of moisture from 
them, in a room with an air temperature of (20±5) °C. After stripping, the samples are placed in a chamber 
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with normal hardening conditions: temperature (20±2) °C and relative humidity (95±5) %. A schematic 
representation of the temperature regime of the medium of one cycle-freeze-thaw is shown in Fig. 1. 

Before testing, the samples were kept for 4 hours at a temperature of (20±5) °C and a relative air 
humidity of at least 55 %. 

 
Figure 1. Schematic representation of the temperature regime  

of the medium of one cycle-freeze-thaw. 
Ultrasonic measurement of the strength of the obtained cement stones were carried out with the 

device "Pulsar" according to the interstate standard GOST 17624-2012 Concrete. Ultrasonic method of 
strength determination.  

Before testing specimens, calibration dependence "time of ultrasound spreading – strength" on the 
basis of specimen series of each binder composition was established. Graduation dependence was 
established according to formula 1 for specimens on day 28 of hardening. 

1 0,R a t a= × +                                                                           (1) 

where, R  is the strength of the sample according to the ultrasonic measurement, MPa; t  is the time of 
ultrasound propagation according to the ultrasonic measurement, µs; 1a  and 0a  is the calibration 
coefficients determined according to formulas 2 and 3. 
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0 1 ,fa R a t= − ×                                                                         (3) 

where, N  is the number of samples in the series; fR  is the average actual compressive strength of 

samples in N  series of samples, MPa; t  is the average time of ultrasound propagation in N  series of 
samples, μs; jfR  and jt  is the single value of strength and ultrasound propagation time for j  sample in 

the series.  

Determination of frost resistance of cement stone samples was carried out in accordance with the 
interstate standard GOST 26134-2016 Concretes – Ultrasonic method of frost resistance determination. 
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The method for determining frost resistance is to determine the critical number of cycles of freezing and 
thawing ( )M  using the breakpoint ( )K  corresponding to a sharp increase in the spread of ultrasound 

after a certain number of cycles of freeze-thaw, determined on the logarithmic graph ( ) ( ) ,m mN N t t− − −  

where t  is the total value of ultrasound propagation time through 4 channels of one sample, mt  is the 

lowest value of the total ultrasound propagation time, ,N  mN  is the corresponding freeze-thaw cycles. 
The breaking point is determined by the point of intersection of the linear dependence graphs of two groups 
of corresponding points – before and after a sharp increase in the ultrasonic propagation time. In this case, 
the very definition of the breaking point is carried out through a system of equations and substitution of one 
equation into another. Thus, critical number of freezing and thawing cycles will be determined according to 
formula (4). 

.mM N K= +                                                                              (4) 

One cycle of freezing-thawing of samples corresponded to freezing in closed containers filled with 
5 % aqueous sodium chloride solution at –50 °C for 2.5 hours and subsequent thawing for 2.5 hours at 
+20 °C, after which the ultrasound propagation time was measured. 

3. Results and Discussion 
Tests were carried out to determine physical and mechanical characteristics of cement stone 

samples based on Portland cement with pozzolanic additive in the amount of 10, 30 and 50 % (instead of 
cement by mass) in the form of 70×70×70 mm cubes (Table 3). The dosages were chosen based on the 
results of earlier studies on the rational content of mineral components in concretes and a review of the 
scientific literature [21–23]. Increase in addition of ground natural zeolite leads to reduction of average 
density of samples and water absorption index. Also, a decrease in the specific amount of Portland cement 
in the samples leads to a decrease in the strength of the samples at 28 days, which may be due to the fact 
that natural zeolite minerals show their pozzolanic activity in the late stages of hardening. This fact was 
also shown in the works of researchers from the Bulgarian Academy of Sciences, who found a decrease in 
the specific pore volume between samples with the addition of natural zeolite aged 28 days and 180 days, 
due to new formations that have arisen as a result of pozzolanic reactions [24]. In addition, Turkish 
researchers found, using EDX analysis, unreacted zeolite minerals in their mixed samples on the 28th day 
of hardening, and it is also said that a significant contribution of the pozzolanic effect to the strength of 
cement stones is achieved with large dosages of additives from natural zeolite [25]. 

Table 3. Physical and mechanical characteristics of cement stone samples of different 
compositions. 

Binder composition Average 
mass, kg 

Average 
density, 
kg/m3 

Natural 
humidity, % 

Water 
absorption,% 

Average 
compressive 
strength at 28 
days of age, 

MPa 

Pure Portland cement 0.718 2093 2.7 4.4 29.1 

Portland cement with the 
addition of 10% ground 

natural zeolite 
0.692 2017 2.9 5.8 21.1 

Portland cement with the 
addition of 30% ground 

natural zeolite 
0.646 1883 3.6 7.7 26.8 

Portland cement with the 
addition of 50% ground 

natural zeolite 
0.643 1875 3.6 8.1 24.1 

 

To establish the calibration dependence "ultrasound propagation time – strength" the average values 
of actual compressive strength and ultrasound propagation time of a preliminary series of samples from 
each composition were determined. Then calibration coefficients a1 and a0 were determined according to 
formulas 2 and 3. Because of small sample quantity and its description by linear dependence the value of 
approximation reliability is not high and makes 0.87. 
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Table 4. Establishment of the graduation dependence "time of ultrasound propagation – 
strength". 

Binder composition jfR , MPa jt ,µs fR , MPa t , µs a1 a0 

Pure Portland cement 
32.30 19.85 

25.29 21.31 -2.99066109 89.01907188 

25.95 20.96 

Portland cement with the addition of 
10% ground natural zeolite 

21.99 22.32 
26.27 22.10 

Portland cement with the addition of 
30% ground natural zeolite 

31.18 19.53 
22.37 19.99 

Portland cement with the addition of 
50% ground natural zeolite 

21.49 22.67 
20.79 23.04 

 

After the graduation dependence has been established, 13 cycles of freezing and thawing of samples 
of each composition have been performed, after each of which the mean values of parallel tests of 
ultrasound propagation time have been determined (Table 5, Fig. 2) and strength characteristics have been 
calculated by formula 1 (Table 6, Fig. 3). In spite of the low reliability of the certain dependence 
aproximation, the strength of the cured pure Portland cement stone before freezing is quite consistent with 
the declared strength of CEM I 32.5H. Also, immediately after the first cycle of freezing-thawing the strength 
of Portland cement without the addition of ground natural zeolite begins to decrease, indicating that the 
images have reached their maximum strength and undergo destruction in the process of freezing-thawing. 
When ground natural zeolite is added to Portland cement the strength of obtained cement stone keeps 
growing during freeze-thaw cycles. Thus, after addition of 10 % of ground natural zeolite after the 1st cycle 
the strength of obtained cement stone increases by 4 %, and after the 3rd cycle it decreases by 1 % after 
every 2nd cycle of freezing-thawing. When ground natural zeolite is added 30 % and 50 % to Portland 
cement, the peak strength of cement stone samples is achieved after the 3rd cycle of freeze-thawing and 
amounts to 113 % of 28 day strength, and the decrease of strength after the 5th cycle occurs more 
intensively – about 4 % every 2 cycles. Thus, delayed strength growth of binders with the addition of natural 
zeolite makes it possible to increase the strength of cement stone damaged by freezing and thawing cycles. 
Not the last role in the continuation of the strength gain of the samples is assigned to the conditions of 
freezing-thawing of the samples. Freezing and thawing does not occur instantly in containers with an 
aqueous solution of sodium chloride, and during positive temperatures of the set mode (Fig. 1), incomplete 
pozzolanic reactions continue, provided that ground natural zeolite is added. Based on the above, the 
conclusions of the work of the authors from Southeast University [26] are supplemented, on the possibility 
of standard curing of concretes damaged by freeze-thaw cycles at an early age, in our case, standard 
curing continues in the later stages of hardening, provided that the cement contains a pozzolanic additive. 

Table 5. Time of ultrasound propagation through cement stone of different composition 
depending on freezing and thawing cycles. 

Number of freeze-thaw cycles 0 1 3 5 7 9 11 13 

Pure Portland cement 18.82 18.96 19.04 19.05 19.21 19.31 19.43 19.53 
Portland cement with the addition of 10% 

ground natural zeolite 19.75 19.34 19.43 19.51 19.82 19.91 20.10 20.19 

Portland cement with the addition of 30% 
ground natural zeolite 21.66 21.31 20.57 21.15 21.36 21.69 21.85 22.32 

Portland cement with the addition of 50% 
ground natural zeolite 21.93 21.07 20.83 21.33 21.52 21.76 21.91 22.26 

 

Table 6. Strength of cement stone of different compositions as a function of freezing and 
thawing cycles. 

Number of freeze-thaw cycles 0 1 3 5 7 9 11 13 

Pure Portland cement 32.74 32.32 32.08 32.04 31.57 31.27 30.90 30.60 
Portland cement with the addition of 10% 

ground natural zeolite 29.94 31.18 30.90 30.66 29.74 29.48 28.91 28.64 

Portland cement with the addition of 30% 
ground natural zeolite 24.23 25.28 27.49 25.78 25.13 24.15 23.67 22.27 

Portland cement with the addition of 50% 
ground natural zeolite 23.44 26.00 26.71 25.23 24.66 23.95 23.50 22.45 
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Figure 2. Time of ultrasound propagation through cement stone  

of different compositions as a function of freezing and thawing cycles. 

 
Figure 3: Strength of cement stone of different compositions  

as a function of freezing and thawing cycles. 
In order to determine frost resistance of cement stone samples of each binder composition according 

to the interstate standard GOST 26134-2016, on logarithmic diagrams ( ) ( )m mN N t t− − −  the changes 
of average total values of ultrasound spreading time through 4 channels of samples sounding have been 
plotted versus the minimum fixed value taken as tm and corresponding to it freeze-thaw cycles value – mN  
(Fig. 4–7). The obtained points are divided into two groups of corresponding points – before and after sharp 
increase of ultrasound propagation time, linear dependences for each group of points are found by 
regression method. 

 
Figure 4: Graph of ultrasonic measurements of pure Portland cement. 
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Figure 5. Graph of ultrasonic measurements of Portland cement  

with the addition of 10 % ground natural zeolite. 

 
Figure 6: Graph of ultrasonic measurements of Portland cement  

with the addition of 30 % ground natural zeolite. 

 
Figure 7. Graph of ultrasonic measurements of Portland cement  

with the addition of 30 % ground natural zeolite. 

The given equations are used for determining breaking points (K), values of critical number of 
freezing-thawing cycles (M), after which there is a sharp increase of ultrasound spreading time in the 
sample and corresponding index of frost-resistance grade according to GOST 26134-2016 for each binder 
composition (Table 7). The addition of 30 % or more of ground natural zeolite into Portland cement results 
in increase of critical number of freeze-thaw cycles, due to which freeze-thaw resistance grade of cement 
increases from F1300 to F1400. Adding a smaller amount of additive does not change the critical number 
of freeze-thaw cycles. Thus, the introduction of pozzolanic additive in the form of natural zeolite can 
increase the long-term strength of the cement stone, which leads to an increase in frost resistance. Thus, 
the introduction of a pozzolanic additive in the form of natural zeolite makes it possible to increase the long-
term strength of the cement stone, which leads to an increase in frost resistance, which is consistent with 
the studies of Chinese scientists, who also noted that frost resistance may not depend on the degree of 
concrete strength [27]. 
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Table 7. Data on the frost resistance of cement stone of different compositions. 

Number of freeze-thaw cycles tm Nm K M Mark  
frost resistance 

Pure Portland cement 75.27 0 5.45 5 F1300 

Portland cement with the addition of 10% ground 
natural zeolite 77.36 1 4.09 5 F1300 

Portland cement with the addition of 30% ground 
natural zeolite 82.29 3 5.11 8 F1400 

Portland cement with the addition of 50% ground 
natural zeolite 83.33 3 5.28 8 F1400 

4. Conclusion 
Thus, the process of changing the strength of cement stone during freeze-thaw cycles has been 

studied on the basis of which the following was established: 

1. Graduation dependence "time of ultrasound spreading - strength" with reliability of approximation 
0.87 has been revealed. This allowed us to obtain dependences of cement-stone samples durability with 
different amount of additives on cycles of alternate freezing and thawing.  

2. A delayed growth of the strength of binders with natural zeolite addition allows you to continue to 
gain strength of cement stonedamaged by cycles of freezing and thawing. Thus, if pure cement is 
characterized by strength reduction after the first cycle, then in case of addition of ground natural zeolite 
the strength keeps growing in spite of being exposed to freezing-thawing cycles. The addition of 10 % of 
ground natural zeolite causes strength to decrease after the 3rd cycle, and 30 % and 50 % after the 5th 
cycle. 

3. The increase of long term strength of cement stone by adding natural zeolite, results in increase 
of frost resistance. The addition of 30 % or more of ground natural zeolite into Portland cement results in 
increase of critical number of freeze-thaw cycles, due to which increase of cement stone frost-resistance 
grade from F1300 to F1400 is possible. Adding a smaller amount of additive does not change the critical 
number of freeze-thaw cycles. This fact is associated with longer processes of pozzolanic reactions that go 
beyond the generally accepted cement hydration rate of 28 days. Moreover, a larger amount of natural 
zeolite makes it possible to maintain the strength growth of the damaged cement stone with a large number 
of freeze-thaw cycles. 
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Abstract. The paper presents the results of studies of the physicomechanical properties of stone mastic 
asphalt (SMA) with the use of stabilizing additives of multifunctional action aimed at increasing the strength 
characteristics of SMA, resistance to plastic deformations, increase in shear stability of asphalt concrete, 
as well as reduction of the negative impact of technological temperatures on oil bitumen contributing to its 
oxidation and premature aging in the production of asphalt mixes. The structure of bitumen modified with 
composite thermoplastic elastomer was studied by nuclear magnetic resonance. For experimental 
verification of the effectiveness of additives in the composition of SMA, standard methods used for all types 
of asphalt concrete were applied and the following indicators of physical and mechanical properties were 
studied: compressive strength, water saturation, shear resistance, abrasion, resistance to plastic 
deformation. The results of studies of physical and mechanical properties of SMA grades 10 and 15 
containing additives of the Viatop Plus CT40 and Viatop Plus FEP series showed that the values of 
compressive strength at 20 and 50 °C exceed similar indicators of properties of SMAs with the use of a 
stabilizing additive Viatop 66 considered as control compositions. 

Citation: Fomin, A.Yu., Hafizov, E.R., Vdovin, E.A., Fafanov, F.R. Stone mastic asphalt modified with 
stabilizing additives of multifunctional action. Magazine of Civil Engineering. 2023. 117(1). Article 
no. 11712. DOI: 10.34910/MCE.117.12 

1. Introduction 
During the last 17 years, stone mastic asphalt have been widely used in Russia when arranging 

pavements with high load-bearing stresses, considering their high transport and operational performance 
(roughness), and resistance to external influences (water resistance, shear resistance) [1, 2]. The 
experience of using stone mastic asphalt in the Republic of Tatarstan in Russia is more than 15 years. 
Fig. 1 shows the kinetic dependence of the output volumes of the main types of asphalt concrete mixtures 
in the Republic of Tatarstan: SMA, type B grade II, produced in accordance with Russian State Standard 
9128, as well as other types of asphalt concrete. 

An analysis of the above dependence shows that SMA production is relatively high and averages 
90.5 thousand tons per year. 

Currently, road manufacturing enterprises are developing the release of SMA according to new 
standards. So, in 2017, the Volgadorstroy LLC asphalt concrete plant organized the production of SMA-19 
asphalt concrete designed in accordance with PNST (preliminary national standard) 127-2016. When 
developing the composition of SMA-19, they use bituminous binders that take into account the temperature 
range of operation of the road surface and the characteristics of traffic loads for each particular construction 
project or repair. SMA-19 was used in the repair of the transport interchange of the M-7 Volga highway in 
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Zelenodolsky district of the Republic of Tatarstan, as well as in the repair of the roadway section of 
Kulakhmetov Street in Kazan, Russian Federation. Also on the main streets in the cities of the Republic of 
Tatarstan and the supporting network of regional roads carried out repair work with the application in the 
top coat of asphalt mix SMA-20 on polymer-bitumen binder, which improves their durability. 

 
Figure 1. Kinetic dependence of the output of asphalt mixtures. 

SMA was developed in Germany in 1966, and since 1970 it has been widely used in the upper layers 
of road surfaces with high traffic density and is an independent type of asphalt concrete [3–6]. 

SMA is characterized by an increased content of gravel and bitumen (up to 80 % and 7.5 % by 
weight, respectively) and residual porosity of up to 1%. Studies show that the coefficient of internal friction 
tg α largely depends on the grain composition of the mixture. When designing the composition of SMA, it 
should be borne in mind that a greater effect in the fight against rutting is provided by a stable gravel frame 
rather than the increased viscosity of the bitumen used [7]. To keep free bitumen on the gravel surface, at 
the stage of road construction, it is necessary to introduce fibrous stabilizing additives into the mixture [8]. 
So, in the SMA production practice, additives of the brands Viatop, TOPCEL and others, which are granular 
material containing cellulose fiber and organic components, have most widely proven themselves [9–12]. 
The stabilizing additives based on fibrous industrial waste have been widely studied as well [13–16]. 

The results of research [17] showed that the introduction of 20 mm long fibers in the amount of 0.2 % 
of the mass of bitumen increases the cracking resistance of the bitumen, increases its structural strength 
and fatigue life. 

In [18], the influence of various additives from the class of mineral fibers, cellulose fiber, styrene-
butadiene-styrene (SBS) on the properties of SMA was studied, including an increase in the service life of 
asphalt concrete coatings, as well as a possible reduction in the thickness of coating layers. It was found 
that the service life of the modified mixture coating is 1.07, 1.081 and 1.243 times longer than that of the 
unmodified mixture, respectively. 

In [19], it was shown that the introduction of nanoscale SiO2 and nano TiO2 particles in the amount 
of 1.2 % and 0.9 % of the bitumen mass, respectively, into the SMA mixture increases the strength of the 
SMA and fatigue life. 

In [20] it was found that the introduction of polyethylene terephthalate (PET) as an additive in asphalt, 
in the amount of 4 %, 6 %, 8 % and 10 % by weight of the content of bitumen, increases the resistance of 
the latter to aging. 

The influence of various types of aggregates (large and small basalt, large and small limestone, large 
basalt and small limestone) on the low-temperature characteristics and resistance to cracking of the lime 
is studied [21]. 

It was found [22] that the introduction of polyvinyl chloride waste and electric arc furnace dust into 
the SMA reduces the sensitivity of the SMA to moisture and increases the resistance to aging of asphalt 
binders, improves their tensile strength, water permeability and resistance to destruction of asphalt concrete 
mixtures. 
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A comparative analysis in [23] showed that the use of polymer-bitumen binder in the composition of 
SMA as well as fibers of natural origin (banana fibers) has a positive effect on the properties of the binder 
and asphalt concrete. Thus, the introduction of natural fibers increases the binder's resistance to aging and 
water and the fatigue strength SMA. At the same time, the mixtures modified with polymer additives require 
less energy for their compaction in comparison with the natural fiber SMA. Also, the effectiveness of using 
leather industry waste [24] and plastic bottles [25] as stabilizing additives in the composition of SMA has 
been established. 

The purpose of this work was to study the indicators of physical and mechanical and operational and 
technical properties of stone mastic asphalt grade SMA-10 and 15, containing stabilizing additives 
multifunctional action brand Viatop series Plus, as well as the establishment of optimal technological factors 
for the preparation of new SMA. 

To achieve this goal, the following tasks were adopted: 

1. To make the comparative analysis of indicators of properties of SMA-10 and 15 containing 
additives Viatop Plus FEP and Viatop 66 defining their resistance to formation of plastic and shear 
deformations; 

2. To make the comparative analysis of indicators of properties of SMA-10 and 15 containing the 
Viatop Plus CT40 additive and prepared at different temperature conditions (140 and 170 °C) and similar 
asphalt concretes containing the Viatop 66 additive. 

2. Methods 
Samples of gravel and mastic asphalt concrete were investigated in accordance with current 

regulatory documents. Conclusions on their quality are made in accordance with the requirements of current 
standards, as well as on the basis of construction codes. 

For a comparative assessment of the physicomechanical properties of SMA grades 10 and 15 
containing additives of the Viatop Plus CT40 and Viatop Plus FEP series, we used SMA of similar grades 
containing the Viatop 66 additive as control compositions. 

The preparation of asphalt mixtures was carried out at various temperature conditions. So, mixtures 
with the addition of Viatop Plus FEP were prepared at a traditional temperature of 160–170 °C. Mixtures 
with the Viatop Plus CT40 additive were prepared both at a temperature of 160–170 °C and at 140 °C (by 
the warm method) in order to establish the effectiveness of the components included in the Viatop Plus 
CT40 additive and to obtain SMA-15 samples with the properties corresponding to the regulatory 
requirements. 

Technical characteristics used to evaluate the quality of asphalt concrete were determined according 
to Russian State Standard 12801-98, Russian State Standard 31015-2002, PNST 181-2016, PNST 180-
2016 test methods. To determine the physical and mechanical properties of SMA we used the necessary 
complex of standard equipment. The tests were carried out in the laboratory for testing road-building 
materials of the Test road scientific-production center of the Institute of Transport Constructions of Kazan 
State University of Architecture and Civil Engineering. 

To determine the strength of the gravel mineral grains, we used: a hydraulic press P-50 according to 
Russian State Standard 9753-88 with a maximum load of 500 kN, with a force meter providing an error of 
not more than 2 % of the measured load, steel cylinders with a removable bottom and a plunger with an 
inner diameter of 75 and 150 mm, laboratory balance with measuring limits of 0.5 and 1 kg of the 4th 
accuracy class, a set of standard sieves with a diameter of 1.25; 2.5; 5.0; 10; 20 and 40 mm. 

To determine the grain composition of mineral materials, we used: laboratory scales with measuring 
limits of 0.5 and 1 kg of the 4th accuracy class, a set of standard sieves with diameters from 0.14 to 40 mm. 

To determine the bulk density of mineral materials we used laboratory scales according to Russian 
State Standard 24104, 4th accuracy class and vessels with a capacity of 3.0, 5.0 and 10.0 liters. 

For the manufacture of SMA cylinder samples in accordance with Russian State Standard 12801-
98, we used: a drying cabinet (SHSS – 80P), with a heating temperature of up to +200 °C, a vibrating 
platform, a hydraulic press P-50 according to Russian State Standard 9753-88 with an ultimate load of up 
to 500 kN with a force meter providing an error of not more than 2 % of the measured load, a press-out 
device for extracting asphalt concrete samples from cylindrical forms and other auxiliary equipment. 

To determine the compressive strength of SMA samples, we used: an MGM 100 A test electronic 
machine with a measurement limit of up to 100 kN with a force meter providing an error of not more than 
2 % of the measured load, mercury thermometers and vessels with a capacity of 3.0 to 10.0 liters, 
thermostat (TVB –18). 
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To determine the average density of SMA samples, laboratory scales were used according to 
Russian State Standard 24104 of the 3rd accuracy class with a device for hydrostatic weighing (BP 3100S). 

To determine the water saturation and average density of SMA samples, we used: a vacuum unit 
(SHSV 45K), laboratory balance in accordance with Russian State Standard 24104, 3rd accuracy class with 
a device for hydrostatic weighing (BP 3100S), chemical mercury thermometers with a division value of 
10 °C according to Russian State Standard 400, vessels with a capacity of 3.0; 5.0 and 10.0 liters. 

To determine the abrasion of asphalt concrete samples, we used the VTI's Prall installation – a 
system that imitates wear of asphalt concrete pavement with studded tires. During testing, the abrasive 
effect on a cylindrical SMA specimen is reproduced by 40 steel spheres within 15 minutes. 

To determine the resistance of asphalt concrete to plastic deformation, we used the Lintel L KNK-20 
installation, which provides for the simultaneous testing of two samples and simulates the process of 
pavement deformation under the influence of multiple vehicle loads. 

The material composition of the Viatop Plus FEP additive includes a polymer additive from the class 
of elastomers, therefore, the study of the structural and dynamic changes of bitumen in the presence of a 
polymer was of scientific interest. For comparative analysis, as an additive in this experiment, we used 
mixed thermoplastic elastomer (TEP) – a material from the class of elastomers that includes polymers: 
polyethylene, ethylene-propylene rubber and isoprene rubber. The dosage of the TEP additive in bitumen 
was 2.5–4 %. To study the structure of bitumen modified by TEP, the pulsed method of nuclear magnetic 
resonance (NMR) was used. The transverse relaxation times were measured by spin-spin relaxation 
methods on laboratory nuclear magnetic resonance spectrometers. The proton resonance frequency was 
20.0 and 19.5 MHz. The duration of the π/2 radio frequency pulse was 3 μs. The settings were controlled 
by a computer; during measurements, digital signal accumulation was used. 

3. Results and Discussion 
The introduction of stabilizing additives into the bitumen leads to significant changes in the slope of 

the free induction decay (FID) and the value of spin-spin relaxation, as well as to changes in the populations 
of fast and slow relaxing components. The tangent of the tilt angle of the fast and slow relaxing components 
of the FID differ by about 5 times. Qualitatively, we can conclude that the slowly relaxing component is 
determined by the mobility of low – molecular components of the system, and the rapidly relaxing 
component is determined by the mobility of high-molecular components. 

Based on the analysis of FID, the values of spin – spin relaxation times and population of the two 
decay components were estimated (Figs. 2, 3). 

It was found that the introduction of the TEP additive leads to a shortening of the relaxation time of 
the slowly relaxing T2A component (Fig. 2). This effect is especially noticeable at high temperatures, when 
the mobility and time of spin-spin relaxation should increase. The introduction of TEP in bitumen inhibits 
the development of molecular mobility of low molecular weight components. In the temperature range of 
50–60 °C, a break in the temperature dependences is observed. The location of this fracture, which 
characterizes the defrosting of molecular mobility, turns out to be significantly higher than the similar 
fracture for the initial bitumen at 44 °C. This means that the introduction of the TEP additive leads to an 
increase in the softening temperature of the material (thawing of the translational motion modes) and, 
accordingly, the heat resistance of asphalt concrete. 

In Fig. 3 shows the dependence characterizing the relaxation of macromolecular components in the 
system. From the figure, it follows that additives of the TEP series also affect high molecular weight 
components in bitumen. 

Thus, the data obtained by the NMR method made it possible to directly confirm that the addition of 
mixed TEP substantially inhibits the molecular mobility of bitumen, providing a potential increase in the heat 
resistance of asphalt concrete. The results suggest that the polymer additive that is part of the Viatop Plus 
FEP additive likewise has a positive effect on bitumen and on asphalt concrete modified with this additive, 
in the form of an increase in its heat resistance and strength. The latter was reflected in the study of physical 
and mechanical properties SMAs. 

Analysis of the dependences of the physical and mechanical properties of SMA-10 showed that the 
introduction of additives of the Viatop Plus CT40 and Viatop Plus FEP series in the composition of the 
mixture improves the compressive strength of SMA at 20 °C (R20) by 12–26 %. The strength index at 50 °C 
(R50) is increased by 5 and 55 % for mixtures containing the additive Viatop Plus FEP and Viatop Plus 
CT40, respectively (Fig. 4). The increase in strength characteristics at positive temperatures is consistent 
with the studies of bitumen with additives of stabilizing additives of the Viatop Plus CT40 and Viatop Plus 
FEP series by NMR. 
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Thus, an increase in strength characteristics with positive ones is consistent with the results of 
studies of bitumen with a polymer additive by NMR. 

 
Figure 2. Dependence of the spin-spin relaxation time  
of the slowly relaxing T2A component on temperature. 

 
Figure 3. Dependence of the spin-spin relaxation time  

of the rapidly relaxing component of T2B on temperature. 

 
Figure 4. Physical and mechanical properties of SMA-10. 
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The water saturation rate of SMA-10 asphalt concrete containing the Viatop Plus CT40 additive is 
increased by 6 % compared with the control sample. A similar SMA with Viatop Plus FEP, on the contrary, 
is reduced by 5 %, which is probably due to the higher adhesive properties of the bitumen binder, which is 
modified by the polymer component that is part of the Viatop Plus FEP additive during the preparation of 
the asphalt mix. 

The water resistance coefficient (Kv) of SMA-10 with the addition of Viatop Plus CT40 and Viatop 
Plus FEP increases slightly (by 1 %) in comparison with the control composition of SMA containing Viatop 
66. 

The main shear stability indicators of asphalt concrete affecting the gauge depth include the 
coefficient of internal friction and the coefficient of asphalt concrete adhesion during shear. 

With the introduction of the additives Viatop Plus CT40 and Viatop Plus FEP in the SMA-10, the rate 
of shear resistance increases. The coefficient of internal friction practically remains unchanged, and the 
coefficient of adhesion during shear at 50 °C increases by 73 % for the mixture with the addition of Viatop 
plus CT40 and by 10 % for the mixture with the addition of Viatop Plus FEP. The results of SMA-10 physical 
and mechanical properties research are given in Table 1. 

The addition of Viatop Plus CT40 and Viatop Plus FEP additives to the mixture improves the split 
strength. So, for example, for SMA-10 with the addition of Viatop Plus CT40, this indicator increases on 
average by 5 %, and for a mixture with the addition of Viatop Plus FEP by 3 % compared with the control 
composition on Viatop 66. 

The rate of runoff of the binder in comparison with the control composition of the mixture is reduced 
by 0.01–0.02 %, which increases the resistance to SMA segregation during storage, transportation, loading 
and unloading. 

Table 1. Physical-mechanical properties of SMA-10. 
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Mixture 1  
(Viatop 66) 

2.85 2.68 1.04 0.94 0.95 0.19 3.75 0.16 21.11 

Mixture 2 
(Viatop Plus 

CT40) 
3.60 3.44 1.61 0.95 0.96 0.33 3.92 0.14 20.95 

Mixture 3  
(Viatop Plus 

FEP) 
3.20 3.01 1.15 0.95 0.95 0.21 3.85 0.15 21.18 

 

Along with studies of the basic physical and mechanical characteristics of SMA, regulated in Russian 
State Standard 31015, we carried out additional experimental studies of the resistance of asphalt concrete 
to rutting and to abrasive loads. 

As a result of the tests, we found that the introduction of the additives Viatop Plus CT40 and Viatop 
Plus FEP into the SMA-10 formulations does not significantly affect the rate of their abradability, as well as 
the rate of gauge after 10,000 cycles of applied load. So, the values of the obtained indicators are almost 
comparable with the test results of SMA-10 on Viatop 66, the values are presented in Table 1. 

The following are the test results of the physicomechanical properties of the investigated SMA-15 
formulations, the values are presented in Table 2. 

The analysis of the dependences of the physical and mechanical properties of SMA-15 showed that 
the introduction of additives of the Viatop Plus CT40 and Viatop Plus FEP series leads to an increase in 
compressive strength at 20 °C (R20) of asphalt concrete by 6–34 %; the strength at 50 °C (R50) for SMA-
15 with the addition of Viatop Plus CT40 is 11 % higher in comparison with the control composition, and for 
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SMA with the addition of Viatop Plus FEP the value of the same indicator remains practically unchanged 
(Fig. 5). 

The water saturation index SMA-15 with the addition of Viatop Plus CT40 and Viatop Plus FEP 
increases by an average of 18 %. 

The water resistance coefficient of SMA-15 with Viatop Plus CT40 and Viatop Plus FEP additives 
remains high in the water saturation mode under vacuum and increases slightly (by 1 %) compared to the 
initial mixture with Viatop 66 additive. 

With the introduction of the additives Viatop Plus CT40 and Viatop Plus FEP, the shear resistance 
of SMA-15 practically does not change. 

The crack resistance of asphalt concrete is increased by 11 % with the introduction of Viatop Plus 
CT40, and by 4 % with the introduction of Viatop Plus FEP. The binder runoff rate for SMA-15 formulations 
does not change. 

Table 2. Physical-mechanical properties of SMA-15. 
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Figure 5. Indicators of physical and mechanical properties of SMA-15. 
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also revealed that there is a slight improvement of this indicator by 0.2–0.3 mm, the values are presented 
in Table 2. 

4. 4. Conclusions 
1. An analysis of the results allows us to conclude that the introduction of Viatop Plus CT40 and 

Viatop Plus FEP additives in the composition of SMA asphalt concrete grades 10 and 15 positively affects 
the change in the final physical and mechanical properties of the materials. Thus, the compressive strength 
at 20 °C of the samples under study is 26–34 % higher than the values for control samples supplemented 
with Viatop 66. 

2. The compressive strength at 50 °C of SMA-10 containing Viatop Plus FEP is 55 % higher than 
that of the control sample, which characterizes its high resistance to plastic deformation. 

3. The molecular mobility of bitumen with the addition of mixed TEP by the NMR method was 
studied. It was found that the introduction of the additive significantly inhibits the molecular mobility of 
bitumen, providing an increase in heat resistance and strength of crushed stone-mastic asphalt concrete. 

4. We found that the physical and mechanical properties of SMA-10 and 15 asphalt concrete 
containing Viatop Plus CT40 and prepared by the warm method meet the requirements of GOST 31015, 
while the compressive strength of SMA-15 at 20 °C is 20 % higher compared to the control composition, 
which confirms the possibility and efficiency of the production of stone mastic asphalt mixtures at a lower 
temperature (140 °C) in comparison with the traditional mode of preparation (160–170 °C). 

5. It was found that the addition of Viatop Plus CT40 and Viatop Plus FEP additives to the 
composition of SMA-15 promotes some improvement in the gauge depth index by 0.2–0.3 mm, in 
comparison with the control samples with the Viatop 66 additive. 
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Abstract. An algorithm for determining the optimal parameters of an elliptical road bridge made of concrete 
blocks is proposed. The arch section heights are determined from the condition that the height of the 
concrete compressed zone should not be less than half the section height at any position of the automobile 
load. To solve the problem by the finite element method in physically nonlinear formulation, the principle of 
possible stress states is used. The nodes equilibrium equations of the arch are compiled using the possible 
displacements principle. The arch internal forces by a finite element length are approximated with linear 
functions, the concrete deformation diagram is represented in a piecewise-broken curve. Also, to determine 
the bearing capacity reserve of the optimal arch, the arch calculations were performed with a gradual 
increase in the automobile load up to destruction. Three options for the vehicle load location were 
considered. The optimal parameters of an arched road bridge with a span of 12 meters and its bearing 
capacity have been determined. It is shown that the arch destruction occurs with an increase in the load 
from the car by about 1.6 times. 

Citation: Tyukalov, Yu.Ya. Elliptical underground concrete block bridge with minimal weight. Magazine of 
Civil Engineering. 2023. 117(1). Article no. 11713. DOI: 10.34910/MCE.117.13 

1. Introduction 
Arched concrete and reinforced concrete structures with soil backfill are widely used for bridge 

crossings and overpasses. Such constructs are easy to manufacture and economical. The article [1] 
proposes an analytical method for determining the internal forces of arched lintels. Elastoplastic work of 
the arch material is considered. Three differential equations of equilibrium are solved analytically, and an 
example of calculating an arch for a concentrated force action is given. In [2], a model of cracking and 
plastic deformation of reinforced concrete arches is considered. The solution was obtained based on the 
additional energy functional and the generalized criterion for the propagation of the Griffith’s crack. 
Comparison of numerical solutions with an experimental data is carried out. In articles [3], [4] numerical 
and experimental studies of brick arches are given. In [3], an arch is represented by a rigid blocks system 
connected by three links. The study used combinatorial analysis to determine the hinges position at small 
supports displacements. The article [5] investigates the mechanisms of a stone vaults destruction under 
the concentrated forces action. There is noted the importance of considering the of occurrence 
displacements possibility between rigid blocks. 

Several articles are devoted to the optimization of the arches shape [6, 7]. The article [6] optimizes 
the shape of an underground concrete arch to reduce bending stresses. The arch is calculated using a 
nonlinear finite element model. The arch center line approximated by the Bezier curve with three freedom 
degrees. The optimal parameters are determined using a genetic algorithm. The mechanisms of stone 
arches destruction and concrete blocks arches are very similar. The articles [8–11] are devoted to the 
masonry arched bridges. The article [12] provides an overview of studies on the methods of reinforcing 
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brick arches with composite materials. In particular, the use of fiber cement matrix (FRCM) materials for 
reinforcing brick arches is investigated in [13]. The article presents numerical and experimental studies of 
arches reinforced with such materials. Arches are modeled using a set of rigid blocks. In a few works, 
volumetric finite elements are used for calculating stone and concrete structures [11, 14, 15]. In [11], the 
application of the combined finite discrete element method (FDEM) for the analysis of three-dimensional 
stone structures from dry stone is presented. The article [16] presents the results of experimental and 
numerical studies of the response of a multi-span arched masonry bridge by vertical static loads. In [17], a 
two-phase strategy for the numerical simulation of the stone destruction process of arched bridges is 
presented. The stone blocks are represented by solid elements, and the solution is described by special 
finite elements. Three modes of destruction (compression, tension, shear) of masonry materials are 
considered. Article [18] is devoted to the numerical analysis of masonry, based on experimental data. When 
calculating arched bridges, it is important to consider shear deformations. The theory of shear deformations 
accounting of the circular arches was proposed in [20]. This article presents an analytical solution for 
calculating circular arches, based on the use of logarithmic functions. Consideration of shear deformations 
based on stress approximations is presented in [19, 20]. In [21], an algorithm for determining the optimal 
dimensions of swept arches from concrete blocks is presented. To solve a physically nonlinear problem, 
the functional of additional energy is used in combination with the possible displacement principle [22, 23]. 
Internal forces along the length of a finite element are approximated by piecewise constant functions. The 
discrete element method has been successfully used to calculate stone arches considering nonlinearity 
[24-27]. Considerable attention is paid to considering the influence of such factors as rain, displacement of 
supports, shock loads on the strength and stability of arched structures [28–30]. 

The purpose of this work is to build an algorithm for finding the optimal dimensions of an arched 
elliptical bridge made of concrete blocks. With a given bridge span and a given minimum section height, it 
is required to determine the arch height and the section height change along the arch length, ensuring the 
minimum arch weight under the design loads action.  

The solution of a physically nonlinear problem is based on the principles of possible stress states 
and possible displacements. Internal forces are approximated by linear functions, a concrete deformation 
diagram is represented in a piecewise-broken curve. 

2. Methods 
The arch concrete blocks are deformed together, and the nodes remain rigid, due to the joints 

compression by the longitudinal forces that arise in the arch systems, and due to the friction forces, that act 
at the junction between the blocks (Fig. 1). The absence of shear translation between the blocks is ensured 
by the friction forces of concrete against concrete in the compressed zone. Therefore, the required arch 
section height will be determined from the condition of concrete strength, as well as from the condition of 
ensuring the compressed zone height is not less than half of the section. In calculation process, the section 
shear strength will be tested against the transverse force action that occurs in the section (30). Therefore, 
in the finite element scheme, the nodes are assumed to be rigid. 
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Figure 1. Loads acting on the arch. 
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The arch is divided lengthwise into finite elements. Bending moments and longitudinal forces are 
approximated along the length of each finite element by linear functions independently (Fig. 2). In Fig. 2 
the unknowns numbering for the first two finite elements are shown. Due to the node equilibrium equations, 
under the action of a possible displacement in a rotation angle form, the equality of the moments in the 
nodes will be ensured. 

The concrete stress-strain diagram of the arch is presented in the piecewise-broken curve form, 
which does not consider the tensile concrete stresses (Fig. 3). Such a diagram is used because tensile 
stresses cannot arise in the concrete blocks joints sections. In the sections between the joints, for the safety 
margin, the tensile concrete stresses will also be neglected. With this approach, the arch calculation will 
not depend on the length of the concrete blocks and the number of joints. 

                        
Figure 2. Numbering of the unknown nodal forces. Figure 3. Diagram of a concrete deformation. 

To solve the problem with a physically nonlinear formulation, we will use the possible stress states 
principle. For an arbitrary step of an increasing load, variation of the additional deformation energy 
increment ( )δ i∆Π  is zero (1). 

( ) ( )( ) ( )δ δ δ dV 0.i i i i
V
ε ε σ∆Π = + ∆ ∆ =∫    (1) 

iε , iε∆  are the current deformations and deformations increments at a loading step i; iσ∆  is the 
stresses increments, which must satisfy the equilibrium equations at loading step i; V is subject area. The 
deformations and stresses increment at each step are interconnected by the deformation tangent modulus

( )t
i iE ε : 

( ) .t
i i i iEσ ε ε∆ = ∆      (2) 

Substituting (2) into (1), we get: 

( ) ( ) ( )( ) ( )δ δ δ dV 0.t
i i i i i i

v
E ε ε ε ε∆Π = + ∆ ∆ =∫    (3) 

From expression (3) it follows that the additional strain energy increment will have the following form: 

( ) ( ) 21 dV.
2

t t
i i i i i i i i

v
E Eε ε ε ε ε ∆Π = ∆ + ∆ 

 
∫     (4) 

Let us calculate the additional energy deformations increment of a rod finite element. The strains 
increments are determined according to the straight normal hypothesis: 

0 .i i izε ε χ∆ = ∆ − ∆      (5) 

0iε∆  is the increment of midline deformation; iχ∆  is axis curvature increment. Substituting (5) into 
(4), we get: 
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( ) ( )( )
/2 /2

2 2
, 0 0 0

0 /2 0 /2

1d d 2 d d .
2

k kl lh h
t

i k i i i i i i i i i
h h

b z z x bE z z xε χ σ ε ε ε χ χ
− −

∆Π = − ∆ + ∆ − ∆ ∆ + ∆∫ ∫ ∫ ∫ (6) 

Let us introduce notation for the following integrals: 

( ) ( ) ( )
/2 /2 /2

2

/2 /2 /2
d , zd , d .

h h h
t t t t t t

i i i i i i
h h h

EA bE z ES bE z EI bE z zε ε ε
− − −

= = =∫ ∫ ∫    (7) 

Integrals (7) are calculated numerically using the concrete stress-strain diagram (Fig. 3) by the 
trapezia method. Considering (7), the internal forces increment in the section are determined by the 
following formulas: 

( )( )
/2 /2

0 0
/2 /2

d d ,
h h

t t t
i i i i i i i ii

h h
N b z bE z z EA ESσ ε ε χ ε χ

− −
∆ = ∆ = ∆ − ∆ = ∆ −∆∫ ∫   (8) 

( )( )
/2 /2

2
0 0

/2 /2
d d .

h h
t t t

i i i i i i i ii
h h

M b z z bE z z z ES EIσ ε ε χ ε χ
− −

∆ = − ∆ = − ∆ − ∆ = −∆ + ∆∫ ∫  (9) 

From expressions (8), (9) we obtain 

0 2 2, .
t t t t

i i i i
i it t t t t t

N EI M ES N ES M EA
EA EI ES EA EI ES

ε χ
∆ + ∆ ∆ + ∆

∆ = ∆ =
− −

  (10) 

Substituting (10) into (6), we get 

( )
2 2

,k 0 22 2
0 0

21d d .
2

k kl l t t t
i i i i

i i i i i t t t t t t t t t
EI N EA M ES M NN M x x

EI EA ES EI EA ES EI EA ES
ε χ

 ∆ ∆ ∆ ∆
∆Π = ∆ + ∆ + + +  − − − 

∫ ∫  (11) 

Let us introduce the vectors of unknown nodal forces and its increments for a finite element k: 

,2 1 ,2 1

,2 1 ,2 1
, ,

,2 ,2

,2 ,2

, Δ .

i k i k

i k i k
i k i k

i k i k

i k i k

N N
M M
N N
M M

− −

− −

∆   
   ∆   = =   ∆   
   ∆   

S S      (12) 

To approximate the forces and moments along the finite element length, we will use linear functions. 
The approximations are independent for each finite element. In this case, the global flexibility matrix has a 
block-diagonal shape and be easily reversible. The expression (11) can be written in matrix form: 

T T
,k , , , ,k ,

1 Δ Δ Δ ,
2

t
i i k i k i k i i k∆Π = +S D S Δ S        (13) 

The second integral in (11), which determines the tangent matrix elements, is calculated numerically 
using the trapezia formula. Divide the finite element into n equal segments  /k kl l n∆ = . Let us denote the 
shear stiffness generalized parameters of the section at an arbitrary point j of a finite element k: 

( ) ( ) ( )
/2 /2 /2

2
, , , , , , , , ,

/2 /2 /2

2
, , , ,

d , zd , d ,

.

j j j

j j j

h h h
t t t t t t
k j j k i k j k j j k i k j k j j k i k j

h h h

t t t t
k j k j k j k j

EA b E z ES b E z EI b E z z

ER EI EA ES

ε ε ε
− − −

= = =

= −

∫ ∫ ∫
(14) 

,j jb h  are the section dimensions at point j. ( ),k j zε  is the deformation at point j: 

( ) ( ), ,2 1 ,2 1 ,2 ,2 .k j j
k j i k i k i k i k

k k

l x x
z z

l l
ε ε χ ε χ− −

−   
= − + −   

   
   (15) 
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,2 1i kε − , ,2 1i kχ − , ,2i kε , ,2i kχ  are deformations and curvatures of axis at the beginning and end a 

finite element k; jx  is a local coordinate of point j. Let us introduce the tangent matrix ,
t
i kD  elements 

notation: 
2 2

, , ,
,1 ,1

1,1 1,2 1,3
2 2 2, ,1 , ,1 ,

, ,

1,4 2,2
2 ,

1 1 1
, , ,

2 2

1 1
,

j j j jt t t
k j k j k jt tn n nk kk k k k

t t t t t
j j jk j k k j k k j

j j jt t
k j k jn k k k

t
j k j

x x x x
EI ES EI

EI ESl l l l
d d d

ER ER ER ER ER

x x x
ES EA

l l l
d d

ER

= = =

=

     
− − −     

     = + = + =

   
− −  

   = =

∑ ∑ ∑

∑

2

,
,1

2,3 1,4 2,4
2 2, ,1 ,

2 2

, , ,
, 1 , 1

3,3 3,4 4,4
2 2, , 1 , , 1

1
, , ,

2

, ,
2 2

j jt
k jtn nk k k

t t t
j jk j k k j

j j jt t t
k j k j k jt tn nk n k nk k k

t t t t
j jk j k n k j k n

x x
EA

EA l l
d d d

ER ER ER

x x x
EI ES EA

EI ESl l l
d d d

ER ER ER ER

= =

+ +

= =+ +

 
−  

 + = =

     
    
    = + = + =

∑ ∑

∑ ∑

2

, 1

2 , , 1
.

2

tn k n
t t

j k j k n

EA

ER ER
+

= +


 +∑

(16) 

The final matrix ,
t
i kD  expression is as follows: 

1,1 1,2 1,3 1,4

1,2 2,2 2,3 2,4
,

1,3 2,3 3,3 3,4

1,4 2,4 3,4 4,4

.t
i k k

d d d d
d d d d

l
d d d d
d d d d

 
 
 = ∆
 
 
  

D      (17) 

From the matrices ,
t
i kD  of finite elements we form the global matrix: 

,1

,2

,

.

t
i

t
t i
i

t
i n

 
 
 

=  
 
 
 

D

D
D

D



     (18) 

Consider the linear nature of the change in forces and moments along the finite element, we obtain 

the expression for the vector ,kiΔ : 

,2 1 ,2

,2 1 ,2

,
,2 1 ,2

,2 1 ,2

3 6

3 6 .

6 3

6 3

i k i k

i k i k

i k k
i k i k

i k i k

l

ε ε

χ χ

ε ε

χ χ

−

−

−

−

 
+ 

 
 

+  =  
 + 
 
 +  

Δ      (19) 

Then, for the whole system, we obtain the following expression for the increment of additional energy 
of the deformations: 

T T1 Δ Δ Δ .
2

t
i i i i i i∆Π = +S D S Δ S         (20) 

In accordance with the possible stress states principle, the forces and moments increments must 
satisfy the equilibrium equations. Such equations for nodes can be obtained using the possible 



Magazine of Civil Engineering, 117(1), 2023 

 

displacements principle [23]. The vertical, horizontal displacements and angles rotations of nodes are taken 
as possible displacements. As a result, we obtain equations for the equilibrium of forces and moments for 
each unsecured arch node. For the whole system, the equilibrium equations can be written in the following 
matrix form: 

Δ 0.i i+ ∆ =L S P       (21) 

The equilibrium global matrix L  is formed from equilibrium matrices kL  of finite elements. 

2 2 1 2 2 1

cos sin cos sin
2 2

sin cos sin cos
2 2 2 2
0 1 0 0

, cos , sin .cos sin cos sin
2 2

sin cos sin cos
2 2
0 0 0 1

k k k k

k k

k k k k

k k k k
k k k

k k k k k k

k k

k k k k

k k

l l

x x y y
l l

l l

l l

α α α α

α α α α

α αα α α α

α α α α

− −

− − − 
 
 
 − − −
 
 
  − −

= = = − 
 
 − 
 
 − 

L (22) 

Note that the matrix L  is geometric and does not depend on a load. The load vector i∆P  is formed 
from the forces concentrated in the nodes and the loads distributed over the finite element. For that we 
must calculate the load work at possible displacements of the nodes.  

Using the Lagrange multiplier method, we add the nodes equilibrium equations (21) with the 
functional (20). We get the following advanced functional: 

( )T T T1 Δ Δ Δ Δ .
2

t
i i i i i i i i i∆Π = + + + ∆S D S Δ S w L S P    (23) 

The Lagrange multipliers vector consists of nodal displacements and rotation angles values: 

( )T
1 1 1 2 2 2 .i n n nu w u w u wϕ ϕ ϕ=w      (24) 

Equating the functional derivatives with respect to vectors TΔ iS  and T
iw , we obtain the linear 

algebraic equations system: 

TΔ 0,
Δ 0.

t
i i i i

i i

+ + =
+ ∆ =

D S Δ L w
L S P

     (25) 

Let us express from the first equation the forces increment vector 

1 1 TΔ .t t
i i i i i

− −= − −S D Δ D L w     (26) 

The matrix t
iD  is block-diagonal and easily inverted. Let us introduce notation of the matrix product: 

                                   
1 T.t

i i
−

=K LD L        (27) 

From the second equation (25) we obtain the resolving system of nonlinear algebraic equations 

1 .t
i i i i i

−= ∆ −K w P LD Δ      (28) 

For solving (28), we will perform iterative refinement according to the Newton - Raphson scheme. 
We will use the following calculation algorithm with given automobile position: 

1. Calculate matrix L  and vector P ; 0 0=S ; for each node k: 0, 0kε = , 0, 0kχ = . 
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2. Accept 1∆ =P P , i=0.  
3. Begin cycle of iterative refinement; accept 1i i= + . 

4. Calculate matrices t
iD , 

1t
i
−D , , iK Δ . 

5. Calculating equations system (28), we get iw . 

6. Using (26), we calculate Δ iS . 

7. Using (10), we calculate for all nodes: , ,ε ,i k i kγ∆ ∆ ; 

8. Calculate for all nodes , 1, , , 1, ,,i k i k i k i k i k i kε ε ε χ χ χ− −= + ∆ = + ∆ . 

9. Using in (8) and (9) the secant modulus of deformations we calculate iS . 

10. Calculate 1Δ i i i−= −S S S . 

11. Calculate Δi i∆ =P L S  and accuracy ( )
( )2, ,

1

2
,

1

100

d

d

n

i j i j
j

i n

i j
j

P P

Ex

P

=

=

− ∆

∆ =
∑

∑
P . 

12. If ( ) [ ]iEx Ex∆ >P , then we calculate Δi i i∆ = −P P L S ; i i=S S  and go to 3.  

13. If ( ) [ ]iEx Ex∆ ≤P , then we have end of iterative refinement. 
 

The resulting bending moments are used to calculate the shear forces in finite elements: 

2 2 1 .k k
k

k

M MQ
l

−−
=       (29) 

Next, a check is carried out for a possible displacement of the sections at the joints of concrete 
blocks: 

2 1 2, .k fr k k fr kQ k N Q k N−≤ ≤     (30) 

frk  is the friction coefficient of concrete on concrete; 2 1 2 1 2 2, , ,k k k kN M N M− −  are the internal 

forces at the finite element beginning and end. If conditions (30) are not done, then a shift of concrete 
blocks relative to each other is possible and it is necessary to change a design scheme. 

At each node of the arch, the eccentricity modulus of the longitudinal force and the required section 
height are calculated, which provides the compressed zone will be equal to half the section height (with a 
linear stress diagram in the compressed zone): 

, 3 .si
i i i

i

Me h e
N

= = ⋅      (31) 

Calculations have shown that the maximum compressive stresses are far from the limiting value; 
therefore, the stress diagram in the compressed zone is practically linear. Nonlinearity of deformations is 
associated with the exclusion of the stretched concrete zone from the work. 

The required heights of the arch cross sections will be determined using the following iterative 
algorithm: 

1. For each arch node i, we set the initial value of the section height minih h= . 

2. Begin cycle of ih  finding. 

3. Set iter
i ih h= . 
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4. Begin cycle on px  (Fig.1) from 0 to 
2 2

xaL − 
 

 with step 0.1 m. 

5. We perform the arch calculation according to the algorithm given above. 

6. For each arch node, we calculate s
ih  (31). 

7. If s iter
i ih h> , then iter s

i ih h= . 

8. End cycle on px . 

9. For each arch node i, we calculate min
10000

10000

iter
i i

i
h hh h

 ⋅ +
= ≥  
 

. 

10. Rounding ih  to 5 cm. 

11. Go to 3. 

The calculations have shown that the process of refining the cross-section heights converges in no 
more than 15 iterations. As a result of the calculation, for each node, the maximum eccentricities of the 
longitudinal force and the required section height are determined. These heights will ensure the 
compressed zone value at least half of the cross section at any automobile load position. 

3. Results and Discussion 
Consider the problem of determining the optimal parameters of an elliptical arch bridge. The arch is 

subject to loads from the weight of the backfill soil and a load from the moving vehicle (Fig. 1). In this case, 
the compressed zone minimum height should be at least half the arch section height. When searching for 
the optimal parameters, we will assume that the arch span L is given, and the optimal arch height H must 
be selected. The optimal height is determined by sequential calculation of the arches with it gradual 
increasing. The all data for the calculation are given in Table 1. The arch was divided along the length into 
16 finite elements. 

Table 1. Arch calculation data. 
Denotation Dimension Value Parameter 

0h  m 2.0 Backfill height from the arch top 

grϕ  degree 35 Angle of internal soil friction 

grγ  kN/m3 17.7 Soil volume weight 

a  m 1.2 Distance between vehicle axles 

aP  kN 250 Vehicle axle load 

xa  m 3.6 Load length from vehicle 

ya  m 2.7 Load width from vehicle 

L  m 12 Arch span 

B m 0.5 Arch width is a bridge strip width on 
which the load is collected 

minh  m Need to assign The minimum height of the arch cross 
section 

Н m Need to define Arch height 
 

Vertical and horizontal loads from the vehicle and the ground (Fig. 1) are determined by the following 
formulas:  
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( )( ) ( ), 0
0 0

1.2 , 1.1 .a
a gz i gr i

x y

B Pq q H h z B
h a h a

γ
⋅ ⋅

= = ⋅ + − ⋅
+ +

   (32) 

( )2 2
, 0 , 01.1 45 , 1.1 45 .

2 2
gr gr

qx up gr qx dn grq h tg B q H h tg B
ϕ ϕ

γ γ
   

= ⋅ ⋅ − = ⋅ + ⋅ −   
   

 (33) 

To these loads is added the load from the arch own weight.  

The parameters of the compressed concrete deformation diagram were taken as follows:
2

1 0 20.000314, 0.002, 0.0035, 17000 /b b b bR kN mε ε ε= − = − = − =  (Fig. 2). 

Fig. 4 shows the most optimal arch minimum weight ( min 0.4h m= ). 

  

 
Figure 4. Arch with minimum weight of 15.409 tons: on the left side the blocks section heights are 

indicated; on the right side the maximum eccentricities of the longitudinal force (in meters) are 
indicated. 

The arch division into finite elements was carried out automatically. Arch nodes were defined as the 
point of intersection of a straight line drawn from the span middle and an elliptical arc. Straight lines were 
drawn with an angular step of 11.25 degrees. The angles were measured from the horizontal line. The first 
five finite elements of half–arch have a minimum cross-section height. Further, an increase of the section 
height is required to 0.6–0.7 meters. 

Table 2. Arch weight (tons) depending on geometric parameters. 

[m]H  
min [m]h  

0.4 0.5 0.6 
8.8 - 17.471 18.534 
8.9 15.498 16.690 18.668 
9.0 15.409 16.816 18.802 
9.1 15.761 17.175 18.936 
9.2 16.001 17.536 19.308 

 

Table 2 shows optimal weights of arches, depending on an arch height and a specified minimum 
section height. Note that the arch optimal weight is more influenced by a value of minimum section height, 
which is specified. Setting a minimum arch height is necessary to meet possible construction requirements. 
Also note that the greater a minimum section height, the lower an optimal arch height. 

 



Magazine of Civil Engineering, 117(1), 2023 

 

 
Figure 5. The arch top displacements depending on the Vehicle axle load value. Blue line – the 

load is located symmetrically from the center; gray line – the load is displaced on1.2 meters from 
the center; red line – the load is displaced on 2.4 meters from the center. 

Also, to determine the bearing capacity reserve of the optimal arch, the arch calculations were 
performed with a gradual increase in the automobile load up to destruction. Three options for the vehicle 
load location were considered (Fig. 5). The most dangerous is the load location with an offset of 2.4 meters 
from the top of the arch (red line in Fig. 5). In this case, the ultimate automobile load is approximately 1.6 
times higher than the calculated one. This value shows the safety margin of the arch. The danger of an 
asymmetrical arrangement of the load for arches made of stone blocks is also noted in [1, 4]. If the vehicle 
load is located symmetrically with respect to the arch top, then the breaking load value is twice the 
calculated one. If it is necessary to provide a greater safety margin for the arch, then we must take the 
minimum height of the compressed zone more than half the section height. The arch, which is optimal in 
terms of weight, has a cross section that is variable in length, so concrete blocks must be manufactured 
individually. Also, the blocks must have the required slope of the faces to ensure the compressive forces 
transmission. For the manufacture of such blocks, it is necessary to have a steel mold with three moving 
faces, which is quite technically feasible and will not lead to a significant blocks cost increase. At the same 
time, by reducing the concrete arche volume, the building materials cost is can reduced significant. If 
necessary, you can determine the arch optimal height with a constant section size, but such an arch will 
not have a minimum weight. For example, the arch in Fig. 4 with the constant maximum required section 
height of 0.7 meters will have a weight of approximately 22 tons, which is 1.5 times more than the optimal 
one. 

4. Conclusions 
1. An algorithm for determining the optimal parameters of an elliptical arched road bridge made of 

concrete blocks is proposed. With a given bridge span and a given minimum section height, the arch height 
and the section height change along the length are determined, providing the minimum arch weight under 
the design loads action. 

2. The solution of a physically nonlinear problem is based on the principles of possible stress states 
and possible displacements. Internal forces are approximated by linear functions, the concrete deformation 
diagram is represented as a piecewise broken curve. 

3. The optimal parameters of an arched road bridge with a span of 12 meters and its bearing capacity 
have been determined. It is shown that the arch destruction occurs with an increase in the automobile load 
by about 1.6 times, what shows the safety margin of the arch. This arch with the constant maximum required 
section height of 0.7 meters will have a weight of approximately 22 tons, which is 1.5 times more than the 
optimal one. 
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