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Abstract. There are various experimental methods for improving the moisture strength of asphalt concrete,
such that the most common one being the use of anti-stripping materials. In the present paper, the
influences of polymer materials on\ asphalt binder were investigated using repetitive loading test in wet and
dry conditions along with thermodynamic parameters based on the surface free energy (SFE) components
of asphalt binder and aggregates. The obtained results of this investigation indicate that using styrene
butadiene rubber (SBR) polymer has improved the asphalt concrete strength against the moisture damage,
especially in the specimens made of granite aggregates. Also, SBR polymer increases the cohesion free
energy and reduces the energy released by the system during the stripping event, which represents a
decrease in the tendency for stripping. The stripping percentage index, which is obtained by combining the
results of the repetitive loading test in wet and dry conditions along with the results of thermodynamic
parameters, represents that the specimens made of controlled asphalt binder in the loading cycles under
wet conditions have a higher stripping rate. Also, the modulus loss rate in control asphalt concrete is faster
than the modified specimens.

1. Introduction
Aggregates and asphalt binder are two main components of asphalt concrete as a composite
material [1]. Asphalt binder is absorbed on the surface of aggregates and forms the asphalt binder film.
This film stickes aggregates to eachother and creates the strong structure of asphalt mixture [2].
Displacement of asphalt binder from the aggregate surface or failure in the asphalt binder film is defined as
moisture damage. This type of damage occurs when the aggregates have a greater tendency to absorb
water than being coated by the asphalt binder [3]. In addition to moisture damage, moisture causes different
damages such as rutting, fatigue, shoving, bleeding, and pothole [4].
In order to compare the susceptibility and the effects of stripping additives and the moisture damage
potential of asphalt concrete, a variety of experimental tests have been performed in wet and dry conditions
[5]. The modified Lottman method (AASHTO T283) is a well-known experimental approach in this field
which does not focus on the fundamental properties of materials that effects on damage event, and they
cannot present the reason for the weakness or the strength of asphalt concrete [6]. Accordingly, in the last
two decades, many studies have been conducted on using different methods based on the properties of
materials that affect the asphalt binder cohesion and the asphalt binder-aggregate adhesion for
determination of the moisture susceptibility of asphalt concrete.
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1.1. Previous studies
Free energy of asphalt mixture constituent elements play a significant role in mechanical properties
of asphalt concrete [7]. The primary investigation was reported in Texas Transportation Institute by
Elphingstone [8], which revealed that SFE measurements could be applied as an impressive tool to predict
moisture damage and fatigue cracking in asphalt concrete. Cheng [9] examined the concepts of SFE and
its application in asphalt concrete. The results of his study showed that thermodynamic changed in
adhesion and cohesion of SFE were directly related to debonding in the asphalt binder aggregates’ contact
surface and cracks in the mastic. Abandansari and Modarres [10] investigated the influence of using
nanomaterials on moisture strength of asphalt concrete by using mechanical and thermodynamic methods.
Bhasin [11] initially developed the methods to measure the SFE components of asphalt binder and
aggregate. Then, he investigated the relationship between the thermodynamic parameters, which were
obtained by measuring the SFE components of asphalt binders and aggregates as well as the moisture
susceptibility potential in the asphalt concrete. Following the previous studies, Howson [12] evaluated using
SFE for identification of the resistance of asphalt concrete against moisture. The obtained experimental
results of this investigation indicated that the modifications made on asphalt binder had negative or positive
influences on their SFE components and adhesion energy. In the study reported by Moghadas Nejad and
Hamedi [13], the relationship between moisture damage potential and thermodynamic parameters was
evaluated using the susceptibility test results from different combinations of asphalt concrete. The results
showed that the thermodynamic parameters were significantly associated with the event and severity of
moisture damage [14].
In recent years polymer and nanomaterial have also been applied to investigate the moisture
properties of asphalt concrete [15, 16]. The most important methods for improving the asphalt mixture’s
strength against moisture are changing the mixture design, materials, or using anti-stripping additives.
Changes in the mix design can also slightly affect the asphalt mixture strength against moisture.
Accordingly, using anti-stripping additives is the most optimal method to improve the asphalt mixture’s
strength against moisture [17]. Although studies have been carried out on an aggregate modification to
improve asphalt mixture’s strength against moisture, most of these studies have been limited to
experimental studies [18, 19]. Hydrated lime [20], nano anti-stripping [21], and liquid anti-stripping [22]
additives are the most common anti-stripping materials used in the experimental studies and executive
projects.

1.2. SFE theory
SFE of the materials has been described in several theories according to the molecular structure. An
acidic-basic theory is one of the most significant theories which is used extensively for the description of
the SFE components of various materials [23].
By combining the mentioned components, the total SFE can be obtained as the following expression:

Γ = Γ LW + Γ AB .
Hitherto,

(1)

Γ, Γ AB , and Γ LW denote the total SFE of the materials, the polar component of SFE,

and the non-polar component of SFE, respectively.
composition of Lewis acid

Γ AB can be explained as Equation (2) which is a

( Γ+ ) and base components ( Γ – ) .

Γ AB = 2 Γ + Γ – .
From the thermodynamic perspective, the cohesion free energy

(2)

( ∆Gic ) can be explained as the

amount of energy required for creating a crack in a material with the unit surface. Based on this definition,
the total cohesion work is obtained for different materials as Equation (3):

W AC = 2Γ A ,
where

(3)

Γ A denotes the total SFE of the desired material. Cohesion work of an asphalt binder is a significant

factor applied in some fracture mechanics basic equations to determine the energy required to grow tiny
cracks in the asphalt binder phase or the asphalt mixture mastic phase.
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( ∆Gia ) is defined based on two main components of non-polar or Lifshitz Van
( ∆GiaAB ) and Polar or acid-base ( ∆GiaLW ) . Hence, Equation (4) is applied for the

Adhesion free energy
der Waals

determination of the adhesion-free energy between aggregate and asphalt binder.

∆Gia =
−W a =
∆GiaLW + ∆GiaAB =
−2 

where

(

)(

lw
Γlw
2 Γ1 +

)(

Γ +2 Γ1– +

)

Γ 2– Γ1+  ,


(4)

+
–
Γ1lw , Γ1+ and Γ1– are the asphalt binder components’ SFE and Γlw
2 , Γ 2 and Γ 2 are the aggregate

components’ SFE. For a mixture of aggregate and asphalt binder, Equation (4) is used for the case when
the SFE components of the mixture are measured.
From a thermodynamic point of view, the

∆Gic is the total work per unit area to form two new

surfaces, the energy of which is equal to the sum of the surface energies of the two newly created surfaces.
a

In addition, the W is the work required to separate two materials at their contact surface under vacuum
conditions. The cohesion and adhesion works are shown in Fig. 1.

Figure 1. a – the cohesion, b – the adhesion work of energy.
Equation (5) is used to calculate aggregate and asphalt binder adhesion in the presence of water. In
this equation, the subscripts of 1, 2, and 3 show the asphalt binder, aggregate, and water, respectively. It
is noteworthy to mention that the negative values of adhesion free energy represent that the two materials
tend to bond with each other. For the case when the

∆Gia value becomes more negative, this tendency

increases.
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a
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(5)

1.3. Problem statement and research objectives
Although the currently-used anti-stripping materials have reduced moisture damage in asphalt
concrete, their use is associated with a series of executive or technical problems [23]. Therefore, this
research has attempted to investigate the use of polymer modifiers. Also, despite the numerous studies
conducted on the application of thermodynamic methods in detecting the susceptibility of asphalt concrete,
it is worth mentioning that its use as a tool to determine the susceptibility of different asphalt concrete and
its effects on the anti-stripping mechanism has not yet been widespread. Therefore, this study attempts to
first obtain the SFE components of the controlled and modified asphalt binder and aggregateThe most
significant objectives of the present study can be categorized as follows:
1. Studying the influence of SBR polymer on the controlled asphalt binder’s SFE components
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2. Studying the influence of SBR polymer on thermodynamic parameters including asphalt binderaggregate adhesion free energy, asphalt binder cohesion free energy, and the system’s free energy in the
event of stripping
3. Studying the effects of using SBR polymer on the modulus ratio of wet to dry condition in the
controlled and modified specimens
4. Comparing the results of the thermodynamic parameters and modulus ratio in wet to dry
conditions
5. Combining the results of the thermodynamic parameters and repetitive loading to determine the
process of stripping event in the controlled and modified specimens.

2. Methods
2.1. Designing an experimental program
Different experimental procedures used in this study include:
1. Modifying the controlled asphalt binder with SBR in two different percentages;
2. Mix design by AASHTO T245 method;
3. Implementing the repetitive loading test on specimens made of controlled and modified asphalt
binders;
4. Determining the SFE components of the controlled and modified asphalt binders using Wilhelmy
plate and Universal Sorption Device (USD);
5. Calculating thermodynamic parameters based on SFE components of asphalt binders,
aggregates, and water for various compounds of asphalt concrete, and;
6. Calculating the percentage of asphalt concrete’ aggregate surface stripping in different loading
cycles by combining the results of repetitive loading test and thermodynamic parameters.

2.2.

Materials

2.2.1. Aggregate
In the present paper, two different types of granite and limestone aggregates have been used, which
are acidic and basic, respectively. The main reason for using these two different aggregates is the different
structure of minerals constituting these two types of aggregates, which makes them different in their
susceptibility to moisture damage. The structure of aggregate surface minerals is evaluated by the X-ray
fluorescence (XRF) experiment. The results of these experiments are presented in Table 1.
Table 1. Structure of minerals forming aggregates used in this study.
Properties

Limestone

Granite

Calcium oxide, CaO (%)

72.47

31.75

Magnesium oxide, MgO (%)

2.24

2.92

Ferric oxide, Fe2O3 (%)

3.87

7.08

Aluminum oxide, Al2O3 (%)

4.84

1.74

Silicon dioxide, SiO2 (%)

13.58

52.19

The gradation of aggregates used in the present investigation is the ASTM-standard medium grading
to produce dense asphalt concrete. The rated size of the aggregates in this gradation is 19 mm [24]. The
aggregate gradations of two used materials are illustrated in Fig. 2, whereas their physical properties are
documented in Table 2.
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Figure 2. Gradation of aggregates used in this study.
Table 2. Physical properties of aggregates used in this study.
Standard

Properties

Limestone

Granite

Specification
limit

2.63

2.61

–

2.65

2.63

–

2.68

2.67

–

2.62

2.60

–

2.65

2.62

–

2.68

2.65

–

Coarse aggregate
Bulk specific gravity (g/cm3)
SSD specific gravity (g/cm3)

ASTM C 127

Apparent specific gravity (g/cm3)
Fine aggregate
Bulk specific gravity (g/cm3)
SSD specific gravity (g/cm3)

ASTM C 128

Apparent specific gravity (g/cm3)
Specific gravity of filler (g/cm3)

ASTM D 854

2.65

2.65

–

Los Angeles abrasion (%)

ASTM C 131

32

22

Max 45

Flat and elongated particles (%)

ASTM D 4791

9

6

Max 10

Sodium sulfate soundness (%)

ASTM C 88

7

9

Max 10–20

Fine aggregate angularity

ASTM C 1252

56.2

59.2

Min 40

2.2.2. Asphalt binder
The base asphalt binder used in the present paper has the penetration grade of 60–70 provided by
the Isfahan refinery. Table 3 presents the characteristics of the asphalt binder. The asphalt binder is
modified by SBR polymer materials in two different percentages. The next section will explain the antistripping materials used in this study and their properties.
Table 3. Properties of base asphalt binders used in this study.
Properties

Standard

Value

Penetration (mm/10)

ASTM D5-73

69

Softening point (°C)

ASTM D36-76

51

Ductility (cm)

ASTM D113-79

105

Flashpoint (°C)

ASTM D92-78

262

Loss of heating (%)

ASTM D1754-78

0.75

Trichloroethylene solubility, (%)

ASTM D2042-76

99.5
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2.2.3. SBR polymer
SBR describes a family of synthetic rubbers that consist of styrene and butadiene. These materials
have a suitable strength against wear and aging. SBR is defined as a common polymer with high efficiency,
and it is considered to be the world's most consumed rubber, due to the availability of cheap and abundant
raw materials. Therefore, it has the highest volume of production in the rubber industry [25]. The mechanical
properties of the SBR polymer used in this study are presented in Table 4.
Table 4. Mechanical properties of the SBR polymer used in this study.
Properties

Value

Tensile Strength (MPa)

18

Elongation at tear (%)

544

Mooney Viscosity (100 °C)

49.2

Glass transition temperature (°C)

–60

Polydispersity

2.7

PH

9.5

2.3. Laboratory Studies
2.3.1. Asphalt binder modification
In this study, SBR polymer material is used as an anti-stripping asphalt binder modifier. This material
is used at 2 and 4 % of asphalt binder weight. For the production of modified asphalt binders, the base
asphalt binder is first heated to 160 °C, and then the additives are added at the intended percentage. Mixing
operation is carried out in the mixer at the rate of 2000 rpm for 15 minutes. Since mixing procedure causes
aging in asphalt binder [26], the base asphalt binder is placed in the mixer at the same conditions to
experience the effect of aging similar to the modified asphalt binders.

2.3.2. Mix design
In the present investigation, the Marshall mix design has been applied according to the AASHTO
T245 standard for the determination of the optimum asphalt binder content [27]. Also, the optimum asphalt
binder content is determined based on the MS-2 guideline of the Asphalt Institute. The values of optimum
asphalt binder were calculated based on the average asphalt binder content corresponding to the maximum
unit weight, maximum marshal stability, and 4 % air void. The corresponding values of the five parameters
of Marshall stability, flow, air void (AV), voids in mineral aggregate (VMA), and void fill with asphalt binder
(VFA were then controlled by the specifications.

2.3.3. Repetitive loading test
The repetitive load test was used to determine the modulus of asphalt concrete in dry and wet
conditions. The AASHTO T283 method is used to subject the specimens to wet conditions. The modified
AASHTO T283 method is one of the most common methods used to determine moisture sensitivity of HMA.
It should be considered that the percentage of existing air pores of the mixture should be 6.5–7.5 %. Three
cases of prepared specimens are remained in dry conditions and the other 3 specimens should be conditioned
in order to prepare wet specimens. First, the specimens should be saturated using relative vacuum conditions
under absolute pressure of 13–67 kPa for 5 minutes. Samples are then kept submerged without vacuum
conditions for 5–10 minutes, and in the following, specimens are withdrawn and weighted in order to achieve
the saturation percent of 70–80 %. Then the specimens are kept into freezer at –18 °C for 16 h and after that
the specimens are placed in warm water bath at 60 °C and they are allowed to remain at this temperature for
24 h. In this study, the indirect tensile modulus experiment is conducted at 25 °C and a frequency of 1 Hz
under haversine loading with the stress level of 300 kPa. The value of the indirect tensile modulus for each
mixture in a particular loading cycle can be measured by using Equation (6).

E* =
where

σmax

σmax
,
ε max

is the maximum stress for a particular cycle and

(6)

ε max is the corresponding stress in the

same cycle.
Modulus ratio for each cycle is obtained according to Equation (7), which is considered as an
indicator for moisture susceptibility in asphalt concrete [28]. The larger the parameter K is, according to
Shabani, A., Hamedi, Gh.H.
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Equation (7), means that the asphalt mixture strength against the simultaneous effects of traffic and high
moisture is higher.

=
K
where,

*
Ewet
*
Edry

×100,

(7)

*
*
and Edry indicate the indirect tensile modulus value in wet and dry conditions, respectively.
Ewet

2.3.4. Measuring the SFE components of aggregate and asphalt binder
A variety of methods can be used to measure the SFE components of asphalt binder and aggregate.
Due to the susceptibility of measurement in these experiments, the methods used here are the methods
that were proven to have higher accuracy in the previous studies [29].
2.3.4.1. Measuring the SFE components of aggregates
Universal Sorption Device (USD) has been used to measure the aggregate’s SFE indirectly using
gas adsorption by three solvents. Hence, for the creation of a set of three equations and three unknowns
(the three components of the solid matter’s SFE), three equations are needed. Therefore, it could be noted
that three research matters, whose SFE components should be specified, are required for calculation of
the SFE components of a solid body.
The relationship between the vapor pressure of a vapor of the probe material and the mass of a
vapor absorbed on the surface of an aggregate is an example of isothermal adsorption. Moreover, the
relationship between the adhesion work and the square root of the SFE components (Equation 8) is linear.
Therefore, three equations are required to create a set of three equations with three unknowns, with each
equation needing a probe material. Thus, three probe materials are required to obtain the SFE components
of a solid.

WSa,V =πe + 2Γtotal
=−2  Γ sLW ΓlLW + Γ +s Γl− + Γ −s Γl+  ,
v



(8)

where WS ,V is the work of adhesion between the surface aggregate (S) and vapor (V),

ΓVTotal is the total

a

SFE of liquids tested, and

πe is the equilibrium pressure distribution of the liquid vapor over the aggregate

surface.
USD is able to indirectly obtain the SFE components of the aggregate using three different probe
liquids. Generally, the passing aggregates of 4.75 mm and the residue on sieve 2.36 mm are used. 40 g of
these aggregates are washed and dried on a 2.36 mm sieve to remove dust and moisture completely.
Finally, these aggregates are washed using water, methanol, hexane and again methanol. After washing
is complete, these aggregates are brought to standard room temperature. Once the materials have reached
room temperature (25 °C), they are placed inside the aluminum mesh sample holder of the USB device.
The equilibrium pressure distribution on the aggregate is obtained as Equation 9:

RT
n
πe = ∫0Pn dp.
MA
p

(9)

In which R is the gas constant, T is the test temperature (Kelvin), M is the molecular mass of the
tested vapor-liquid, n is the mass of the absorbed vapor per unit mass of the aggregate at vapor pressure
p, and A is the specific surface area of the aggregate, which is calculated as follows using the BET
equation (Equation 10):

 n × N0 
=
A  m
 × α,
 M 
where

(10)

N 0 is Avogadro’s number, α is the imaged surface of one molecule, and nm is single-layer

capacity. The number of molecules required to cover the surface of the aggregate in one layer is referred
to as the absorbable monolayer capacity on the aggregate surface, which can be obtained by Equation 11.
In this equation,

S and I denote the slope and intercept of the diagram between p n ( p0 − p ) and
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p p0 , P stands for the partial vapor pressure, Pn indicates the saturated vapor pressure, and n
represents the mass of the absorbed vapor relative to the aggregate mass.

nm =

1
.
s+I

(11)

The SFE components for different used materials are reported in Table 5.
Table 5. SFE components of the research materials for measuring the SFE components of
aggregates (ergs/cm2).
SFE components (ergs/cm2)
SFE components
Total SFE

Lifshitz Van der Waals

Polar

Acidic

Basic

n-Hexane

18.4

18.4

0

0

0

Methyl Propyl Ketone (MPK)

24.7

24.7

0

0

19.6

Water

72.8

21.8

51

25.5

25.5

2.3.4.2. Measuring SFE components of asphalt binder
In this section, the Wilhelmy plate technique is used to obtain the contact angle between the asphalt
binder and a liquid which is a characteristic of the hydrophilicity or hydrophobicity of the surface [30].
The relationship between the vapor pressure of a vapor of the probe material and the mass of a
vapor absorbed on the surface of an aggregate is an example of isothermal adsorption. Moreover, the
relationship between the adhesion work and the square root of the SFE components (Equation 12) is linear.
Therefore, three equations are required to create a set of three equations with three unknowns, with each
equation needing a probe material. Thus, three probe materials are required to obtain the SFE components
of a solid.

WSa,V =πe + 2Γtotal
=−2  Γ sLW ΓlLW + Γ +s Γl− + Γ −s Γl+  ,
v


a

where WS ,V is the work of adhesion between the surface aggregate
total SFE of liquids tested, and

(S )

and vapor

(12)

(V ) ,

is the
Γtotal
v

πe is the equilibrium pressure distribution of the liquid vapor over the

aggregate surface.
USD is able to indirectly obtain the SFE components of the aggregate using three different probe
liquids. Generally, the passing aggregates of 4.75 mm and the residue on sieve 2.36 mm are used. 40 g of
these aggregates are washed and dried on a 2.36 mm sieve to remove dust and moisture completely.
Finally, these aggregates are washed using water, methanol, hexane and again methanol. After washing
is complete, these aggregates are brought to standard room temperature. Once the materials have reached
room temperature (25 °C), they are placed inside the aluminum mesh sample holder of the USB device.
The equilibrium pressure distribution on the aggregate is obtained as Equation 13:

RT Pn n
πe =
dp,
MA 0 p

∫

(13)

where R is the gas constant, T is the test temperature (Kelvin), M is the molecular mass of the tested
vapor-liquid, n is the mass of the absorbed vapor per unit mass of the aggregate at vapor pressure p,
and A is the specific surface area of the aggregate, which is calculated as follows using the BET equation
(Equation 14):

 n × N0 
=
A  m
 × α,
 M 
where

(14)

N 0 is Avogadro’s number, α is the imaged surface of one molecule, and nm is single-layer

capacity. The number of molecules required to cover the surface of the aggregate in one layer is referred
to as the absorbable monolayer capacity on the aggregate surface, which can be obtained by Equation 15.
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In this equation,

S and I denote the slope and intercept of the diagram between p n ( p0 − p ) and

p p0 , P stands for the partial vapor pressure, Pn indicates the saturated vapor pressure, and n
represents the mass of the absorbed vapor relative to the aggregate mass.

1
.
s +1

nm =

(15)

To obtain the passive components, at least three fluids with specified surface energy components
are required. In this paper, water, formamide, and glycerin have been used due to the relatively large
amounts of SFE components, non-miscible with asphalt binder, and different amounts of SFE. Their surface
energy components are provided in Table 6.
Table 6. SFE components of the research materials for measuring the SFE components of
asphalt binder (ergs/cm2).
SFE components (ergs/cm2)
SFE components
Total SFE

Lifshitz Van der Waals

Polar

Acidic

Basic

Water

72.6

21.6

51

25.5

25.5

Glycerol

62.8

34

28.8

3.92

57.4

Formamide

58

39

19

2.28

39.6

3. Results and Discussion
3.1. Mix design
The optimum asphalt binder content in the specimens made of granite and limestone aggregates
was 5.5 and 5.8 %, respectively. Due to their surface porosity, limestone aggregates absorb more asphalt
binder. This process causes more optimum asphalt binder content to be absorbed compared to the granite
aggregates with fewer pores.
It should be mentioned that the mix design is only carried out for specimens containing aggregates
and base asphalt binders, because if different asphalt binder percentages are used in the specimens
containing controlled and modified asphalt binders, the asphalt binder content variable is also an important
factor affecting the modulus ratio in wet to dry condition which causes the results to face an error.

3.2. SFE tests
3.2.1. Measuring the SFE components of aggregates
Table 7 indicates the results of measuring the SFE components of aggregates used in the present
paper. In all reported cases, the basic components of both aggregates are higher than their acidic
components. However, as it is clear, the ratio of the acidic to the basic component of granite aggregate is
higher than the limestone aggregate. The non-polar component of limestone and granite aggregates are
close to each other, but the polar component of limestone aggregate is more than granite aggregate, which
has led to a significant increase in the total SFE associated with limestone aggregate compared to granite
aggregate.
Table 7. The SFE components of aggregates used in this study.
SFE components (ergs/cm2)

Aggregate type
Basic

Acidic

Polar

Nonpolar

Total

Limestone

522.4

31.7

257.5

67.1

324.6

Granite

525.8

20.5

207.7

68.8

276.6

3.2.2. Measuring the SFE components of asphalt binders
Asphalt is a single-phase homogeneous mixture of many different molecules, which may be
differentiated into two broad classes: polar and non-polar. The non-polar molecules serve as a matrix or
solvent for the polar molecules, which form weak “networks” of polar-polar associations that give asphalt
its elastic properties. The polar materials are uniformly distributed throughout the asphalt, and upon heating
the weak interactions are broken to yield a Newtonian fluid. Asphalts that have too much polar material will
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be subject to fatigue cracking in thin pavements, brittleness, and thermal cracking. Asphalts that have too
much non-polar material, or asphalts in which the non-polar materials are too low in molecular weight, will
suffer from fatigue cracking in thick pavements, moisture sensitivity, and rutting. Asphalt binder is acidic in
nature. Results related to the controlled and modified asphalt binder’s SFE are presented in Table 8. As is
clear from the table data, the base asphalt binder’s acidic component is higher than its basic component.
This causes the asphalt binder to have more acidic properties. Acidic properties of asphalt binder lead to
the formation of stronger bonds with basic materials such as lime aggregates. The use of SBR polymer has
increased both the acid and basic components of modified asphalt binders. The percentage of increase in
the basic component is higher than the acidic component, which results in the formation of more basic
properties in the SBR modified asphalt binders. An increase in the percentage of this material from 2 to 4
percent also increases the mentioned changes.
The results of Table 8 show that SBR polymer has increased the asphalt binder polar component.
The positive or negative impact of this parameter on the asphalt binder-aggregate adhesion cannot be
stated with certainty. The only thing to mention is that the increase in the polar properties of asphalt binders
will increase their adhesion tendency to polar materials such as aggregate and water.
The results related to a non-polar component of asphalt binder’s SFE in Table 8 show that using
SBR polymer has increased the non-polar component of modified asphalt binders compared to the base
asphalt binder. This leads to a formation with stronger non-polar bonds.
The total SFE results show that using SBR polymer has increased this parameter. The total SFE has
a direct and linear relationship with cohesion free energy. The increase in the total SFE increases cohesion
free energy. This means that higher energy is needed for the creation of a specific crack on the asphalt
binder film. Increasing the energy needed for failure in the asphalt binder film reduces the probability of
cohesion failure.
Table 8. SFE components of controlled and modified asphalt binders used in this study.
SFE components (ergs/cm2)
Asphalt binder type
Basic

Acidic

Polar

Nonpolar

Total SFE

AC 60/70

0.45

2.69

2.20

11.36

13.56

AC 60/70 with 2 % SBR

0.79

2.98

3.07

12.28

15.35

AC 60/70 with 4 % SBR

1.03

3.27

3.67

13.84

17.51

3.2.3. Thermodynamic parameters
Results related to the cohesion free energy parameters, debonding energy, and adhesion free
energy have been provided in Fig. 3–5.
A closer look in Fig. 3 shows that using SBR polymer has increased cohesion free energy value. This
suggests that higher energy is required for cracking on the asphalt binder film which reduces the probability
of cohesion failure.

Figure 3. Cohesion free energy in controlled and modified asphalt binders.
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Results related to the asphalt binder-aggregates adhesion free energy in dry conditions are shown
in Fig. 4. This parameter presents the amount of energy required for creation of failure in asphalt binderaggregate contact surface. It means that more energy is needed for separation of the asphalt binder from
the aggregate surface. The amount of adhesion free energy in the specimens made of granite aggregate
is more considerable than limestone aggregate. This suggests that more energy is required to separate the
asphalt binder from the granite aggregate surface unit.

Figure 4. The asphalt binder-aggregate adhesion free energy under dry conditions.
According to the principles of thermodynamics, any energizer process is performed spontaneously.
Therefore, when water enters into the binder-aggregate system, the asphalt binder debonding and the
stripping event are expected to happen spontaneously. The important thing here is that greater amounts of
released energy, lead to a higher stripping intensity. The results presented in Fig. 5 show that the use of
SBR polymer in the specimens made of both types of aggregates has reduced the debonding energy.
Increasing the percentage of these materials has reduced the value of this parameter. So, increasing the
percentage of the polymer material has increased the tendency for stripping. As the data provided in the
figure suggests, in the stripping of the compounds made of granite aggregates more energy is released,
which indicates that stripping in the granite aggregate surface unit is more likely to occur.

Figure 5. The asphalt binder-aggregate adhesion free energy under wet conditions.

3.3. Repetitive loading tests
Modulus ratio results for the specimens made of limestone and granite aggregates have been
provided in Fig. 6, 7. The obtained results in Fig. 6, 7 shows the obvious effects of using the aggregates,
asphalt binders and different additives on the moisture damage. Each of these components with mixed
features can strengthen or weaken the asphalt mixture against moisture damage.
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Figure 6. Indirect tensile modulus ratio in samples made of limestone aggregates.

Figure 7. Indirect tensile modulus ratio in samples made of granite aggregates.
According to the results obtained in Fig. 6, the specimens made of controlled asphalt binder have
the lowest modulus ratio in wet to dry conditions. The use of SBR polymer has increased the modulus ratio
in these specimens. By increasing the percentage of the polymer additive, better performance of asphalt
mixture against moisture has become more evident. The difference in the ratio of wet to dry modulus in the
low loading cycle has become lower between the controlled and modified specimens. As the number of
loading cycle increases, this difference also increases. In fact, it can be noted that the rate of decrease in
the modulus (slope) in the controlled specimens is higher than the modified specimens.
The similar trend observed in specimens made of limestone aggregate can be seen in the specimens
made of granite aggregate. The notable difference is that the use of SBR additives has made more
improvements to the specimens made of granite aggregate.
As was observed in the analysis of the SFE method’s results, the use of polymer materials increases
cohesion and adhesion free energy in dry conditions. These two events reduce failure in the asphalt binderaggregate contact surface and asphalt binder film, which increases the asphalt mixture’s strength in loading
conditions. As expected, placing the specimens under wet conditions has reduced asphalt mixture’s
strength against loading, because the influences of moisture reduce cohesion in asphalt binder and cause
loss of adhesion in asphalt binder-aggregates. All of these factors reduce the asphalt mixture’s strength.

3.4. Stripping percentage of the aggregates in loading cycles
Cheng [9] successfully used the continuous non-linear viscoelastic theory provided by Schapery for
material damage for the description of the response of asphalt concrete under the strain and stress control
loading. He applied the Schapery theory which mentioned that damage prediction was validated by
repetitive loading tests based on diffusion theory. Thus, the moisture damage of asphalt concrete is
obtained in repetitive loading by calculation of the aggregate surface percentage, which is subjected to
stripping in different cycles. As can be observed in Equation (16), the strength ratio (modulus) in wet to dry
conditions can be considered to be same as the adhesion ratio between aggregates-asphalt binder in wet
and dry conditions [31].
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∞

E∗wet  ∆G12 ∗ (1 − P ) + ∆G132 P 
=
,
E∗dry
[ ∆G12 ]

(16)

∆G12 denotes the asphalt binder-aggregate adhesion energy, ∆G132 denotes the asphalt binderaggregate debonding or system energy in a saturated condition, and P is the percentage of the aggregate
where

surface which is subjected to stripping.
For repetitive loading test of strain control, Equation (16) can be converted to Equation (17).

σ
 
E∗wet  ε  wet ε wet  ∆G12 (1 − P ) + ∆G132 P 
.
 =
= =
E∗dry  σ 
ε dry
[ ∆G12 ]
 
 ε dry

(17)

All parameters of Equation (17), except for index P , can be obtained from the thermodynamic
concepts by measuring the SFE components of asphalt binders and aggregates (Tables 7, 8) and wet to
dry modulus ratio (Fig. 6, 7). Knowing that P is the only thing missing from this equation, it can be
calculated and used to determine the stripping trend of the aggregate surface from asphalt binders in
different loading cycles for various asphalt concrete.
Results related to asphalt binder stripping percentage from the aggregate surface on the specimens
made of granite and limestone aggregates are provided in Fig. 8, 9, respectively. As a consequence, using
polymer additives has reduced the asphalt binder stripping percentage from the aggregate’s surface in
different loading cycles. Moreover, it can be observed that the slope in the stripping percentage against the
loading cycles chart has an increasing trend. In fact, all aggregates in the primary cycles of loading are
attached to the asphalt binder. Higher exposure of specimens to wet conditions and loading frequency
leads to a higher percentage of aggregates to be stripped from the asphalt binder. This causes the adhesion
reduction and the attached aggregate percentage reduction to intensify each other, and therefore, the
asphalt binder stripping from the aggregate surface continues with a steeper slope.
It can be observed from Fig. 8, 9 that specimens made of limestone aggregates have higher strength
compared to the specimens made of granite aggregates. Different factors are effective in the occurrence
of moisture damage and the strength of asphalt concrete against it. The structure of minerals forming the
aggregates used in asphalt concrete is one of the most significant parameters. Two minerals, SiO2, and
CaO (or CaCO3) cause a significant change in the hydrophobic or hydrophilic properties of aggregates. A
higher percentage of SiO2 mineral indicates that the hydrophilic tendency of aggregates has increased and
vice versa.

Figure 8. Stripping percentage of aggregate surface in samples made of limestone aggregates.
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Figure 9. Stripping percentage of aggregate surface in samples made of granite aggregates.
Conversely, a higher percentage of the CaO mineral indicates that the hydrophobic tendency of
aggregates has increased and vice versa [32]. It can be observed from Table 1 that a large part of granite
aggregate is formed by silicon dioxide (SiO2) which leads to strong acidic properties. The amount of strong
basic parts such as calcium oxide (CaO) in this type of aggregate is much lower than the acidic part. There
are hydroxyl groups (OH) on the surface of granite aggregate. These groups (SiOH) form hydrogen bonds
with carboxylic acids, which are very effective in asphalt binder-aggregates adhesion. However, hydrogen
bond easily breaks in the presence of water, and these two groups are separated, and each one produces
a hydrogen bond with water molecules [33]. Conversely, in the case of limestone aggregates, it is observed
that the SiO2 mineral percentage is much lesser than the CaO mineral. In fact, the main reason for the high
adhesion strength between limestone aggregates and asphalt binders is caused by the formation of
insoluble bonds (covalent) in water that is formed due to the physical reaction between the calcium on the
aggregate surface and some functional groups of asphalt binder.

4. Conclusions
There are various experimental methods for improving the moisture susceptibility in asphalt concrete,
and the most common one is the use of anti-stripping additives. Technical and executive problems of the
existing anti-stripping materials and the technical defects in the moisture susceptibility evaluation methods
of asphalt concrete have led to the study of the SBR polymer effects using mechanical and thermodynamic
techniques. The most important experimental results obtained in the present investigation are:
1. Using SBR polymer improved the strength of asphalt concrete against moisture damage,
especially in specimens made of granite aggregates.
2. Adding SBR polymer increases the cohesion and adhesion free energy and reduces the
debonding energy in stripping of specimens containing both types of aggregates, which indicates a
decrease in the tendency of the system for stripping.
3. The stripping percentage index that is obtained by combining the results of the repetitive loading
test in wet and dry conditions along with the results of the thermodynamic parameters indicate that the
specimens made of controlled asphalt binders in loading cycles under wet conditions are subject to a higher
rate of stripping, and the falling rate of the loading modulus in them is faster than the modified specimens.
4. The use of SBR polymer has increased both the basic and acidic components of asphalt binders.
The percentage of increase in the basic component is higher than the acidic component, which results in
the formation of more basic properties in the asphalt binders modified by this material.
5. Adding SBR polymer has increased the asphalt binder’s polar component. The positive or
negative impact of this parameter on the asphalt binder aggregates adhesion cannot be stated with
certainty. The only thing to note is that the increase in the polar properties of asphalt binders increases the
desire of its adhesion to polar materials such as aggregates and water.
6. The use of SBR polymer has increased the non-polar component of the modified asphalt binders
compared to the base asphalt binder. This leads to the formation of stronger non-polar bonds.
References
1. Arabani, M., Shabani, A., Hamedi, G.H. Experimental Investigation of Effect of Ceramic Fibers on Mechanical Properties of Asphalt
Mixtures. Journal of Materials in Civil Engineering. 2019. 31 (9). DOI: 10.1061/(ASCE)MT.1943-5533.0002821
2. Shekhovtsova, Sy., Korolev, E., Inozemtcev, S., Yu, J., Yu, H. Method of forecasting the strength and thermal sensitive asphalt
concrete. Magazine of Civil Engineering. 2019. 89 (5). Pp. 129–140. DOI: 10.18720/MCE.89.11
Shabani, A., Hamedi, Gh.H.

Magazine of Civil Engineering, 109(1), 2022
3. Stuart, K. Moisture damage in asphalt mixtures-a state-of-the-art report. 1990. Pp. 125. URL: https://trid.trb.org/view/1175602
(date of application: 16.12.2019).
4. McGennis, R.B., Kennedy, T.W., Machemehl, R.B. Stripping and moisture damage in asphalt mixtures. Center For Transportation
Research, The University Of Texas, Austin. 1984.
5. Hamedi, G.H. Evaluating the effect of asphalt binder modification using nanomaterials on the moisture damage of hot mix asphalt.
Road Materials and Pavement Design. 2017. 18 (6). Pp. 1375–1394. DOI: 10.1080/14680629.2016.1220865
6. Al-Qadi, I.L., Abuawad, I.M., Dhasmana, H., Coenen, A.R., Trepanier, J.S. Effects of Various Asphalt Binder Additives/Modifiers
on Moisture-Susceptible Asphaltic Mixtures. Illinois Center for Transportation. 2014.
7. Zavyalov, M.A., Kirillov, A.M. Evaluation methods of asphalt pavement service life. Magazine of Civil Engineering. 2017. 70 (2).
Pp. 42–56. DOI: 10.18720/MCE.70.5
8. Elphingstone, G. Adhesion and cohesion in asphalt-aggregate systems. Texas A&M University, 1998.
9. Cheng, D. Surface free energy of asphalt-aggregate system and performance analysis of asphalt concrete based on surface free
energy. Texas A&M University, 2003.
10. Fallahi Abandansari, H., Modarres, A. Investigating effects of using nanomaterial on moisture susceptibility of hot-mix asphalt
using mechanical and thermodynamic methods. Construction and Building Materials. 2017. 131. Pp. 667–675.
DOI: 10.1016/j.conbuildmat.2016.11.052
11. Bhasin, A. Development of methods to quantify bitumen-aggregate adhesion and loss of adhesion due to water. Texas A&M
University, 2006.
12. Howson, J.E. Relationship between surface free energy and total work of fracture of asphalt binder and asphalt binder-aggregate
interfaces. Texas A&M University, 2011.
13. Hamedi, G.H., Moghadas Nejad, F. Using energy parameters based on the surface free energy concept to evaluate the moisture
susceptibility of hot mix asphalt. Road Materials and Pavement Design. 2015. 16 (2). Pp. 239–255.
DOI: 10.1080/14680629.2014.990049
14. Hamedi, G.H., Moghadas Nejad, F. Evaluating the effect of mix design and thermodynamic parameters on moisture sensitivity of
hot mix asphalt. Journal of Materials in Civil Engineering. 2017. 29 (2). DOI: 10.1061/(ASCE)MT.1943-5533.0001734
15. Cai, L., Shi, X., Xue, J. Laboratory evaluation of composed modified asphalt binder and mixture containing nano-silica/rock
asphalt/SBS. Construction and Building Materials. 2018. 172. Pp. 204–211. DOI: 10.1016/j.conbuildmat.2018.03.187
16. Moghadas Nejad, F., Azarhoosh, A.R., Hamedi, G.H., Azarhoosh, M.J. Influence of using nonmaterial to reduce the moisture
susceptibility
of
hot
mix
asphalt.
Construction
and
Building
Materials.
2012.
31.
Pp.
384–388.
DOI: 10.1016/j.conbuildmat.2012.01.004
17. Hamedi, G.H., Moghadas Nejad, F., Oveisi, K. Investigating the effects of using nanomaterials on moisture damage of HMA. Road
Materials and Pavement Design. 2015. 16 (3). Pp. 536–552. DOI: 10.1080/14680629.2015.1020850
18. Hamedi, G.H., Moghadas Nejad, F. Use of aggregate nanocoating to decrease moisture damage of hot mix asphalt. Road
Materials and Pavement Design. 2016. 17 (1). Pp. 32–51. DOI: 10.1080/14680629.2015.1056215
19. Moghadas Nejad, F., Arabani, M., Hamedi, G.H., Azarhoosh, A.R. Influence of using polymeric aggregate treatment on moisture
damage
in
hot
mix
asphalt.
Construction
and
Building
Materials.
2013.
47.
Pp.
1523–1527.
DOI: 10.1016/j.conbuildmat.2013.06.060
20. Hesami, S., Roshani, H., Hamedi, G.H., Azarhoosh, A. Evaluate the mechanism of the effect of hydrated lime on moisture damage
of warm mix asphalt. Construction and Building Materials. 2013. 47. Pp. 935–941. DOI: 10.1016/j.conbuild-mat.2013.05.079
21. Faramarzi, M., Golestani, B., Lee, K.W. Improving moisture sensitivity and mechanical properties of sulfur extended asphalt
mixture by nano-antistripping agent. Construction and Building Materials. 2017. 133. Pp. 534–542.
DOI: 10.1016/j.conbuildmat.2016.12.038
22. Park, D.W., Seo, W.J., Kim, J., Vo, H.V. Evaluation of moisture susceptibility of asphalt mixture using liquid anti-stripping agents.
Construction and Building Materials. 2017. 144. Pp. 399–405. DOI: 10.1016/j.conbuildmat.2017.03.214
23. Souliman, M.I., Hajj, E.Y., Sebaaly, P.E. Impact of antistrip additives on the long-term aging rheological properties of asphalt
binders. Journal of Materials in Civil Engineering. 2015. 27(8). DOI:10.1061/(ASCE)MT.1943-5533.0001111.
24. ASTM D7369. Standard test method for determining the resilient modulus of bituminous mixtures by indirect tension test.West
Conshohocken, PA, 2011.
25. De, S.K., White, J.R. Rubber technologist’s handbook. Smithers Rapra Technology. New York, 2001.
26. Arabani, M., Shabani, A. Evaluation of the ceramic fiber modified asphalt binder. Construction and Building Materials. 2019. 205.
Pp. 377–386. DOI: 10.1016/J.CONBUILDMAT.2019.02.037
27. ASTM D1559. Test method for resistance of plastic flow of bituminous mixtures using marshall apparatus.West Conshohocken,
PA, 1989.
28. Shah, B.D. Evaluation of moisture damage within asphalt concrete mixes. Texas A&M University, 2004.
29. Little, D.N., Bhasin, A. Using Surface Energy Measurements to Select Materials for Asphalt Pavement. National Cooperative
Highway Research Program (NCHRP). 2006. 104.
30. Shekhovtsova, S.Y., Korotkov, A. V., Vysotskaya, M.A. Method of forecasting the effectiveness of cationic bitumen emulsions.
Magazine of Civil Engineering. 2018. 78 (2). Pp. 91–100. DOI: 10.18720/MCE.78.7
31. Witczak, M., Kaloush, K., Pellinen, T., El-Basyouny, M. Appendix A–Test method for dynamic modulus of asphalt concrete
mixtures for permanent deformation. National Cooperative Highway Research Program (NCHRP). 2002. 465.
32. Tarrer, A., Wagh, V. The effect of the physical and chemical characteristics of the aggregate on bonding. Strategic Highway
Research Program (SHRP). 1991.
33. Hicks, R. Moisture damage in asphalt concrete, NCHRP synthesis of highway practice 175. Transportation Research Board. 1991.

Contacts:
Amir Shabani, amirsh@kth.se
Gholam Hossein Hamedi, hamedi@guilan.ac.ir
Shabani, A., Hamedi, Gh.H.

Magazine of Civil Engineering. 2022. 109(1). Article No. 10902

Magazine of Civil Engineering

ISSN
2712-8172

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

DOI: 10.34910/MCE.109.2

Deformation criteria for reinforced concrete frames
under accidental actions
N.V. Fedorova*a

, N.T. Vub

a

National Research Moscow State Civil Engineering University, Moscow, Russia

b

Southwest State University, Kursk, Russia

*E-mail: fenavit@mail.ru
Keywords: reinforced concrete, capacity curve, column removal scenario, alternate load path,
progressive collapse
Abstract. A review of scientific research on survivability and protection of buildings from progressive
collapse showed that despite the researchers’ increasing interest in the problem, many tasks in this area
are waiting to be solved. The subject of the study in this work was the study of the parameters of the
capacity curves of cross-sections of reinforced concrete elements of constructive systems of building
frames under their static-dynamic loading conditions. This paper presents a methodology for determining
the parameters of "load-deflection" curves and the deformation criterion for accidental limit state of a
reinforced concrete element of statically indeterminate frame-rod constructive systems under an accidental
action caused by removing one of the load-bearing elements from the constructive system. Two stages of
loading such systems are considered: static loading to a specified design level and additional dynamic
loading caused by a sudden structural rearrangement of the constructive system from the mentioned action.
At the first stage of loading, the relative parametric load of cracking in an arbitrary cross-section of the
reinforced concrete element of the constructive system and the sequence of formation of plastic hinges in
this element is determined using an extraordinary version of the mixed method of structural mechanics of
rod systems. At the second stage, the limit value of the relative parametric load is determined on an energy
basis without using the structural dynamics apparatus. An algorithm for calculating parameters of the
capacity curve of cross-sections of reinforced concrete elements of constructive systems under the
considered actions and calculation results of the "relative parametric load-deflection" curve for the most
stressed cross-section of the reinforced concrete frame when a middle column is removed from it are
presented. The calculated values of the deforming cross-section parameters are compared with
experimental data. It is shown that the use of parametric load in the proposed calculated dependencies for
analyzing the sequence of formation of plastic hinges in the constructive system is in satisfactory agreement
with the test results of such constructive systems under the considered loading regimes.

1. Introduction
Currently, in the regulatory documents of many countries, when designing constructive systems of
buildings, an analysis must be performed to protect against progressive collapse, in particular, to check the
criteria for an accidental limit state for elements of a constructive system when one of the supporting
structures, for example, one of the columns of the first floor of a building, is suddenly removed from it. And
despite the fact that scientific research in this area around the world has been intensively conducted since
the end of the last century, after the well-known event with the Ronan Point tower in London [1], answers
to many scientific questions about this problem have not yet been received. And if the term "progressive
(disproportionate) collapse" is clearly understood by scientists in various countries as a sequential (chain)
failure of load-bearing building structures, leading to the collapse of the entire structure or its parts due to
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a sudden local failure [2–5], the criteria for protection against such failure are understood and accepted far
from unambiguous. Moreover, even terminologically, these criteria are designated differently: limit state
criteria [6–9], beyond limit state criteria [2, 3], accidental limit state criteria [10, 11]. In the most rapidly
developing algorithms for numerical modeling of these processes, for example [12, 13], traditional physical
models of material deformation are laid, without taking into account the specifics and mechanisms of the
considered loading regime of structures, and despite the fact that such models are the most representative
and can be relatively universal, the practical recommendations for designing that follow from these models
are not confirmed experimentally are of a particular nature and are often questionable. Moreover, such
models are very demanding in terms of computational capabilities (see, for example, [14]), which, taking
into account the requirements for the qualification of the constructor, allows them to be used in design
practice only in special cases.
There are also known alternative approaches to solving problems of considered class, focused on
analytical and semi-analytical methods of analysis using the concept of the so-called " alternate load path"
and structural level models for these problems [5, 15, 16]. In these solutions, the physical side of
deformation is associated with the mechanisms of progressive collapse development, followed by the
available experimental studies results. Assessment of dynamic forces arising in this case in cross-sections
of constructive system elements is most often made on an energy basis, the idea of which was first
expressed still a quarter of a century ago by prof. G.A. Geniev [17] and which is currently used in many
researches, for example [16, 18, 19]. At the same time, the material stress–strain curves in these
researches are accepted as for the regime of one-stage static loading, without taking into account the time
of removal of the supporting structure and the features of cross–section deformation under high-speed
loading (impact), see, for example, the research [6, 10, 20–22]. And this, as established by experimental
studies [23–25], significantly affects the ultimate strains and strength properties of structural materials and,
accordingly, the deformation or strength criteria of an accidental limit state accepted for analysis.
One of the criteria for the accidental limit state of reinforced concrete elements of statically
indeterminate constructive systems of buildings in scientific publications [3, 7, 11, 20, 26] and current
regulatory documents is the condition for limiting the ultimate deflections of the structure after removing
one of the constructive elements, the excess of which is taken as the exhaustion of the load-bearing
capacity of the constructive system. At the same time, the analysis of deflections of reinforced concrete
elements of the considered structures using traditional "moment-curvature" curves, especially static
capacity curves, can be performed to the load level, when the reinforced concrete element is crushed by
compressed zone, divided into separate blocks and turns into a hanging system. Such a solution for the
simplest structurally nonlinear statically indeterminate beam was considered, for example, in [27, 28]. But
this solution is limited to the first two criteria of failure, defined by limiting the ultimate strains of concrete or
rebar. There are very few works devoted to the study of deformation of reinforced concrete constructive
systems during their transformation from rigid to flexible hanging systems, and the available solutions, even
such detailed ones as [18–22], also use diagrams of static deformation of concrete and reinforcement.
This work aimed to determine the parameters of static-dynamic capacity curves and strain criteria
for concrete frames with their structural rearrangement from rigid systems in hanging when the sudden
removal of constructive systems of one of the bearing structures. The main investigated parameters were
the relative load levels at which cracks and plastic hinges formed in the frame elements during static load
increase and their subsequent dynamic additional loading after removal of one of the columns, and the
deformation criteria for failure of the constructive system under the considered static-dynamic loading
regime.

2. Methods
Consider the frame-rod constructive system of a reinforced concrete building, the beams of which
are reinforced symmetrically with reinforcing bars in the upper and lower zones (Fig. 1). Such reinforcement
and reliable anchoring of reinforcing bars of beams with their lead into the body of the column are aimed at
ensuring the work of the loaded system under accidental limit state caused by removing one of the columns,
and the sudden redistribution of force flows in the frame system.
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a

b

Figure 1. The formwork scheme (a) and the reinforcement scheme (b) of the frame structure:
1 – beam; 2 – column; 3 – longitudinal reinforcement; 4 – transverse reinforcement;
5 – equipment modeling loss of column.
The “parametric load-deflection” curve

(λm − f ) of the cross-section of the reinforced concrete

element of a constructively non-linear system at all levels of its deformation under static and static-dynamic
loading in a general form can be represented by graphs in Fig. 2.

a
Figure 2. “Relative parametric load – deflection

b

(λ m − f ) ” curves of a cross-section of a

reinforced concrete element of a physical and constructive nonlinear system: a – under static
loading; b – under static loading and dynamic additional loading.
We define the characteristic points of these graphs. Let a statically indeterminate frame-rod
constructive system be given, loaded with forces λ Pi applied at arbitrarily given points at distances

al1 , al2 from the supports along the length of the span of each beam (Figure 3). Moreover, the load on
the beam is accepted as parametric, and their change occurs in proportion to a certain parameter
sections

λ . Cross-

C1 , C2 ,..., Ck where it is possible to turn off connection (the formation of plastic hinges or brittle

failure of a cross-section on compressed concrete) as the parameter
Fedorova, N.V., Vu, N.T.

λ

increase are known: these are
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nodes of the frame-rod system, points of application of concentrated forces, points of change in the stiffness
of the rod system.
As the frame-rod system is loaded to the level

λcrc Pi

(see Figure 2a), cracking begins in the most

stressed cross-section of one of the elements of the constructive system. Accordingly, the stiffness of the
considered cross-section changes from the initial stiffness B0 = tgα 0 to the stiffness of the element with
cracks

Bcrc = tgα crc . The calculation of this stiffness is performed according to the dependences known

in the theory of reinforced concrete, for example, the formulas of [29].
With further loading of the constructive system with a static load in the frame structure, the process
of cracking in the considered and other frame elements continues. At a certain level of load λ1Pi , in one of
the cross-sections of the most stressed element, the first plastic hinge is formed, and its rigidity will
accordingly decrease to a value B1 = tgα1 . A further increase in the load to levels λ2 Pi and λ3 Pi will lead
to the formation of a second and then a third plastic hinge in the beam and the element under consideration
turns from rigid to flexible. The reinforcement begins to work in tension as a cable.
After an accidental action is imposed on the loaded constructive system in the form of a sudden
column removal from the frame system, its static indeterminacy decreases, and the force flows are
redistributed from the structural rearrangement of the constructive system. Accordingly, the forces M j in
the cross-sections of the beams of the frame change, and the loading regime of the beam changes from
static to dynamic. The determination of forces M j in a constructive system after such an action can be
performed using an extraordinary version of the mixed method [30]. The essence of the method is that the
mixed calculation method's main system is selected in the form of a hinged-rod polygon with the
connections removed at the places of possible switching off and replacing them with unknown ones
M j ( j = 1, 2,..., k ) (Figure 3a, b). If a geometrically variable main system is formed when the connections
are removed, then additional connections are superimposed

Zi (i =k + 1, k + 2,..., n) .

In this case, the stage of static loading with initial stiffness to the level

λcrc Pi

remains unchanged.

Then, upon further loading of the n-times static indeterminate constructive system to the level of the given
static load λnst (see Figure 2b), the cross-section of the beam is deformed as in the case of static loading
of the initial n-times statically indeterminate frame.
Using the main system selected as described, the relative parametric load

λm Pi

can be determined

at which one of the criteria for an accidental limiting state is achieved in the most stressed cross-section of
the beam under static-dynamic loading of the frame. As with static loading, the index m determines the
level of relative load λm Pi at which, after the imposition of accidental action in the form of removing one of
the columns of the frame in one of the cross-sections of the most loaded beam adjacent to the removed
column, the ultimate moment is reached, i.e., the first plastic hinge is formed. Then, as the dynamic load
increases, the second and third hinges are formed (on the curve, the hinges’ formation is indicated by points

λnd−2 , λnd−3 , λnd−4 , respectively). If, after the formation of the third plastic hinge, the deformation of the
reinforcement does not reach the limiting values and its anchoring in the support cross-sections of the beam
is not violated, then the construction of the continuous beam from a rigid beam turns into a variable cable
system, which only resists tension. On the graphs " λm − f " this relative load is indicated by λn − 4, w . In
this case, the third criterion for the accidental limiting state is checked - the criterion for the maximum
d

allowable deflection of the structure f wd .
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a

b

Figure 3. The specified (a) and main (b) system of the mixed method
for determining the parametric load.
Analyzing the capacity curve of the cross-section of the reinforced concrete element can be noted
that the segment of the successive formation of plastic hinges « a − a − b − c » in the static-dynamic
capacity curve differs from the analogous segment in the static capacity curve of the cross-section in that
it does not have turning point caused by the reduced and manifest in the time of bending stiffness of the
beam cross-sections. The absence of these turning points in the segment of the dynamic capacity curve
« a − a − b − c » of the beam cross-section is explained by the adopted two-element model of high-speed
dynamic deformation of reinforced concrete [16, 31] according to which the work of a purely viscous element
(Kelvin-Voigt) ends at a very small value of time t, reported from the moment of the beginning of dynamic
loading, having, according to experimental data [3, 29, 32, 33] the order of tenths and even hundredths of
a second. However, over this interval of time, the viscous element in the two-element model contributes to
the inhibition of the development of strains initiated in the elastic element and, consequently, to an
instantaneous increase in the cross-section stiffness on the segments of dynamic deformation
"a

− a − b − c " equal to Bnd−1 = tgα nd−1 (see Fig. 2b).

The parameters of the presented static-dynamic capacity curve “relative parametric load-deflection”
for an arbitrary cross-section of the frame-rod system can be calculated using a specially constructed
system of canonical equations of an extraordinary version of the mixed method (see Fig. 3), in which the
load coefficients are presented in the form two terms [30].



 
A ⋅ M + B ⋅ Z + ∆ q + δ p ⋅ λ = 0 

  
,
C ⋅ M + D ⋅ Z + Rq + rp ⋅ λ =
0 

(1)




A, B, ∆ q , C , D, Rq are the matrix coefficients of unknowns mixed method; δ p is the matrix of

displacements in the direction of remote connections from an external parametric load Pi at λ = 1 ; rp is

where

the reaction matrix in superimposed connections of the main system from an external parametric load at
λ = 1.
Given the properties of the canonical equations of the mixed method С =
means the transpose operation, we rewrite the system of equations in the form:

A
− BT
The solution to this system is:

where
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∆q
0
M
0.
⋅  +  +  ⋅λ =
rp
Rq
0 Z

− BT , where the index "T"

B




mp
Mq
M
 =  +  ⋅λ
zp
Z
Zq

(2)

(3)
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−1
A
B
Mq
 =
−
⋅
Zq
− BT 0



−1
mp
A
B
∆q
0
 ;  =
−
⋅
.

rp
zp
Rq
− BT 0

(4)

The value of the forces in the turned off connections of the constructive system from the total action
of the given and parametric loads are calculated by the formulas:

M j = M jq + m jp ⋅ λ , ( j = 1, 2,..., k ) ,
where M jq and m jq are the column matrix elements

(5)



M p and m p .

Criteria verification of survivability 1 of a physical and constructive nonlinear system under accidental
action is performed based on the calculation of the parameters of capacity curve “ λm − f ”. Turning off the
moment connection (the formation of a plastic hinge with a limited deformation branch) in one of the
elements of the frame system after removing one of the columns will occur in the case when, at the ultimate
moment M dj,ult in compressed concrete or tensile reinforcement, ultimate deformations are reached. Then,
for all forces in turning off moment connections, the system of inequalities must be satisfied:

M j= M jq + m jp ⋅ λ ≤ M dj ,ult , ( =
j 1, 2,..., k ) ,

(6)

where M dj,ult is the ultimate value of the dynamic forces in the turned off connection.
On the left side of the system of inequalities (6), M j is taken in absolute value, since the presence
of a negative sign of M j indicates that the direction of this force is opposite to the ultimate value of the
force accepted in the main system.
The minimum value of the parametric load

λm (m = 1, 2,3)

at which the maximum value of the

moment is reached in the most loaded cross-section of the beam C j under the considered accidental
action can be determined by the formula:

 M dj,ult ± M jq 

 , ( j 1, 2,..., k ) .
λm min
=
=


m jp


The “minus” sign in the numerator is accepted if M jq and m jp match and vice versa.
The

end

of

the

beam's

deformation

stage

as

an

invariable

structure

(7)

λ = λmd

(m =
n − 2, n − 3, n − 4) occurs when the ultimate values of the moments are reached in the three crosssections of the beam, and the cross-sections undergo local failure in compressed concrete at ε b = ε bu
(Figure 4a).
Up to this moment, the displacements (deflections) of cross-sections where the ultimate deformations
of concrete ε b = ε bu are achieved occur as in a rigid-plastic body from bending and turning cross-sections.
If the reinforcement deformations do not reach the limiting values

ε s < ε su , then the

work of the beam

construction passes from the stage of elastic-rigid-plastic deformation to the stage of work as a hanging
system, when the reinforcement

As and As' acts as tensile cables(Figure 4b). Rigid concrete blocks "hang"

on reinforcing bars (cables). The limit value of the deflection of the beam at this stage is determined as for
a cable system by the known dependencies of structural mechanics. In this case, the criterion of an
accidental limiting state becomes the maximum deflection

f = f wd determined by calculation as for a

hanging system. The experimental data on the relative value of this deflection before the rupture of the
1 Here, the term "verification of survivability" refers to modeling the progressive collapse resistance
of the constructive system of a building, which boils down to finding an initial local failure in one of the most
stressed cross-sections of the system and sequentially propagating this failure (the sequence for turning
off new connections), taking into account a decrease in the degree of static indeterminateness of the
system, and also the dynamic effect caused by the sudden turning off the first and subsequent connections.
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reinforcement in the tests of different authors vary significantly and range from 1/30 span in the studies [23,
25, 34] to 1/20 and even 1/10 in the study [35–37]. As a standardized value in Russian Standards SP
385.1325800.2018, carefully, for all types of reinforcement, the value 1/50 of the span is taken.
a

b

Figure 4. The scheme of displacement in the considered double-span beam substructure
as an elastic-rigid-plastic body (a) and as a cable (b).

3. Results and Discussion
The reliability of the proposed model was evaluated by comparing the experimental results
conducted by the author and other scientists.

3.1. Static-dynamic tests
For analysis, experimental studies of the static-dynamic frame test carried out in [29] are considered.
In the experimental structure of a two-span three-story frame of the third series, the beams’ reinforcement
is symmetrical in the upper and lower zones by two rods with a diameter of 8 mm of class A500. The
reinforcement scheme of the experimental structure is shown in Fig. 1. The beams’ transverse
reinforcement is adopted from a wire with a diameter of 2 mm in increments of 50 mm and 100 mm. The
construction is made of fine-grained concrete of class B40.
When calculating the experimental frame structure, a two-stage regime of its loading is considered.
At the first stage, the structure was loaded with concentrated forces λ Pi according to the scheme of Figure
3a, symmetrically applied by two forces to each beam to the level of relative value

λ = 1 . The value of the

st
relative load corresponding to the formation of cracks λcrc was 0.44. The actual value of the load at the

first stage of loading was λ P = 2.64 kN. At the second stage of loading, an accidental action was applied
to the loaded structure with the load of the first stage in the form of the sudden removal of the central
column.
The parameters of the "relative load-deflection" curve for the most strained cross-section of the beam
1-1 above the first floor of the frame (see figure 1) were calculated using the considered algorithm and the
Matlab program for solving the system of equations (3). The cross-sectional stiffness of the beam Bcrc ,

Bnd−1 respectively determined by crack formation during loading of the constructive system and its structural
rearrangement after removal of the central column, were calculated using the formulas of [29]. At the same
time, an increase in the dynamic stiffness of the considered cross-section caused by high-speed loading of
constructive system elements under accidental action was taken into account in the segment a − c of the
static-dynamic capacity curve (Figure 5).
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The obtained parametric “relative load-deflection” (“ λm

− f ”) curve allows us to analyze the nature

of nonlinear deformation of the frame-rod constructive system taking into account crack formation in the
cross-sections of the beams ( λcrc ) at the first loading stage
st

λn
structural rearrangement of the system ( =
st

plastic hinges in the beam ( λ=
n−2
d

0−a ,

to determine the beginning of the

d
λ=
n−1 1 ) the formation sequence of the first and second

d
λ=
n −3 1.22

and

d
λn−
4 = 1.84 ), as well as the beginning of the failure

of the considered structure of the beam ( λn − 4, w ) due to the formation of a third plastic hinge and the
transformation of the beam into the hanging system.
d

Figure 5. Capacity curves of static-dynamic loading " λ m

− f " of cross-section 1-1 of the beam of

a physical and constructive nonlinear frame of the third series [29]: experiment (1); calculation (2).
A comparison of the experimental and calculated curves of static and static-dynamic deformation of
the studied reinforced concrete frame-rod system (curves 1 and 2) indicates the acceptability of using the
presented analytical dependences to calculate the main parametric points of the “parametric loaddeflection” capacity curve graph describing the deformation of physical and constructive nonlinear frame
rod systems under accidental actions caused by sudden structural rearrangement in such systems.

3.2. Quasi-static tests
The test results of the double-span beam substructures given by Jun Yu and Kang Hai Tan in [23]
are also considered for analysis. The loading regime of the substructures in the first and second stages
was static. Fig. 6 shows the "relative parametric load-deflection" curve for the structures of two experimental
series. Substructures differed among themselves in the percentage of reinforcement of cross-sections.
The following conclusions can be drawn from the analysis of Figure 6. The calculated capacity curves
satisfactorily describe the key points of the experimental curves:
ratio

λnst−3 / λnst−1 = 1.4

λnst−1, λnst−2 , λnst−3 , λnst−3,w . The theoretical

agrees well with the experimental data and confirms the significant influence of

constructive nonlinearity established in experiments on the survivability of the structure. An increase in the
reinforcement ratio of a structure significantly increases its bearing capacity at the stage of work as a
hanging system ( λn −3, w
st

= 2.88 at µ = 1.87% and λnst−3,w = 2.1 at µ = 1.24% ). The ultimate deflection

of the structure at the stage of work as a hanging system was 1/30-1/10 of the span, which is in good
agreement with the data obtained in similar studies under static loading regimes of constructive nonlinear
systems [28, 32, 35, 36].
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a)

b)

Figure 6. Capacity curves under quasi-static loading " λm

− f " for the structure of beams with
different percentages of reinforcement ( µ ): a- at µ = 1.24% , b- at µ = 1.87% ; experiment (1),
calculation (2).

4. Conclusions
1. The presented methodology and algorithm make it possible to calculate the parameters of the
"relative load-deflection" curve of the cross-sections of reinforced concrete elements of constructive
systems under static loading and their subsequent dynamic additional loading, taking into account physical
and constructive nonlinearity.
2. To determine the calculated parameters of the capacity curve of reinforced concrete elements the
constructed system of canonical equations of an extraordinary version of the mixed method is proposed in
a special way, which allows one to calculate the parametric load at which ultimate forces are reached in
the cross-sections of the constructive system elements, accordingly, the degree of static indeterminacy of
the constructive system changes and its survivability is exhausted.
3. The proposed algorithm for calculating the parameters of the “parametric load-deflection” curves
for physical and constructive non-linear reinforced concrete frame-rod constructive systems can be used in
designing the protection of building and structures frames from progressive collapse under accidental
actions.
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Abstract. Along the inclining events of flooding events, maintenance towards water infrastructure such as
urban small dam is needed. The maintenance needs interdisciplinary approach involving hydrology,
hydraulics, water quality, and sediment factors. Due to lack of studies in those fields, the study aims to
construct a model by using RESOURCE MODELLING ASSOCIATES program to study behaviours of
hydraulics and water quality as small dam management. Numerical modelling, hydrology analysis,
hydraulics assessment, water quality tests, and field works are employed in this study, with Agathis small
dam as a case. The model could run successfully which the result concludes that the model produces
reasonable result with acceptable errors and value of R2. A scenario of constructed wetland is proposed
and has good accuracy for future maintenance for hydrology, hydraulics, and environmental management.
In addition, the models also could be applied to other problem such as an agricultural field also. In the near
future, studies about hydrodynamics and water quality modelling especially sediment on small dams need
to be more explored because few studies still have limited information meanwhile they have essential
impact towards urban water management.

1. Introduction
1-D, 2-D, or 3-D hydrodynamic and water quality modeling are rapidly developing and reaching their
contributive applications such as modeling of microbial contamination in coastal and river [1–3], river water
quality [4–7], water quality in reservoir and lagoon [8–10], and water quality within basin or watershed [11–
13]. Despite the successful modeling in several topics, few studies of water quality, hydraulics, and
sediment modeling on urban small dam or lakes have been published. Meanwhile, the modeling on those
sites [14–16] is compulsory realized as a strategic process to tackle urban disaster events [17–19].
The most recent example to support the need for this research is the biggest flooding event in
Jakarta, Indonesia. Jakarta Flood of January 1, 2020, triggered an enormous stop of construction projects
in several places due to high level of inundation area. Table 1 provides the rainfall data in that day. The
table indicates that the amount of rainfall makes this flood of the most impactful in the recorded history of
Jakarta. The dynamics of hydrology condition and climate change patterns affect environmental damage
such as the huge amount of nutrient loading to water resources – lakes and small dams. Because of the
declared situation, there is a dire need to protect the water resources from hydrology aspects, improve
hydraulics characteristics, and water quality conditions.
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Table 1. 24-hour precipitation on 1 January 2020 (in mm).
Station
Halim Perdana Kusuma
AWS TMII
Pintu Air Pulo Gadung
Citayam
Sunter Hulu
ARG Tomang
Kedoya
Tangerang Selatan Climatology Station
Waduk Melati
Manggarai
Balai II Ciputat
Lebak Bulus
Rorotan
Pasar Minggu
Ragunan
Lemah Abang
Pesanggrahan Depok
Soekarno Hatta Meteorology Station
Istana
Maritim Tanjung Priok Meteorology Station
Kemayoran Meteorology Station
Sunter III Rawabadak
Pakubuwono
Beji Depok
Pompa Cideng
AWS Jagorawi Bogor
Sunter Timur I Kodamar
Angke Hulu
Karet
Teluk Gong
ARG Ciganjur
Setiabudi Timur
Krukut Hulu
Depok 1
AWS IPB Bogor
Citeko Meteorology Station
Katulampa
Stamet Curug

Elevation

Value

–1
0
20
–1
54
0
30
27
25
33
–1
–1
23
58
65
14
86
11
30
3
4
19
54
0
21
0
25
17
38
23
0
29
80
93
0
920
361
–1

377.0
335.2
260.0
243.0
236.0
225.6
211.6
200.0
191.0
189.0
184.9
176.0
172.0
155.0
155.0
151.0
148.0
147.9
147.0
146.1
145.3
144.0
142.0
142.0
135.0
131.5
121.0
120.0
118.0
113.0
110.4
105.0
104.0
92.0
75.8
60.0
57.4
54.0

Furthermore, even without flash flooding, Jakarta as the urban area has an initial issue of high
demand for infrastructure construction every year. Rapid urban development makes it difficult for rainwater
to infiltrate the ground due to dense impervious cover. In recent years the population growth snowballs [20]
along with the development of settlement for them to live. In addition, urbanization attracts population
growth to particular areas. Urbanization becomes a threat worldwide, especially in developing countries.
According to Thorn et al. [21], the main threat comes from the impervious surface. Wong et al. [22] stated
that the impervious surface could be defined as buildings, roads, and other infrastructures. This waterresistant surface is highlighted as the main root of flooding in urban areas. Also, the changes in land cover
drive ecosystem changes [21].
Urban small dam or lake management plays a proper role in flood risk management and ensures a
construction project runs well. Henny et al. [23] mention that urban lake management gives a contribution
to watershed management to reduce the impact of flash flooding. Urban lakes situated in the large
watershed are small, shallow, and surrounded mostly by impervious land [23]. Natural lakes that are usually
found in rural regions differ from man-made lakes or urban lakes. Most natural lakes are sources of pollution
of different kind. Lakes suffer eutrophication along with the increasing of agricultural activities, for example,
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fish aquaculture, crops, and livestock farming [24–26]. Industrial and urban activities, as well as regional
construction bring urban lakes' contaminants, such as sediment that contains heavy metals harmful to the
aquatic environment [27, 28]. As small dam conservation is in high demand due to the declining of lake
quality and lack of hydraulics management, hence, it is important to construct hydrodynamic and water
quality model for small dams which could describe cost-effective urban dam management and
maintenance.
From the above review, we can conclude that the development of mathematical modeling to simulate
hydrodynamics, water quality, and sediment for urban small dam maintenance is necessary due to limited
published works on water management and strategy of future condition.
According to the declared problems, the research aims to create mathematical model, provided by
Resource Modelling Associates (RMA) program, to describe and obtain detailed characteristics of
hydraulics and water quality, especially for sediment, in small dams. The model is studied in one of small
dams in urban area of West Java, Agathis. After the model is well-constructed and represented the field
condition, proposed scenario is tested as water management and strategy.

2. Methods
Hydraulics, hydrology, and water quality problems are usually investigated by means of individual
methods, while the optimum maintenance for civil infrastructures needs all of those aspects. Table 2 shows
the current methods to develop a solution to the declared problems. Research gap in Table 2 provides
opportunities for further research. The gap defines the involvement of hydrology, hydraulics, and water
quality quantifications. In this research, all aspects are employed to obtain the research goals.
Table 2. Methods of evaluation and maintenance for water infrastructures.
Cases

Research Method

Research gap

Location

Reference(s)

Damage of building
due to flooding

Hydrology
assessment
Hydrology
forecasting,
hydrodynamics
model

Quantitative and
deterministic models

United Kingdom

[29]

No hydraulics and
environmental analysis

Malaysia

[30]

Flood disaster
Floods and
landslide hazard

Spatial technology

No hydraulics and
environmental analysis

Malaysia

[31]

Flooding

Hydrology and
hydraulics
assessment

Water quality

Philippines

[32]

Impact of climate
change to flood
regimes

Hydrology and spatial
analysis

Water quality

France

[33]

Flash floods

Hydrology
assessment, spatial
simulation

Water quality

Australia

[34]

Chronic floodaffected areas

Qualitative research

Hydrology, hydraulics,
and water quality
assessment

India

[35]

Flood hazard

Hydrogeomorphological
study

Hydraulics and water
quality

Morocco

[36]

Frequent flooding

Interviews

Hydrology, hydraulics,
and water quality
assessment

Africa

[37]

Hydrology, hydraulics,
and water quality
assessment

Tanzania

[38]

United Kingdom

[39]

Japan

[40], [41]

Australia

[42]

Damage of building
structures to flood
Structural flood
damage
Flood and high
rainfall
Flooding

Field survey,
laboratory
experiments,
interviews
Computational fluid
dynamics
Spatial analysis
Spatial analysis
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Cases

Research Method

Flooding

Spatial model

Flooding
Flooding

Low impact
development
Hydrology,
hydraulics, and water
quality assessment

Research gap
Hydrology, hydraulics,
and water quality
assessment
Water quality
assessment
–

Location

Reference(s)

Indonesia

[43]

Greece

[44]

Indonesia

This research

To achieve the research goals, the research recalls the hydrodynamics equations as basic hydrology,
hydraulics and water quality characteristics of the water body. They are described in the following
equations:

∂u ∂v
+
=
0,
∂x ∂y
 ∂u
∂u
∂u  ∂ (σ x − p ) ∂τ xy
ρ  + u + v=
+
∂x
∂y 
∂x
∂y
 ∂t

(

(1)

(2)

)

 ∂v
∂v
∂v  ∂τ xy ∂ σ y − p
(3)
+u +v  =
+
∂x
∂y 
∂x
∂y
 ∂t
∂u
(4)
σ x = 2µ
∂x
∂v
(5)
σ y = 2µ
∂y
 ∂u ∂v 
(6)
τ xy µ  + 
=
 ∂y ∂x 
where u and v represent the components for velocity, p is interpreted as pressure, 𝜌𝜌 describes density,
and μ describes the viscosity. According to the substitution of Equations (1) – (6), the system of relations
for velocity distribution formulae is described as Equation (7) for x direction and Equation (8) for y direction:

ρ

 ∂u
∂u
∂u  ∂  ∂u
∂  ∂u ∂v 

− ρ  + u + v  +  2µ − p  + µ  +  +
∂x
∂y  ∂x  ∂x
∂y  ∂y ∂x 

 ∂t
∆t ∂  ∂u
∂u 
∆t ∂  ∂u
∂u 
+u
u +v +v
u +v  =
0,


∂y 
∂y 
2 ∂x  ∂x
2 ∂x  ∂x

 ∂v

∂v
∂v  ∂  ∂v
∂  ∂u ∂v 
− ρ  + u + v  +  2µ − p  + µ  +  +
∂x
∂y  ∂y  ∂y
∂x  ∂y ∂x 
 ∂t

∆t ∂  ∂v
∂v 
∆t ∂  ∂v
∂v 
0.
u +v +v
u +v  =
+u


2 ∂x  ∂x
2 ∂x  ∂x
∂y 
∂y 

(7)

(8)

Furthermore, the governing equation of water quality is affected by the advection and dispersion
aspects and depicted as the following Equation (9) [45]. In this research, total suspended solids, as one of
the most problematic issues in urban areas, is used as a study model in the water quality section.

∂ t ( HS ) + ∂ x ( HuS ) + ∂ y ( HvS ) + ∂ z ( ws S )
A

= ∂ x ( HAH ∂ x S ) + ∂ y ( HAH ∂ y S ) + ∂ z  v ∂ z S  + Qs
H

where H is water depth;

u and v are horizontal velocity component in horizontal Cartesian x and y;
w is vertical velocity in coordinate vertical stigma of z;
ws is sediment settling velocity;
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S is sediment concentration;
Av and AH are vertical and horizontal turbulent diffusion coefficient;
QS is external source and sink.
Based on the declared governing equations and research background, the analysis is employed by
using “Resource Modelling Associates (RMA)” program. The program could visualize the analysis with an
in-depth and comprehensive result. The problem associated with the research takes place in the urban
small dam. Therefore, a model of the urban lake is proposed to the research to develop the model. The
research uses Agathis Lake site which is located in Depok, West Java, Indonesia.
From the continuity governing equation (1) – (8), partial differential equation is analyzed through
discretization, approximation, and finally the last form of momentum equation for both x and y directions,
as described in Equations (10) and (11).
Momentum equation for x direction is:



∂ψ T
∂ψ T  
T ∂u 
T
T
+
+
ρψψ
ρ
ψ
ψ
ψ
ψ
u
v


 udV
∫ 
∂t 
∂x
∂y  

V 

(

)

(

)

 ∂ψ ∂ψ T
∂ψ ∂ψ T 
+ ∫ 2µ
+µ
udV
∂x ∂x
∂y ∂y 
V 
∆t  ∂ψ ∂ψ T
∂ψ ∂ψ T
∂ψ ∂ψ T
∂ψ ∂ψ T 
+ ∫ uu
+ uv
+ vu
+ vv
udV
∂x ∂y
∂y ∂x
∂y ∂y 
2 V  ∂x ∂x

(10)

 ∂ψ ∂ψ T   ∂ψ T  
v − 
+ ∫  µ
φ  p  dV = ∫ ρψf i dV
∂y ∂x   ∂x
 
V 
V
while momentum equation for y direction is:



∂ψ T
∂ψ T  
T ∂v 
T
T
ρψψ
ρ
ψ
ψ
ψ
ψ
u
v
+
+


vdV

∫
∂t 
∂x
∂y  

V 

(

)

(

)

 ∂ψ ∂ψ T
∂ψ ∂ψ T 
vdV
+ ∫ 2 µ
+µ
∂x ∂x
∂y ∂y 
V 
∆t  ∂ψ ∂ψ T
∂ψ ∂ψ T
∂ψ ∂ψ T
∂ψ ∂ψ T
+ ∫ uu
+ uv
+ vu
+ vv
2 V  ∂x ∂x
∂x ∂y
∂y ∂x
∂y ∂y
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 vdV


 ∂ψ ∂ψ T   ∂ψ T  
u − 
φ  p  dV = ∫ ρψf i dV
+ ∫  µ
∂y ∂x   ∂y
 
V 
V
where Q is weight function for Galerkin method, pressure weight;

W is velocities weight;
Ψ is interpolation function;
Φ is interpolation function;
u is velocity vector;
v is velocity vector;
p is pressure vector.
With the same ways as the continuity equation, the governing Equation (9) of sediment transport for
advection and dispersion components are elaborated into Equation (12), as follows:
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∂ϕ j ∂ ( Hu ) m
∂ϕ j 
 ∂( H ) m
S

∫  ∂t ∑ k ∂t + ∂x ∑ Sk ∂t dV +
k 1=
k 1
=

V
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Sk k
+∫ 
−
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∑
y
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x
x
∂
∂
∂
∂


1
k
=

V
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∂ϕ j 
 ∂ ( HAH ∂ y ) m
0
Sk
−∫ 
 dV − ∫ Qs dV =
∑
∂y
∂y 

k =1
V
V

3. Results and Discussion
3.1. Study Area
The study area, depicted in Fig. 1, is in Agathis small dam, West Java, Indonesia. The small dam is
also close to The Greater Jakarta. The green and red mark a constructed wetland area which does not
exist yet, but will be modelled after the calibration stage of the model. Location I is inlet of sediment trap,
Location II indicates its outlet, Location III is floodway, Location IV indicates the inlet of the small dam,
Location V is the water body, while Location VI is the small dam’s outlet.

Figure 1. Agathis small dam physical features.

3.2. Model Calibration and Accuracy
According to the relations (7), (8), and (9), RMA is developed to simulate both computational and
field experiments. RMA is divided into two main running programs: RMA-10 for hydraulics analysis and
RMA-11 for water quality analysis. Firstly, the research constructs urban small dam on the basis of the finite
element method theory. The results of RMA-10 and RMA-11 are depicted in Fig. 2 and Fig. 3, respectively.
The programs are running well to model velocity distribution for hydraulics management and total
suspended solid distribution for water quality analysis, but they should be verified by the actual condition in
the field. Thus, field and laboratory experiments are conducted. The main purpose of model calibration and
validation is to create scenarios for small dam evaluation and management.
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Figure 2. Agathis small dam in RMA-10 program visualization.

Figure 3. Agathis small dam in RMA-11 program visualization.
Data validation and calibration need velocity and total suspended solid data for RMA-10 and
RMA-11 programs. The field experiments are carried out in 24-hour sampling time. After laboratory works,
Table 3 illustrates the data result and the predicted data for model calibration. The experiments failed in
inlet location at 1.00 – 2.00 pm due to inability to take appropriate samples caused by harmful and poisoned
contaminants at the location access, so the errors are not calculated.
Table 3. Data for model calibration in small dam.

Time

Location

TSS field data
(mg/l)

8:00:00 AM
9:00:00 AM
10:00:00 AM
11:00:00 AM
12:00:00 PM
1:00:00 PM
2:00:00 PM
3:00:00 PM
4:00:00 PM
5:00:00 PM
6:00:00 PM
7:00:00 PM
8:00:00 PM
9:00:00 PM
7:00:00 AM
8:00:00 AM

Inlet Sediment Trap
Inlet Sediment Trap
Outlet Sediment Trap
Inlet floodway
Floodway
Inlet
Inlet
Water body
Water body
Water body
Water body
Water body
Outlet
Outlet
Outlet
Outlet

30
27.7
13.3
13.5
4.0
2.7
2.6
0.9
1.1
2.0
3.0
3.0
1.3
1.3
2.5
2.5
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Model
prediction of
TSS data
(mg/l)

SSE
(%)

Velocity
field data
(m/s)

Model
prediction
of velocity
data (m/s)

SSE
(%)

29.37
25.52
11.42
8.678
5.66
8.79
8.38
0.93
0.91
1.98
2.59
2.60
1.02
1.02
2.19
2.19

2.10
7.87
14.14
35.72
41.50
NA
NA
3.33
17.27
1.00
13.67
13.33
21.54
21.54
12.40
12.40

0.47
0.45
0.32
0.3
0.4
0.15
0.18
0.01
0.01
0.01
0.01
0.01
0.05
0.04
0.04
0.04

0.51
0.45
0.32
0.32
0.42
0.21
0.21
0.01
0.01
0.01
0.01
0.01
0.04
0.04
0.04
0.04

8.51
0.00
0.00
6.67
5.00
NA
NA
0.00
0.00
0.00
0.00
0.00
20.00
0.00
0.00
0.00
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To make the validation of hydraulics characteristic clearer, we sampled data at certain times in
several places. Fig. 4 depicts the result of the hydraulics experiment with velocity measured at certain
distances and in specific time intervals. Not only hydraulics but also water quality analyses are conducted
in the same manner. The calibration result of water quality is described in Fig. 5, where the concentrations
are observed in several time steps. The correlation coefficient of both hydraulics and water quality
calibration are 0.8686 and 0.9340, respectively.

Figure 4. Calibration data of hydraulics characteristic.

Figure 5. Calibration data of water quality characteristic.
Study in Lake Tenkiller [45] had the same procedures and experiments but different model and type
of water quality parameter to simulate. The study observed dissolved oxygen (DO) with relative errors
varying from 10.86 % to 28.26 %. Ji [45] concluded that the model was applicable to process
comprehensive and detailed demonstration of several case scenarios. As a result, compared to this study
with the error varying from 1 % to 41.50 %, the model can be seen as a well-designed simulation. However,
further studies need to be developed due to limited and different parameters observed.
In addition, a study in Lake Manzala [46] on salinity parameter employed MIKE21 software and the
same procedures of calibration as in this study. The error of total period for salinity varied from 0.088 to
0.282 and value of R2 varied from 0.985 to 0.991. Since this study has a sample of R2 value with 0.8686
and 0.934, again, the results can be used as a good model for the same characteristics but still cannot be
applied to lakes of various conditions due to different parameters and limited studies on them.
Researches conducted in Tanglin Bay, Guozheng Bay, Shuiguo Bay, and Yingwo Bay [47] concluded
that the model result could provide reasonable patterns and magnitudes of reproduction to model water
quality parameters without providing extended explanation about the occurred errors in the model.
Researchers only displayed the model result, as depicted in Fig. 6 as TP modelling result. The model
simulated both total nitrogen (TN) and total phosphorus (TP). Again, the results could not be well compared
due to different parameters and water bodies.
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Different water quality constituents, COD, TN, and TP were modelled in Xi’an Yanming Lake, China
[48] as well. The research provided the errors and R2 value in one sample point for COD, TN, and TP with
0.15, 0.16, and 0.0086 error value, respectively, and 0.99, 0.9972, and 0.987 for R2 value in the other,
respectively.
Furthermore, Hg and VOP studies on North China Plain were conducted by employing both
WHYSWESS-WQ and MIKE 11 [49]. The simulation accuracy of MIKE 11 hydrodynamic module in the
research was 0.56 % of maximum error, and deemed to be an acceptable result, because of MIKE 11
validation parameter varying from -0.24 % to 0.56 % [49].

Figure 6. Comparison of predicted and observed value of TP at Bays of:
(a) Tanglin; (b) Guozheng; (c) Shuiguo; and (d) Yingwo [47].
Due to lack of sufficient studies about this research field, the occurred errors which vary from 1 % to
41.50 % and R2 value sample with 0.8686 and 0.934 could be accepted as reasonable model results
according to mentioned literature studies. Furthermore, all mentioned models do not provide 24-hour
analysis of predicted and observed data as this study does. Hence, the reviews indicate the importance to
develop further hydrodynamic modelling on lakes or small dams to simulate hydraulics, water quality, and
sediment altogether.

3.3. Model Scenario
After the model is well constructed and calibrated, it could be used as an estimation in various civil
engineering problems. The results are used to predict the hydrological condition of water infrastructure in
small dams, to prevent flooding as the construction project barrier, and to estimate better dimension for
irrigation [50–54] and drainage system [55–61] which have issues like sediment and nutrient loading.
According to these phenomena, the incoming trend to model hydraulics, hydrology, and water quality would
facilitate construction and engineering activities.
To study the model, the research evaluates one scenario of the existing wetland in the surrounding
water infrastructure. The study examines the effect of constructed wetland in terms of decreasing
contamination of Agathis small dam. The simulation is conducted by employing RMA. Fig. 7 depicts the
result of wetland discretization. The study concludes that the wetland could reduce the amount of
contaminants in the small dam 35 %, involving the direct influence of the velocity and hydraulics dimension
of the small dam. Fig. 5 depicts the visualization of the new model. According to the research study, there
are more issues for investigation in the field of water resource and environmental engineering. In this
research, the reduction of nutrient loading is calculated numerically. Since we could also investigate it with
respect to physical parameters, the future research could present a comparison of both the methods.
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Figure 7. Agathis small dam with the constructed prospective wetland.

4. Conclusion
The hydrodynamics equations, both hydraulics and water quality, became the basis for developing
a model in the RMA programs. The models are then verified by field investigation and laboratory tests to
ensure comprehensive analysis. A 24-hour sampling produces various packages of data which allow us to
draw a general conclusion that the model ran successfully. Conclusions obtained in the course of this study
are summarized in the following component statements.
1. Continuity and hydrodynamics equations in both x and y directions support the finite element
method analysis to describe the hydraulics and water quality characteristics of small dams.
2. The model error ranges between 1 % and 41.5 % and values of R2 vary from 0.8686 and 0.934
after 24-hour sampling to analyze prediction and observation data. The model could describe the condition
more comprehensively due to the hours instead of days’ simulation.
3. The water quality and hydraulic characteristics on small dams are successfully simulated by
Resource Modelling Associates program.
4. The conducted numerical studies of scenario using constructed wetland infrastructure indicate
the reduction of sediment or erosion pollutants from urban areas. Any intervention to the existing small dam
such as the construction of wetland could reduce the flooding rate and level of contamination by 35 %.
Further scenarios could be developed too.
5. Due to lack of studies in the field of hydraulic, water quality, and sediment on small dams, there
is still a need for further observations.
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Abstract. This research has been conducted to investigate the effect of adding waste plastic fibers (WPF)
in concrete on behavior of composites steel plate-concrete slabs. The WPF were produced by cutting plastic
bottles used to preserve carbonated beverages. Both mid-span deflection and slip between concrete layer
and steel plate are measured using an electronic gauge at 7, 28, 56, 90, 120, 180 and 270 day age.
Percentages calculations of plastic fiber by volumetric rates ranging between (0 %) to (1 %) were carried
out. Reference concrete slab without plastic fibers was cast for comparison. Short-term test was conducted
on the slabs to determine the ultimate load. The tests results showed that 1 % WPF has led to lower value
of deflection and highest slip between steel plate and slab concrete. There is a slight difference between
the results of 0.75 % and 1 %WPF.

1. Introduction
Utilizing waste plastic fiber in concrete not only enhances properties of the concrete but also benefits
environment by reducing this type of waste. The main objective of this study is to examine the timedependent behavior of composite steel-concrete slabs, in which concrete incorporates waste plastic fibers.
In addition, we examined other factors such as the degree of interaction and type of connection between
stud shear connector and steel plate (weld and epoxy).
Hama investigated the effects of the presence of waste plastic chips on the fresh properties of
concrete, as well as strength and impact resistance characteristics of a concrete slab. The tests result
indicated a decrease in strength properties and impact, but the compact resistance and energy capacity
absorption of concrete improvemed due to the addition of plastic chips as aggregate [1, 2]. In general,
adding waste plastic led to reduced workability of concrete [1, 2]. Nibudey et al. studied the performance of
concrete in presence of waste plastic fiber (0 to 3 %). Compressive and tensile strength were investigated.
Results of tests showed that 1 % waste plastic fiber improved mechanical characteristics of tested
specimens compared to reference specimens without fibers [3]. Ganesh et al. investigated the effect of
replacing natural fine aggregate with fine waste plastic. Twenty-seven specimens were tested. The sand
was replaced by (0.5, 1.0, and 1.5 %) fine waste plastic by volume. Test results showed that 1.0 % fine
waste plastic gave the best results in terms of both compressive and tensile strength [4]. Al-Rawi study the
flexural behavior of reinforced concrete beams incorporating waste plastic fiber by (0.0, 0.5, 1.0, 1.5, and
2.0 %) as volume fraction. Test results showed a reduction in deflection with an increase in fibers content
up to (1%) [5]. Al-Ani studied the possible way to use waste plastic material as fine aggregate in structural
elements by evaluating the mechanical properties of concrete. Various ratios of waste plastic were
considered (2.5 %, 5.0 %, and 7.5 %) by volume. Test results indicated that the presence of waste plastic
reduces concrete workability and decreased the compressive strength and modulus of elasticity compared
with control concrete [6]. Faisal et al. studied the influence of ring-shaped waste plastic on flexural
toughness of concrete. Results showed an increase in the toughness of about 23 % for (5 mm) plastic width
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and 40 % for 10 mm width [7]. Hama showed that adding plastic fibers to lightweight concrete led to
improving its mechanical properties, especially flexural strength [8]. Another study showed that plastic fibers
increased the slip between concrete and steel sections in the push-out test [9]. Another study showed that
adding plastic aggregate with waste glass powder improved mechanical properties and bond strength
compared to specimens with waste plastic without glass powder [10]. Marthong and Sarma [11] investigated
the influence of plastic fibers geometry (straight, flattened end deformed, and crimped end fiber). The
straight one gave the poorest and weakest bond with concrete matrix among other types while other types
clearly improved the anchorage effect. Ollgaard et al. [12] investigated the behavior of shear connectors
(stud type) in normal and lightweight concrete. Results showed that the shear strength of the stud shear
connector embedded in normal or lightweight concrete was affected by both compressive strength and
modulus of elasticity of concrete. The behavior of headed shear connectors on trapezoidal profiled steel
sheets push-out tests have been investigated by Lloyd and Wright [13]. Results showed that the shear
strength of connectors was affected by the stiffness of transverse reinforcement. Shim et al. [14] studied
stress-slip relation of large diameter stud connector using a static push-out test.
There is no existing research about the effect of plastic fibers on the long-term behavior of steelconcrete slabs under sustained load. Therefore, this research provides useful data in this field.

2. Methods
2.1. Material
Ordinary Portland cement (OPC – Type I) was used to cast all specimens. Test results indicate that
the
adopted
cement
conforms
to
the
Iraqi
specifications
(I.Q.S.)
No.5/ 1984 [15] as shown in Tables 1 and 2, respectively.
Table 1. Physical properties of cement.
Physical properties

Test result

Limits of I.Q.S No.5/1984

Specific surface area (Blaine Method) (m²/kg).
Setting time :
-Initial setting (min.)
-Final setting (min.)

300

> 230

90 min.
225

≥ 45 minute
≤ 600 minute

Compressive strength of mortar (MPa):
3-days
7-days
Soundness % (Autoclave)

21
27
0.2

≥ 15
≥ 23
≤ 0.8

Table 2. Chemical properties of cement.
Oxide composition

by weight%

Limits of I.Q.S No.5/1984

CaO

61

–

SiO2

19.84

–

Al2O3

5.28

–

Fe2O3

4.2

–

SO3

2.49

≤5%

MgO

2.48

≤ 2.8 %

Loss on Ignition (L.O.I.)

3.8

≤4%

Lime saturation Factor (L.S.F.)

0.92

0.66-1.02

Insoluble residue (I.R.)

1.13

≤ 1.5 %

Natural fine aggregate from the local Al-Akhadir area was used. Table 3 presents the sieve analysis.
Table 4 shows physical properties of the used sand.
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Table 3. Sieve analysis of fine aggregate.
Sieve size(mm)

% passing

Limits of I.Q.S No. 45/1984
% passing Zone (2) [16]

10

100

100

4.75

91

90–100

2.36

79

75–100

1.18

67

55–90

0.6

48

35–59

0.3

15

8–30

0.15

2

0–10

Table 4. Physical and chemical properties of the used fine aggregate.
Physical properties

Test result

Iraqi Specification [16]

Specific gravity

2.60

Sulfate content (SO3%)

0.42%

0.5 % (max)

Absorption%

0.75%

–

Fineness modulus

2.97

–

Crushed gravel from the AL-Nibaey area with a maximum size of 10 mm was used as coarse
aggregate. Tables 5 and 6 present sieve analysis of the coarse aggregate and the physical and chemical
properties of coarse aggregate respectively with the limit specified by Iraqi Specification No.45/1984.
Table 5. Sieve analysis of coarse aggregate.
Sieve Size (mm)

% Passing

Iraqi specifications No. 45/1984

12.5

100

100

9.5
4.75
2.36

86
5.5
1

85–100
0–25
0–5

Table 6. Physical and chemical properties of coarse aggregate.
Properties

Test results

Iraqi specifications No.45/1984

Specific gravity
Sulfate content

2.65
0.09

–
≤ 0.1

Absorption %

0.52 %

–

The geometrical characteristics of plastic fibers throughout the experimental work are illustrated in
Table 7. A shredder machine was used to cut plastic, see Fig. 1. Fibers were added to the mixes with these
ratios by volume of mixture: 0.00, 0.50, 0.75, and 1.00 respectively. Two types of epoxy were used for
connection between stud and steel plate, and between steel plate and concrete slabs. Each type consists
of two parts (A and B) which were mixed with specific percentages to get the final resin.
Table 7. Characteristics of plastic fibers.
Properties

Length(mm)

Width(mm)

Thickness(mm)

Specific gravity
(gm/cm3)

Plastic fibers

35

4

0.30

1.1

Headed shear stud connector is commonly used in composite structures, and therefore was selected
for the RC composite slabs. The diameter of the stud is (6 mm) with height of (35 mm), and the head
diameter is (10 mm). The mechanical properties comply with ASTM A615-14 [17], see Table 8.
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Table 8. Tensile properties of the used stud shear connectors and steel plate.
Details of steel

Yield Tensile
Strength (MPa)

Average of Ultimate
Tensile Strength
(MPa)

Modulus of Elasticity
(MPa)

% Elongation at
Ultimate Stress

Steel plate
(Actual
thickness 3 mm)
93 mm

320

420

203000

18

Stud (Actual dia.
6 mm)

610

760

201000

20

Figure 1. Preparation of plastic fibers: shredding machine(left), and plastic fibers(right).
Steel plate with dimensions (1000*1000) mm, properties listed in Table 8, was used in the present
study. According to ASTM A36/A [18], the yield and tensile strength were evaluated. The steel plate and
the welded stud shear connectors before casting concrete are shown in Fig. 2.

Figure 2. Steel plate with welded stud shear connectors.
WWF (Welded Wire – Fabric) is the type of reinforcement that was used to reinforce the RC
composite slabs. The mechanical properties and geometry are listed in Table 9. The WWF was placed
(20 mm) from the top. According to ASTM A185-07, the yield and tensile strength were evaluated.
Table 9. WWF geometry and mechanical properties.
Square opening (mm)

Yield Tensile
Strength (MPa)

Ultimate Tensile Strength
(MPa)

Modulus of
Elasticity
(MPa)

Elongation at
Ultimate Stress
(%)

90*90

520

630

210000

11

2.2. Mixing Proportion And Specimens Tests
The mix proportions were listed in Table 10. Waste plastic fibers were added to the chosen mix as a
percentage of the volume of concrete (0, 0.5, 0.75, and 1 %). Compressive strength and flexural strength
Kuhair, H., Hama, S., Aziz, K.
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were measured according to ASTM C39-03 [19] and ASTM C78-03 [20] respectively. An average of three
specimens was considered for each test.
Table 10. Mix proportions.
Symbol

Cement
(kg/m3)

Fine
aggregate
(kg/m3)

Coarse
aggregate
(kg/m3)

%
(w/c)

Plastic
fiber (%)

Compressive
strength (MPa)

Flexural
strength
(Mpa)

1

420

720

950

0.5

0.00

26.91

2.8

2

420

720

950

0.5

0.50

26.99

3.5

3

420

720

950

0.5

0.75

29.49

4.34

4

420

720

950

0.5

1.00

24.78

4.9

2.3. Composite Slab Details, Casting, Compaction, and Curing
Wood frames were fixed on the steel plate, and the BRC was fixed about 20mm from the top of the
frame for concrete casting to form a composite slab. Compactions were made by using a mechanical
vibrator to get more uniform mixing and prevent any voids inside concrete. Steel trowel was used to level
the top surface of slabs and smooth it; Fig. 3 shows the slabs after casting. The composite slab details are
clarified in Fig. 4. Before the tests, all specimens were cured in a fresh water tank to ensure the required
time for the concrete to complete the hydration processes. The composite slab was warped in a nylon sheet
to prevent evaporation during the hydration processes as well.

Figure 3. Slabs after casting.

Figure 4. Details of the composite slab (all dimensions in mm)
a – Front view of the composite slab; b – Top view of partial composite slab
(50 % D.O.I); c – Top view of the full composite slab (100 % D.O.I)
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2.4. Composite Slabs Tests
2.4.1. Short-term test
The reinforced concrete composite slabs were tested under static short-term loading. A slab was
resting at the testing machine with supports around the perimeter of the slab (simply-supported). A 5 mm
thick steel plate was put on top of the slab with reinforcing steel bars were distributed at the top face of the
steel plate in one layer. We added up to five steel plates one after another separated by steel bars (see
Fig. 5). The load was applied at the center (top) of the R.C. slab utilizing a thick steel plate to distribute the
loading. Initially, the load applied was up to (5 kN); then it was reset to zero to make the slab rest, and there
was no effect of the friction that developed in supports. The load was applied gradually (load control) and
the deflections and slip were recorded at each load step until the failure of the slab.

2.4.2. Long-term test
The long-term loading was tested by applying uniform service loading (around 40 % of ultimate load)
at the top of the composite slab utilizing an equivalent weight of sand. The deflections and slips were
measured at various times in a span of nine months using two fixed dial gauges: one at the end of the slab
to measure the cumulative slips, and the second at the center bottom face of composite slabs to measure
the deflections.
Deflection and slip were measured at mid-span and interface between the concrete slab and steel
plate, respectively, by using a dial gauge, which has an accuracy of (0.001 mm) as shown in Fig. 6.

Figure 5. Short-term test

Figure 6. Dial gauge.

2.4.3. Parametric Study
Ten slabs were tested: one under static load to fix the ultimate load, and nine under sustained load
(40 % from ultimate load). The slabs were marked as shown in Table 11. Three parametric studies were
taken in this work:
1. Degree of interaction D.O.I (0, 50,100 %);
2. Percentages of WPF (0, 0.5, 0.75, 1 %);
3. Type of connection between steel plate and stud shear connector (welding, epoxy).
Table 11. Specimen's details.
Mark

% WPF

% Degree of interaction

Type of connection

H1
H2*
H3
H4

0.75
0
0.75
0.75

50
100
100
No Stud

H5

0.75

0

H6
H7
H8
H9
H10

0.5
1
0.75
0
0

50
50
50
50
0

Welding
Welding
Welding
Glued plate by epoxy without stud
N/A Concrete slab cast directly on the plate without
a connection
Welding
Welding
Glued stud by epoxy
Welding
Reference without plate with 74 mm RC slab only
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All specimens were tested under sustained load but H2* was tested under short-term load.

3. Results and Discussion
3.1. Short Term Tests
A short-term test was done for composite slab (H2) with (100 % D.O.I) and (0 % WPF) to determine
the ultimate load. The max deflection was 0.402 mm at 12.5 KN/m2 maximum load. Load–deflection is
shown in Fig. 7, and load–slip curve of composite slab behavior is shown in Fig. 8.

Figure 7. Load–deflection of the short-term test.

Figure 8. Load–slip curve of the composite slab (Short term tests).

3.2. Time – Depended Test
A total of nine specimens were tested under service loading of (40 %) from the ultimate loading which
is equal to (5 KN/m2). In experimental tests, dial gauges are fixed at the interface between reinforced
concrete slab and steel plate to measure the relative horizontal displacement (slip). Another one was also
fixed at the bottom of the specimen at the mid-span to measure the central deflection. The dead load was
applied uniformly by brushing the sand over the slab. The tests yielded the following results according to
considered parametric study.

3.2.1. Effects of Waste Plastic Fiber Percentages (WPF)
Fig. 9 shows deflection–time relationships for different (% WPF). The percentage of added fiber
related decrease in deflection compared to reference slab (H9 without WPF) was 10.11 %, 37.19 %, and
40.14 % for 0.5 %,0.75 %, and 1 % WPF, respectively, at the age of (270 days). From the results, one can
see that (1 % WPFC) gave the lowest deflection. The mechanical properties test showed that adding (1 %
WPF) produced the best flexural tensile strength, which may be the reason why adding (1 % WPF) resulted
in a deflection decrease.
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Figure 9. Effects of waste plastic fiber on deflection with time.
The slip values for various percentages of WPF are drawn in Fig. 10. The maximum slip values for
H7 (1 % WPF) are more than other percentages and increase with time. It seems that plastic fiber
distribution affected the adhesion between the concrete slab and steel plate and this reflects in slip values
[9]. In comparison with reference concrete H9, the slip values are higher for the same age (270 days) with
8.3 % and 18 % for H6 (0.5 %) and H1 (0.75%) WPF respectively, but H7 (1 % WPF) has slip higher than
the reference concrete by 23 %.

Figure 10. Effects of waste plastic fiber on the slip with time.

3.2.2. Type of Connection between Stud Shear Connector and Steel Plate (Welding and Epoxy)
Two methods were used to fix stud shear connectors to the steel plate: welding, and epoxy adhesive.
Fig. 11 and Fig. 12 show that deflection and slip increased in the case of fixing the stud shear connectors
with epoxy at the top of steel plate (H8) compared with welding studs shear connectors (H1), since epoxy
is more flexible than welding. The deflections of H8 were higher than H1 by 2.3 % for the same age (270
days). The use of welding to fix the stud connectors increases the stuffiness of the composite slab which
led to a decrease in deflection and the slip between concrete and steel plate. These results can also be
explained according to the results of the push-out test carried by Azizi et al. [9], who found that the strength
of the stud connector is higher in the case of welding connection with steel plate.

Figure 11. Effects of type of connections between shear stud
and a steel plate on deflection with time.
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Figure 12. Effects of type of connections between shear stud and a steel plate on the slip with
time.

3.2.3. Degree of Interaction (D.O.I)
Fig. 13 illustrates the relationship between deflection and time for (100 % D.O.I) H3, (50 % D.O.I)
H1. H1 and H3 were compared with H5 (0 % D.O.I concrete that was cast directly over the plate without
any shear connectors). Compared with H5 (using as control slab), at the age of 270 days, H3 has deflection
lower by 57.5 %, while H1 has deflection lower by 42.1 %. Higher D.O.I gave lower deflection, H1 has
higher deflection than H3 by 36.2 % at the age of (270 days) as show in the full interaction which gives the
lower value of deflections because of full integrity between concrete slab and steel plate, so that the rigidity
and stiffness become more rather than the 50 % and zero interaction. We compared two slabs with 0 %
(D.O.I): H4 had concrete glued to the plate directly using epoxy, while H5 was cast directly above plate
without any type of epoxy (0 % D.O.I), i.e. there was no interaction between concrete and steel plate. H5
has higher deflection than H4 by 36.4 % at the age of (270 days), because each material works separately,
causing deflection to increase (see Fig. 14). Fig. 15 shows that the slip increases and becomes higher
when the reinforced concrete slab was cast directly above the steel plate without any connections (0 %
D.O.I), so that there are no connection nodes, no volume contact, and the two materials work separately.
The specimens H3 and H1 (100 % and 50 % D.O.I) have slips less than specimen H5 by about 83 % and
76 % respectively at the same age (270 days), and H3 has slip higher than H1 by 31 %. When the
interaction is full, the composite action works, so the stiffness and rigidity increase because of increasing
in a moment of inertia and equivalent modulus of elasticity for a composite slab with full interaction and
partial interaction compared to a composite slab without shear connection. Fig.16 shows the variations of
slip in two types of interactions. First goes H5, the concrete slab cast above the steel plate without
interactions, second is H4 specimen, and then the connections by epoxy without stud shear connectors.
H4 has lesser slip than H5 by 28 %. This is due to the shear force that developed by the vertical force
transfer from glue to the steel plate: the shear force distributes and is equal in opposite directions between
the concrete slab and steel plate, therefore the slip was reduced and became lower than H5 specimen.

Figure 13. Effects of degree of connections on a deflection with time.
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Figure 14. Comparison between deflection of slabs H5 and H4.

Figure 15. Comparison between the slip of slabs H1, H3, and H5.

Figure 16. Comparison between the slip of slabs H4 and H5.

4. Conclusions
This experimental investigation shows that PET bottles can become a low-cost material, which can
help to resolve solid waste problems and prevent environmental pollution, while at the same time enhancing
the properties of concrete as concluded in this study. The results are as follows:
1. Decreased deflection due to adding the fiber in comparison with control slab (without WPF) by
4.3 %,7.2 %, and 11.6 % for 0.5 %, 0.75 %, and 1 % WPF, respectively at 270-days ages.
2. The deflection decreased when the degree of interaction increased, the percentages of decreasing
were 57 and 42.1 % for the degree of interactions 100 and 50 %, respectively, compared with the
reinforced concrete slab cast directly above steel plate without any connection types for the same
age (270 days).
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3. The deflection increases in the case of the non-composite slab as compared with the composite
slab of 50 % D.O.I. at the same age (270 days) by 41 %.
4. The deflection increases in the case of gluing the stud connectors to steel plate by epoxy compared
with welding stud connectors by (2.3 %) at the same age (270 days).
5. The slip increases as the percentage of WPF increases and the maximum value of slip at (1 % of
WPF) equals 23 % compared with the control specimen at the same age (270 days).
6. The slip decreases as the degree of interaction goes higher. The percentages of the slip decrease
were 83 % and 76 % for 100 % and 50 % D.O.I., respectively, as compared with no interaction case
at the same age.
7. In the case of welded stud connectors, the slip is lower than in other types of connections compared
with the control specimen at the same age.

References
1.

Hama, S.M. Evalutions of strengths, impact and energy capacity of two-way concrete slabs incorprating waste plastic. Journal
of King Saud University – Engineering Sciences. 2021. 33. Pp. 337–345. https://doi.org/10.1016/j.jksues.2020.09.007

2.

Hama, S.M. Behavior of concrete incorporating waste plastic as fne aggregate subjected to compression, impact load and
bond resistance. Eur J Environ Civ Eng. 2020. https://doi.org/10.1080/19648 189.2020.1798287

3.

Nibudey, R.N., Nagarnaik, P.B., Parbat, D.K., Pande A.M. Strengths Prediction of Plastic fiber Reinforced concrete M3.
International Journal of Engineering Research and Applications. 2013. 3(1). Pp. 1818–1825.

4.

Prabhu, P. Ganesh, Kumar, C.A., Pandiyaraj, R., Rajesh, P., Kumar, I.S. Study on Utilization of Waste pet Bottle Fiber in
Concrete. International Journal of Research in Engineering & Technology. 2014. 2 (5). Pp. 233–240.

5.

Al-Rawi, M. Flexural Behavior of Reinforced Concrete Beams enhancement with Waste Plastic Fiber. M.Sc. Thesis,
Department of Civil Engineering, University of Tikrit. 2015.

6.

Al-Ani, M.F. Behavior of High-Performance Concrete by Using Waste Plastic as Aggregate. M.Sc. Thesis, Department of Civil
Engineering. The University of Baghdad. 2015.

7.

Faisal, S.K., Irwan, J.M., Othman, N., Wan Ibrahim, M.H. Flexural Toughness of Ring-Shaped Waste Bottle Fiber Concrete.
MATEC Web of Conferences. 3rd International Conference on Civil and Environmental Engineering for Sustainability
(IConCEES 2015). 2016. 47. 01002. http://dx.doi.org/10.1051/matecconf/20164701002

8.

Hama, S.M. Improving mechanical properties of lightweight Porcelanite aggregate concrete using different waste
material.International
Journal
of
Sustainable
Built
Environment.
2017.
6(1).
Pp.
81–90.
http://dx.doi.org/10.1016/j.ijsbe.2017.03.002

9.

Aziz K. I., Hama S. M. and Kuhair H. M. L. Effenciency of Waste Plastic Fiber on Behavior of Composite Steel Plate-Concrete
Push Out Test," 2018 11th International Conference on Developments in eSystems Engineering (DeSE). 2018. Pp. 335–339,
doi: 10.1109/DeSE.2018.00066.

10. Mohammed, T.K., Hama, S.M. Mechanical properties, impact resistance and bond strength of green concrete incorporating
waste glass powder and waste fine plastic aggregate. Innov. Infrastruct. Solut. 2022. 7. 49. https://doi.org/10.1007/s41062021-00652-4
11. Marthong, C., Sarma, D.K. Influence of PET fiber geometry on the mechanical properties of concrete: an experimental
investigation. 2016. 7. Pp. 771–784. https://doi.org/10.1080/19648189.2015.1072112
12. Ollgaard, J.G., Slutter, R.G., Fisher, J.W. Shear strength of stud connectors in lightweight and normal weight concrete.
Engineering Journal AISC. 1971. 8. Pp. 55–64.
13. Lloyd, R.M., Wright, H.D. Shear connection between composite slabs and steel beams. Journal of Structural Engineering.
1990. Pp. 255–285.
14. Shim, C.S., Lee, P.G., Yoon, T.Y. Static behaviour of large stud shear connectors”, Engineering Structures. 2004. 26(12).
Pp. 1853–1860.
15. Iraqi specification No. 5/1984. Portland Cement. Central Agency for standardization and Quality Control, Planning Council,
Baghdad, Iraq.
16. Iraqi specification No. 45/1984. Aggregate from Natural Sources for concrete. Central Agency for Standardization and Quality
Control, Planning Council, Baghdad, Iraq.
17. ASTM A615. Standard Specification for Deformed and Plain Carbon-Steel Bars for Concrete Reinforcement. ASTM
International. 2009. 6 Pp.
18. ASTM A 36/A 36M.Standard Specification for Carbon Structural Steel”, Annual book of ASTM standard, 01.05. 2005.
Pp. 103–105.
19. ASTM C39/C39M. Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens. 04.03. 2003.West
Conshohocken, PA.
20. ASTM C78. Standard Test Method for Flexural Strength of Concrete Using Simple Beam with Third-Point Loading. Annual
Book of ASTM Standard. 2003.

Contacts:
Huda Kuhair, Hudakuhair@yahoo.com
Sheelan Hama, drsheelan@uoanbar.edu.iq
Khalil Aziz, k_ibraheem@yahoo.com
Kuhair, H., Hama, S., Aziz, K.

Magazine of Civil Engineering. 2022. 109(1). Article No. 10905

Magazine of Civil Engineering

ISSN
2712-8172

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

DOI: 10.34910/MCE.109.5

The shear behavior of Anchored CFRP Strengthened RC beams
R. Al-Rousan
Jordan University of Science and Technology, Irbid, Jordan
E-mail: rzalrousan@just.edu.jo
Keywords: reinforced concrete, anchored, shear, flexural strength, fiber reinforced polymer, nonlinear,
finite element analysis
Abstract. The primary objective of this paper is to study the effectiveness of anchorage on the performance
of shear deficient beams externally strengthened with carbon fiber-reinforced polymers (CFRP)
composites. The overall behavior of the tested beams loaded up to failure, the onset of the cracking, and
crack development with increased load and ductility were described. The use of CFRP composites is an
effective technique to enhance the shear capacity of reinforced concrete (RC) beams. The externally
bonded CFRP can increase the shear capacity of the beam significantly making it 15–34 % more than that
of the control beams, depending on the variables investigated. The use of CFRP composites is an effective
technique to enhance the shear capacity of RC beams by using CFRP strips anchored into the tension side
and from the top. Bonded anchorage of CFRP strips with width of 0.1h, 0.2h, and 0.3h to the beam resulted
in a decrease in average interface bond stress and an increase in the effective strain of the FRP sheet at
failure. This resulted in a higher shear capacity as compared with that of the U-wrapped beams without
anchorage as well as helped delay or mitigate the sheet debonding from the concrete surface. Finally, an
inclusive assessment of the NLFEA results is conducted using a large test database of well-known shear
strength models.

1. Introduction
Premature debonding failure of reinforced concrete beams strengthened with externally bonded fiber
reinforced polymers (FRP) is a frequent problem. Therefore, developing anchorage devices to enhance the
composite action between the FRP sheets and the concrete beam is a big challenge to prevent the
debonding of the FRP plates from a concrete beam. Mechanical anchorage is a useful method to prevent
this mode of failure, therefore improving the performance of the conventional FRP-strengthening method.
Knowledge of anchorage systems is limited and further experimental and numerical studies to understand
their behavior are still necessary to optimize their performances.
Concrete structures (for example: buildings, bridge decks, girders, offshore structures, parking lots)
are subject to damage because of: improper maintenance, steel corrosion, ageing, faulty design or
construction, additional excessive loading such as heavy traffic, the seismic movements, and harsh
environmental condition. Due to the old codes of design, or not complying with the new ones as in some
countries, many structures are endangered, and need to be strengthened and/or rehabilitated [1]. It has
been reported that 23 % of the concrete bridges in the USA are deﬁcient or not in service [2]. Deficient
structure can be repaired or demolished. However, the latter could cause damages, sometimes severe, to
the adjacent structures, resulting in financial losses. Therefore, there is a need to find adequate techniques
and materials to strengthen and/or repair such structures. The strengthening technique of bonding,
externally, carbon-fiber reinforced polymer (CFRP) laminates has been widely adopted to repair,
strengthen, and rehabilitate deficient or damaged structures [3–6]. The RC structures, commonly, fail or get
defected in shear or flexure. Between these two, the deﬁciency in shear is much more serious because it
occurs suddenly, without giving the element the chance to deal with the developed internal stresses. The
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shear failure could be due to improper designing, reduction in shear reinforcement (RFT) that is caused by
steel corrosion or overloading. The use of externally-bonded FRP material’s efficiency to enhance the shear
capacity [7–11] is governed, mainly, by its: tensile strength, the ratio of shear reinforcement, the used
conﬁguration. In addition, the FRP's efficiency is also affected by the inclination angle of shear cracks, the
concrete's compressive strength, and the yield strength of both the shear reinforcement and steel bars,
adding to its ratio of tensile reinforcement. Reinforcing RC structural elements with externally-bonded FRP
has been the focus of many researches [12–14]; several analytical investigations have been carried out to
study the strengthened RC beams’ shear performance in terms of strengthening methods [15, 16], section
shape [17, 18], design equations [19, 20].
The use of CFRP composites in rehabilitating structures can greatly reduce maintenance
requirements, increase life safety and service life of concrete structures. So far, the majority of research
and applications carried out, using CFRP as strengthening material, has be devoted to use for flexural
strengthening. A reinforced concrete beam must be designed to develop its full flexural strength to insure
a ductile flexural failure mode under extreme loading. Hence, a beam must have a safety margin against
other types of failure that are more dangerous and less predictable than flexural failure. The use of external
FRP strengthening to beams may be classiﬁed as ﬂexural and shear strengthening. The shear failure of an
RC beam is distinctly different from the ﬂexural one in that the ﬂexural is ductile in nature, whereas the
shear one is brittle and catastrophic. When the RC beam is deﬁcient in shear, or when its shear capacity is
less than the ﬂexural capacity after ﬂexural strengthening, shear strengthening of the beam must be
considered. It is critically important to examine the shear capacity of RC beams which are intended to be
strengthened in ﬂexure. However, only a few studies on the shear strengthening of RC T-beams with
externally bonded FRPs are reported in the literature. Deniaud and Cheng [21] studied the interaction of
concrete, steel stirrups, and external ﬁber-reinforced polymer (FRP) sheets in carrying shear loads in RC
T-beams. Bousselham and Chaallal [22] investigated the effect of the shear length to the beam depth ratio,
the CFRP ratio and the internal transverse steel reinforcement ratio on the shear behavior of RC T-beams.
Bousselham and Chaallal [23] evaluated the effect of the different parameters on the shear performance of
strengthened RC T-beams. In addition, they [24] investigated the shear resistance mechanisms in RC Tbeams strengthened in shear with externally bonded FRP.
The interface between FRP and concrete is the most important part in the process of repairing or
strengthening concrete structures. To obtain high efficiency of repaired or strengthened concrete structures,
we must provide sufficient bonding strength between the concrete surface and the FRP to ensure a good
transmission between the concrete surface and the FRP since many failure modes occurs due to debonding between the concrete surface and the FRP materials. Many factors have been studied by
researchers regarding the strength of the bond between the concrete surface and the FRP such as using
anchoring system. The existing literature reports potential use of CFRP strips in strengthening the RC
rectangular beams, but not on the beams with anchorage to the best knowledge of the authors. There are
limited works on shear strengthening of RC beams using mechanically anchored FRP sheets (Lee et al.
[25], Moﬁdi [26], and Moﬁdi et al. [27]).
Anchorage devices are useful tools to prevent, delay or shift this mode of failure to a less critical one;
therefore, it improves the performance of the conventional FRP-strengthening method. The purpose of this
study was to determine an effective technique for mechanical anchoring of reinforced concrete beams
strengthened using FRP composites. A comprehensive review of existing literature was conducted to
explore research findings related to debonding failure mechanisms and anchorage schemes for reinforced
concrete structural elements with special attention to mechanical anchorage schemes. Based on the
analysis of the data from the literature review, new anchoring technique was proposed. Based on the critical
review of the existing literature. The main objectives of this study are to predict the shear strength of RC
beams with different anchoring strengthened externally with CFRP composite using Nonlinear Finite
Element Analysis (NLFEA) taking into account the effects of four major strengthening configurations in
addition to control beam (without CFRP external strengthening) including: 1) RC beams with a depth of 225
mm strengthened externally with 90o U-wrap strip at a spacing of 100 mm without anchoring; 2) RC beams
with a depth of 225 mm strengthened externally with 90o U-wrap strip at a spacing of 100 mm with 25 mm
CFRP top strips anchoring; 3) RC beams with a depth of 225 mm strengthened externally with 90o U-wrap
strip at a spacing of 100 mm with 50 mm CFRP top strips anchoring; and 4) RC beams with a depth of 225
mm strengthened externally with 90o U-wrap strip at a spacing of 100 mm with 75 mm CFRP top strips
anchoring. As a result, five models have been constructed and subjected to four points loading. For this
purpose, validation of the previous experimental study reported by Shbeeb et al. [28] is firstly simulated
using ANSYS software. After that, a parametric study is extended for strengthened RC beams using
different beam depth.
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2. Methods
Nonlinear Finite Element analysis (NLFEA) is an important and effective tool in the analysis of
complex structures. The main benefits that NLFEA provided include: 1) substantial savings in the cost,
time, and effort compared with the fabrication and experimental testing of structure elements; 2) allows to
change any parameter of interest to evaluate its influence on the structure, such as the compressive
strength of concrete; 3) allows us to see the stress, strain, and displacement values at any location and at
any load level; 4) the ability to change any parameter of interest, and the capability of demonstrating any
interesting behavior at any load value and at any location in the system. Six full-scale models strengthened
using CFRP are developed to carry out different investigated parameters.

Figure 1. Setup and reinforcement details of the beams [28].

2.1.

Experimental Work Review

The validation process of the finite element model is based on the experimental work performed by
Shbeeb et al. [28]. High strength reinforced concrete (RC) beams (150 × 225 × 1500 mm) were designed
with shear reinforcement of φ8 at 250 mm center to center along the entire beam length for all specimens
as shown in Fig. 1. Twenty-two rectangular reinforced concrete beams, 150 × 225 mm with a total length
of 1500 mm, were cast with the reinforcement of 2φ8 bars at the top and 3φ15 bars at the bottom. The
design choices were made to ensure that shear failure would occur in the beams. Four beams were tested
as control beams without strengthening and twenty-four beams were strengthened with different schemes
with CFRP strips and sheets. Fig. 1 shows the reinforcement and the CFRP sheet and strips configurations
for all the beams specimens. All specimens were tested as simply supported in a special designed built-up
rigid steel frame. A hydraulic jack was used to apply a concentrated load through a hydraulic cylinder on a
spread steel beam to produce two-point loading condition to generate a constant moment region at midspan.

2.2. Description of Non-linear Finite Element Analysis (NLFEA)
Concrete is a quasi-brittle material and has different behavior in compression and tension. SOLID65
element is capable of predicting the nonlinear behavior of concrete materials using a smeared crack
approach. The model is capable of predicting failure for concrete materials and accounts for both cracking
and crushing failures. The two input strength parameters, ultimate uniaxial tensile and compressive
strengths, are needed to define a failure surface for the concrete. Consequently, a criterion for failure of the
concrete due to a multiaxial stress state can be calculated. Poisson’s ratio of 0.2 was used for all beams.
The shear transfer coefficient (βt) represented conditions of the crack face. The value of βt ranges from 0.0
to 1.0, with 0.0 representing a smooth crack (complete loss of shear transfer) and 1.0 representing a rough
crack (no loss of shear transfer). The value of βt was used in many studies of reinforced concrete structures;
however, it varied between 0.05 and 0.25. Therefore, a value of 0.2 for βt was used in this study. The
concrete properties include concrete compressive strength of 55 MPa, initial Young's modulus (Ec) of
35063 MPa. In tension, the stress-strain curve for concrete is assumed to be linearly elastic up to the
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ultimate tensile strength. After this point, the concrete cracks and the strength decreases to zero. Fig. 2
shows the stress-strain relationships that are used in this study. The steel for the finite element models was
assumed to be an elastic-perfectly plastic material identical in tension and compression.

(a) Concrete

(b) Steel reinforcement

(c) CFRP composite

(d) Epoxy

Figure 2. Stress-strain curves [28].
Good results were attained upon utilizing the 3D LINK180 uniaxial tension-compression spar in the
simulation of the steel reinforcement, separately, to make it possible to predict: the impact of plasticity, huge
and rotational stains, and deflections. Poisson’s ratio and yield stress of 0.3 and 413 MPa (Grade 60)
respectively were used for the steel reinforcement. Fig. 2(b) shows the stress-strain relationship. Steel
plates were added at both ends of the beams to provide a more even stress distribution over the support
areas. The steel plates were assumed to be linear elastic materials with an elastic modulus equal to
200 GPa and Poisson’s ratio of 0.3. The CFRP composite and epoxy are modeled by a layered solid
element, SOLID46. The CFRP is assumed to be an orthotropic material of 0.165 mm thick, tensile strength
of 3790 MPa, elastic modulus of 228 GPa, and ultimate tensile strain of 0.017 mm/mm. The epoxy used is
0.343 mm thick, ultimate tensile strength was 55 MPa, elastic modulus was 30 GPa, and ultimate tensile
strain was 1800 µɛ. In the other directions perpendicular to the fiber direction, the elastic modulus of CFRP
was assumed to be 10–6 times that of the main direction. Linear elastic properties were assumed for both
CFRP composites and epoxy.
The total load applied was divided into a series of load increments or load steps. Newton–Raphson
equilibrium iterations provide convergence at the end of each load increment within tolerance limits equal
to 0.001. Load step sizes were automated by ANSYS program for the maximum and minimum load step
sizes. In a concrete element, cracking occurs when the principal tensile stress in any direction lies outside
the failure surface. After cracking, the elastic modulus of the concrete element is set to zero in the direction
parallel to the principal tensile stress direction. Crushing occurs when all principal stresses are compressive
and lies outside the failure surface; subsequently, the elastic modulus is set to zero in all directions, and
the element effectively disappears. The finite element model fails impulsively when the crushing capability
of the concrete is turned on. Crushing of the concrete started to develop in elements located directly under
the loads. Afterwards, adjacent concrete elements crushed within several load steps as well, significantly
reducing the local stiffness. Finally, the model showed a large displacement, and the solution diverged.
Therefore, the crushing capability was turned off and cracking of the concrete controlled the failure of the
finite element models. During concrete cracking and ultimate load stages in which a large number of cracks
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appeared, the loads were applied gradually with smaller load increments. Failure for each model was
identified when the solution for 0.0045 kN load increment was not converging.
6

Bond Stress (τ), MPa
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Figure 3. CFRP to concrete bond slip model [29].

Figure 4. Typical finite element meshing of the beams.
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CONTA174 element was used to model the layer between the concrete and epoxy layer. This
element is an 8-node element that is intended for general rigid-flexible and flexible-flexible contact analysis.
In a general contact analysis, the area of contact between two (or more) bodies is generally not known in
advance. Also, CONTA174 element is applicable to 3-D geometries. It may be applied for contact between
solid bodies or shells. One of the most accurate bond stress slip models that can be incorporated into a
finite element analysis is that proposed by Lu et al. [29]. The mechanical behavior of the FRP/concrete
interface is represented by a relationship between the local shear stress (τ) and the relative displacement
(s), between the FRP composites and the concrete. Three different bond slip relations have been suggested
by these authors; these are classified according to their level of sophistication and are referred to as the
precise, the simplified, and the bilinear models. In the current study, the simplified model, as shown in
Fig. 3, is adopted for its simplicity.
Square and rectangular elements were created for the rectangular volumes (concrete, CFRP, epoxy,
and steel plates) using the volume-mapped command. This properly sets the width and length of the steel
reinforcement elements to be consistent with the elements and nodes of the concrete. A convergence study
was carried out to determine the appropriate mesh density as shown in Fig. 4 in which (a/d) represents the
shear span to beam effective depth ratio and (wt/h) represents the width of the anchored CFRP to the total
depth of the beam. The meshing of the reinforcement was a special case and the individual elements were
created in the modeling process. However, the necessary mesh attributes for the concrete were set before
each section of the reinforcement was created. SOLID46 elements for epoxy and CFRP layers had the
same meshing as SOLID65 elements for concrete to allocate the node over the node of each element. The
command merge item was used to merge separate entities that have the same location into single entities.
To ensure proper modeling, displacement boundary conditions were applied at the planes of symmetry.
The symmetry boundary conditions were set first. Nodes defining a plane through the beam cross section
at the center of the beam define one plane of symmetry. The support was modeled as a roller and hinge
that allows the beam to rotate at the support. The force was applied across the entire centerline of the steel
plate. The beams were analyzed simulating 4-point loading case, the distance between the 2-point of
loading is 550 mm. The total applied load was divided into a series of small load increments, each 0.45 kN,
and the Modified Newton–Raphson equilibrium iterations were used to check the convergence at the end
of each load increment within a tolerance value of 0.001. The static analysis type was utilized to obtain the
behavior of the beams. The model failure was identified when the solution of 0.0045 kN load increment was
not converging.
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Figure 5. Experimental [28] and NLFEA load-deflection curves.

2.3. Validation Process
Fig. 5 shows the load deflection behavior of experimental and NLFEA results. Inspection of Fig. 5 in
terms of pre-cracking stage, after-cracking stage, post-cracking stage, and at failure reveals that the load
deflection curves for strengthened beams consist of pre-cracking straight segment followed by a change in
slope of the curves after beams cracked at almost 100 kN, which is called “after-cracking”. With further load
increase, the beams strengthened with web CFRP strips or sheet failed in shear due to debonding of CFRP
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strips or sheet before reaching ultimate flexural capacity. The values of the ultimate strengths and the
corresponding percentage increase in the ultimate shear strength of the strengthened beams over the
control beam indicated that the performance of the shear deficient beams is enhanced due to the use of
CFRP composites. Fig. 5 shows that the NLFEA results correlates well with the experimental data at
ultimate load capacity. Fig. 6 shows typical stress contours of the control and strengthened beams.

Shear

CFRP
Debonding

Figure 6. Typical NLFEA stress contours of NLFEA beams.

3. Results and Discussion
3.1. Failure Mode
Fig. 7 shows the representative cracking pattern of B2.7N0. The initial flexural crack of control beam
without reinforcement started at the center of the beam within the constant moment region at 23.1 kN.
Beyond this load, cracks extended toward the top fiber, and additional flexural cracks developed throughout
the beam length. At 77 kN, a 33-degree angle shear crack developed independently of the existing flexural
cracks in the center of the shear span. With further load increase, the cracks extended both towards the
support and the load point, leading to a sudden, brittle shear failure at 127.3 kN as shown in Fig. 7 and
Table 1.
Fig. 7 shows the representative cracking pattern of B2.7U90STA0. The initial flexural crack started
at the center of the beam within the constant moment region at 34.2 kN. Beyond this load, cracks extended
toward the top fiber, and additional flexural cracks developed throughout the beam length. At 112.5 kN, a
37-degree angle shear crack developed independently of the existing flexural cracks in the center of the
shear span. With further load increase, the strip No. 4 debonded at 139.2 kN followed by the debonding of
strip No.3 at 142.8 kN. The beam failed successively at 146.0 kN after the debonding of strip No. 5 as
shown in Fig. 7 and Table 1. Debonding of the CFRP strip is a delamination between the strip-adhesiveconcrete at the strip-end region of the strengthened beam. This failure was a result of the maximum
stresses in the adhesive being not greater than the bonding strength between strip-adhesive-concrete at
the strip-end region.
Fig. 7 shows the representative cracking pattern of B2.7U90STA1. The initial flexural cracks started
at the center of the beam within the constant moment region at 34.2 kN. Beyond this load, cracks extended
toward the top fiber, and additional flexural cracks developed throughout the beam length. At 112.1 kN, a
37-degree angle shear crack developed independently of the existing flexural cracks in the center of the
shear span. With further load increase, Strip No. 4 debonded at 34 kip followed by the debonding of Strip
No. 3 at 161.5 kN. The beam failed successively in shear at 154.4 kN after the debonding of top anchoring
strip over Strip No. 3, 4, and 5, respectively, as shown in Fig. 7 and Table 1.
Fig. 7 shows the representative cracking pattern of B2.7U90STA2. The initial flexural crack started
at the center of the beam within the constant moment region at 33.8 kN. Beyond this load, cracks extended
toward the top fiber, and additional flexural cracks developed throughout the beam length. At 115.6 kN, a
37-degree angle shear crack developed independently of the existing flexural cracks in the center of the
shear span. With further load increase, Strip No. 4 debonded at 124.5 kN followed by the debonding of
Strip No. 3 at 140.1 kN. The beam failed successively in shear at 163.3 kN after the debonding of top
anchoring strip over Strip No. 3 and 4, respectively, as shown in Fig. 7 and Table 1.
Fig. 7 shows the representative cracking pattern of B2.7U90STA3. The initial flexural crack started
at the center of the beam within the constant moment region at 34.2 kN. Beyond this load, cracks extended
toward the top fiber, and additional flexural cracks developed throughout the beam length. At 112.5 kN, a
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37-degree angle shear crack developed independently of the existing flexural cracks in the center of the
shear span. With further load increase, Strip No. 4 debonded at 169.0 kN followed by the debonding of
Strip No. 3 at 169.9 kN. The beam failed successively in flexure at 170.9 kN after the debonding of top
anchoring strip over Strip No. 3 and 4, respectively, as shown in Fig. 7 and Table 1.

90o CFRP U-Strips
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wt / h = 0.0

Shear
Failure

90o CFRP U-Strips
with 50 mm top anchoring
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25 mm top anchoring

wt / h = 0.1

Shear
Failure

wt / h = 0.2

Shear
Failure

90o CFRP U-Strips
with 75 mm top anchoring

wt / h = 0.3

Shear
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Figure 7. Typical NLFEA stress contours of control NLFEA beams.
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Table 1. The details, ultimate load and mode of failure of NLFEA shear beams.
Beam
Designation

Type of
Strengthening

Ultimate
load, kN

Percentage of
increase w.r.t control
beam, %

B2.7N0

None

127.3

0

B2.7U90STA0

Strip@ 90o U-wrap
without anchoring

146.0

15

B2.7U90STA1

Strip@ 90o U-wrap with
25 mm CFRP top strips
anchoring

154.4

21

B2.7U90STA2

Strip@ 90o U-wrap with
50 mm CFRP top strips
anchoring

163.5

28

B2.7U90STA3

Strip@ 90o U-wrap with
75 mm CFRP top strips
anchoring

170.9

34

Failure mode
Shear failure followed by
33o diagonal crack
Shear failure followed by
37o diagonal crack,
debonding of CFRP
strips
Shear failure followed by
37o diagonal crack,
debonding of CFRP
strips
Shear failure followed by
37o diagonal crack,
debonding of CFRP
strips
Flexural failure followed
by crushing of concrete
in compression zone
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Figure 8. NLFEA load-deflection curves.

3.2. Load-deflection behavior
Fig. 8 shows the load deflection curves for B2.7N0, B2.7U90STA0, B2.7U90STA1, B2.7U90STA2,
and B2.7U90STA3. All strengthened beams exhibited almost liner load deflection relationships up to the
load of 133.0 kN that equals the failure load of control beam. This indicates that the CFRP started to carry
the load after the formation of the diagonal shear. Inspection of Figure 8 shows that the ultimate load
capacity of the beams increased with the increase of anchoring system width, while an increase in stiffness
can be observed from the rotation angle of the elastic stage curve of the NLFEA beams. In addition, Fig. 8
shows that the ductility of the beam increased with the increase of anchoring system width exactly mirroring
the mode of failure.

3.3. Concrete compressive strain
Fig. 9 exhibits the concrete's compressive strain's (Fig. 1) relationship with the applied load for:
B2.7N0, B2.7U90STA0, B2.7U90STA1, B2.7U90STA2, and B2.7U90STA3. When the load was raised, the
concrete’s compression strain enhanced. In the beams: B2.7N0, B2.7U90STA0, B2.7U90STA1,
B2.7U90STA2, and B2.7U90STA3, the load values corresponding to a compressive strain of 1150 µε, were
118.3, 128.5, 130.3, 140.6, and 141.5 kN, respectively. This indicates that the more the width of the
anchorage, the less the concrete's compressive strain. The largest level of strain was observed in the
B2.2W45ST1 beam, which was strengthened with sheets of CFRP. Furthermore, the load-compressive
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strain curves of the beams in the second group, the concrete in the beam B2.7U90STA3 had a strain higher
than 3000 µε.
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150
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B2.7U90STA1
B2.7U90STA0

100

B2.7N0

50

0
0

1000

2000

3000

4000

Concrete compreesive strain, µε
Figure 9. NLFEA load-concrete compressive strain curves.

3.4. CFRP tensile strain
Fig. 10 shows the relationship between the load and CFRP sheet tensile strain for B2.7U90STA0,
B2.7U90STA1, B2.7U90STA2, and B2.7U90STA3 RC beams. According to Fig. 6, the tension strain was
initiated in the CFRP sheet after the diagonal shear crack started to form at loads of 77.0, 85.8, 85.2, 87.6,
and 90.3 kN for B2.7N0, B2.7U90STA0, B2.7U90STA1, B2.7U90STA2, and B2.7U90STA3 beams,
respectively. Fig. 10 also shows that the development of strains becomes sluggish around a load of 93.4 kN
in all beams. Inspection of Fig. 10 reveals that the CFRP tensile sheet strain increased with the increase in
the width of the anchorage system. From this, it is known that the development of strain gets slower as the
anchoring system width decreases. At ultimate load, the tensile strains were 3165 µε, 5960 µε, 8230 µε,
and 11800 µε for B2.7U90STA0, B2.7U90STA1, B2.7U90STA2, and B2.7U90STA3 beams, respectively,
which is equivalent to 0.19 εfu, 0.35 εfu, 0.48 εfu, and 0.69 εfu, respectively. These higher strains of CFRP
strips reflected the efficiency of the anchorage system in the strengthening of shear deficient beams.
Therefore, the B2.7U90STA3 strengthened beam showed higher tensile strain than other strengthened
beams for the same load.
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Figure 10. NLFEA load- CFRP tensile strain curves.

3.5. Steel tensile strain
Fig. 11 shows the relationship between the load and strain at the level of steel (Fig. 1) for B2.7N0,
B2.7U90STA0, B2.7U90STA1, B2.7U90STA2, and B2.7U90STA3 RC beams. The load strain curve
followed the same trend for all the beams before the cracking. After cracking, the slope of the curve was
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reduced as a result of reduction in stiffness. Inspection of Fig. 11 reveals that the steel tensile strain followed
the same trend and behavior as the concrete compressive strain which increased with increasing the load,
while the steel tensile strain in the concrete decreased with the increase in the width of the anchoring
system. All the anchored beams reached the yielding point, while the steel reinforcement in B2.7U90STA3
strengthened beam experienced the highest tensile strain development among other beams at ultimate
load.
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Figure 11. NLFEA load-steel tensile strain curves.

3.6. Crack opening behavior
Fig. 12 shows the relationship between the load and crack opening for B2.7N0, B2.7U90STA0,
B2.7U90STA1, B2.7U90STA2, and B2.7U90STA3 RC beams. According to Fig. 8, crack began opening
after the diagonal shear its initiation at load 77.0, 85.8, 85.2, 87.6, and 90.3 kN for B2.7N0, B2.7U90STA0,
B2.7U90STA1, B2.7U90STA2, and B2.7U90STA3, respectively, after diagonal shear crack formed. Fig. 12
shows that the development of crack width becomes sluggish around 0.25 mm in all beams as well. It can
be observed the crack developed at a slower rate as the anchoring system width increased. At ultimate
load, the ultimate crack width is 1.78, 1.19, 1.12, 1.03, and 0.81 mm for B2.7N0, B2.7U90STA0,
B2.7U90STA1, B2.7U90STA2, and B2.7U90STA3, respectively. Therefore, the B2.7U90STA3
strengthened beam showed less crack width for the same load than the other beams.
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Figure 12. NLFEA load-crack opening curves.

3.7.

Comparison of NLFEA with theoretical models

For purposes of comparison, the predictions of the NLFEA results are compared with those of the
ACI model [30], Triantafillou model [31], and Colotti et al. model [32]. In the ACI, Triantafillou, and Colotti
et al. models, the general design guidance is clearly derived from the experimental data and they are only
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applicable to external FRP reinforcement. Fig. 13 shows a comparison of the results predicted by the three
models Vf,NLFEA/Vf,ACI [30], Vf,NLFEA/Vf,Tri [31], and Vf,NLFEA/Vf,Col [32]. Note that the ACI and Triantafillou
models were calibrated for CFRP and should be used with caution for other types of composites as shown
in Fig. 13. The overall predictions by ACI model appear to be overestimated with a mean Vf,NLFEA/Vf,ACI
value of 1.32 and a coefficient of variation (COV) of 25 %, while the NLFEA results for Colotti et al. model
are underestimated with a mean Vf,NLFEA/Vf,Col. value of 0.70 and a COV of 20 %. However, Triantafillou
et al. model shows a weak agreement with NLFEA results, with a mean Vf,NLFEA/Vf,Tri value of 0.5 and
(COV) of 18 %. It is also important to take into consideration that all the ACI and Triantafillou models are
semi empirical in nature, with important governing parameters derived from test data for beams
strengthened with FRP laminates, whereas the ACI model cannot be applied in certain cases. In addition,
a careful inspection of Fig. 13 will show that the ACI model has a much wider range of NLFEA/theoretical
failure load ratios of 0.95 to 1.74. The Triantafillou model also gives a non-acceptable range of
NLFEA/theoretical mean values of 0.41 to 0.59. On the contrary, the Colotti et al. model gives a much larger
range of NLFEA/theoretical mean values of 0.53 to 0.88 than Triantafillou model.
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Figure 13. The normalized NLFEA FRP shear force with respect to analytical models.

4. Conclusions
1. The use of CFRP composites is an effective technique to enhance the shear capacity of RC
beams. The externally bonded CFRP can increase the shear capacity of the beam significantly by 15–34 %
compared to that of the control beams, depending on the variables investigated.
2. One of the observed failure modes was debonding of more than two CFRP strips. Test results
seem to indicate that this mechanism can be prevented by providing CFRP strips anchorage in the beam
from top side.
3. Bonded anchorage of CFRP strips with width of 0.1h, 0.2h, and 0.3h to the beam caused a
decrease in average interface bond stress and an increase in the effective strain of the CFRP sheet at
failure, which resulted in a higher shear capacity as compared with that of the U-wrapped beams without
anchorage as well as helped delay or mitigate the sheet debonding from the concrete surface.
4. The inclination of the primary shear crack influenced the shear strength contribution of the
external strengthening. As this study demonstrated, the shear crack angle determined the number of CFRP
strips intersected by the crack and whether or not an intersected CFRP strip was fully effective.
5. The overall predictions by ACI model [30] appear to be overestimated with a mean value of 1.32
and a coefficient of variation (COV) of 25 % and underestimated in the NLFEA results for Colotti et al. model
with a mean value of 0.70 and a COV of 20 %. However, Triantafillou et al. model shows a weak agreement
with NLFEA results.
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Abstract. The paper presents an analysis of the kinetics of heterogeneous processes and patterns of solid
formation to substantiate factors and technological methods for nanomodifying the structure and properties
of cement-based composites. According to the general evolutionary model of solid formation and evolution
of hydration hardening systems model, the main factors and criteria of cement systems nanomodification
have been identified for all stages of the technological life cycle. In accordance with the factors of
nanomodification of cement systems, the technological methods of nanomodification are identified. As a
result of nanomodification, the effects in the structure formation of cement systems are predicted and
confirmed by experimental data. Theoretical analysis and experimental results showed that the factors and
methods of nanomodification meet the terms of controlling the fracture strength of the cement-based
composites. Together, the effects of nanomodification of the structure and factors of increasing the fracture
resistance will determine the effectiveness of solutions for engineering practice in terms of reducing the
time and the energy costs for processes in the life cycle of cement-based composites, enhancing their
quality.

1. Introduction
Dozens of solid-state kinetic models developed over the 20th century are used in kinetic studies.
Detailed analysis and systematization of commonly employed models presented in [1] allow us to classify
them as nucleation, geometrical contraction, diffusion, and reaction order.
Kinetic models used for cement systems are a special interpretation of the basic solid-state kinetic
models. The earliest of the general approaches to the description and modeling of structure formation
processes and the resulting structure of cement systems are presented in [2].
The proposed models mainly relate to the description of the kinetics and features of cement hydration
processes, the formation of the hydration products’ structure under the influence of various factors,
hardening kinetics, and strength development.
For example, Poppe et al. [3] and Ye et al. [4] proposed a model of the hydration process and
microstructure development of limestone concrete. Kishi and Saruul [5] and Maekawa et al. proposed a
model for evaluating the heat release rate of hardening concrete. Lothenbach et al. [7] proposed
thermodynamic modeling of concrete hardening. The nucleation effect and effect of the formation of
monocarboaluminate phase were modeled in [8–9]. In [10–15], the authors proposed effective functions for
taking into account the effects of limestone, silica fume, slag, and fly ash on cement hydration, heat
production rate, microstructure and strength development of concrete. Concerning the problems of
nanomodification, [16–18] also proposed several special models, which allow one to take into account the
effects of nanosilica introduction for hydration processes. All of these models allow one to rather accurately
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quantitatively takes into account the influence of individual components in cement-based composites on
the kinetics of hydration processes, structure, and properties.
However, these models relate to individual private processes in the total set of problems of modifying
(including nanomodifying) the structure and properties of cement-based composites in their technological
life cycle.
We consider nanomodification of the structure as an action for organizing the processes of hydration
and hardening of cement systems. Therefore, when substantiating the means of nanomodification, it is
necessary to influence their kinetics and energy. The result of nanomodification should be to increase the
speed and reduce the time of hydration and hardening processes, reduce the energy costs of these
processes, and increase the strength of cement-based composites. Therefore, to advance
nanomodification principles of cement-based composite structures, it is necessary to identify factors and
technological methods of nanomodification. This will allow us to determine the options for technological
solutions for engineering practice.
Therefore, it seems necessary to isolate and systematize existing conceptual models for the main
phenomena and processes of nanomodification of a structure that reveal the relationships in the system
"nanomodification factor – nanomodification technology – the result of nanomodification of a structure".
In this article, concerning the cement system, we present a theoretical analysis:
1) of the kinetics of heterogeneous processes of solid formation;
2) of the patterns governing the destruction processes.
The purpose of the analysis of these processes and patterns is to substantiate factors and
technological methods for nanomodifying the structure and properties of cement-based composites.

2. Methods
The presented study used theoretical analysis. The previous studies, which are discussed to confirm
the result of the theoretical analysis, used the following methods.
The amount and size of the colloidal nanoparticles SiO2 synthesized by the sol–gel process were
determined using dynamic light scattering (Photocor Complex spectrometer), and transmission electron
microscopy (TEM) (Transmission Electron Microscope H-9500, vacs = 75 kV).
The phase composition of the hydration products was controlled by the XRD-method (ARL X'TRA
diffractometer, CuKα radiation (λ = 1.541788 Å). X-ray decoding and phase identification were carried out
using PDWin 4.0.
The morphology of the cement paste structure was examined on a JEOL JSM-7001F scanning
electron microscope.
The hardening kinetics were evaluated by testing samples, cubes 5×5×5 cm in size, after 1, 3, 7, 14,
28 days of curing under normal temperature and humidity conditions (t = 20 0C, RH = 95 ± 5 %). The
strength testing was carried out on a universal 4-column floor hydraulic test system INSTRON Sates 1500
HDS.

3. Results1
3.1. Analysis of the kinetics patterns of heterogeneous processes of solid phase
formation in cement systems
The evolution of solids in a real heterogeneous system is a collection of parallel and sequential
phenomena and processes of solid phase formation. Moreover, the evolutionary hardening route of cement
systems is a variation of the general form of the evolutionary route [19]. It is characterized by the stages
and processes:
− generation of hydration products’ particles,
− growth and accumulation of hydration products’ particles,

1
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− agglomeration of individual primary particles of hydration products, by compacting them into
aggregates,
− spontaneous structure formation (Ostwald ripening and recrystallization of hydration products’
particles).
The nanomodification technology should be aimed at these stages and processes to obtain optimal
crystal structures, their agglomerates and crystallites, hydration products in general.
Table 1 presents systemically the factors and technological control methods during nanomodification
and the expected effect of nanomodification for each of the indicated stages and processes. The
systematization is based on the thermodynamic Gibbs-Volmer theory of the formation of a new phase in
the overseaable solutions (equations 1–4) that has been analyzed in [21]. Equations 5–8 are obtained in
the J.D. Tretyakov’s works, devoted to nonlinear dynamics and thermodynamics of irreversible processes
in chemistry and technology and in the of E.A. Goodilin’s works, devoted to the crystallization processes in
chemical materials science. Let us consider them sequentially.

The total number of crystallization centers

 1  16πσ 3V 2

m
+
I cr =
a ⋅ exp  −
E

  + I sec (3)
act
2
RT
∆
3(
)
µ

 

The total increment of the volume of a new phase

4π J
dV =
[V0 − V (τ )]ϑ 3 (t − τ )3 dτ
3

Artamonova, O.V., Chernyshov, E.M., Slavcheva, G.S.

(4)

Control methods for
nanomodification

Control factors for nanomodification

Expected effect of
nanomodification
2) lowering the activation energy of the process.

(2)

1) acceleration of the formation of a molecular cluster;

2σ VmC1
.
T (C − C1 )

3) the introduction of surfactants.

rcr =

(1)

2) the introduction of nanoscale additives;

16πσ 3Vm2
∆Gcr =2 2
;
3R T (ln γ cr ) 2

1) a change in the thermodynamic conditions of synthesis;

Energy and size of a critical nucleus:

2) the creation of additional crystallization centers

4) the number of point defects per unit of volume of the crystal
nucleu.

Conceptual kinetics models of heterogeneous
processes of structure formation

1) the degree of supersaturation of the initial solution;

Structural parameters to be
nanomodified
3) the shape factor of the crystal nucleus;

2) the critical radius of the crystal nucleus (rcr);

Structure level
Single crystal

Transition phenomenon
Molecular selection

Scale
1 – 100 nm

1) the ratio of cations and anions in the source system;

Particle growth

The origin of the phase

ER stage

Table 1. To conceptual nanomodification models for the main stages of the evolutionary
hardening route of cement systems.

5) the number of linear and planar defects in the intergrowth.

4) the contact strength depending on its type (Rc);

3) the number of crystal contacts in the intergrowth (Ncc);

1) the size and shape of the intergrowth estimated by the specific surface area
(Sag); 2) the number of crystals in the intergrowth (Nc);

Crystalline intergrowth

Topological selection

100 – 1000 nm

Agglomeration

Aggregate specific surface area

Sag =
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System energy change

Eaggl = Ek + Es − Er . (8)

(5)

The number of particles in the aggregate
3

(6)

Change in the area of the phase boundary:

2) a change in the structure and properties of the crystalline intergrowth

1) a change in the thermodynamics and kinetics of the hardening process;

2) the introduction of surfactants plasticizing

carbon particles;

1) the introduction of nanoscale and ultrafine

Expected effect of
nanomodification

Control methods for
nanomodification

Control factors for nanomodification

Conceptual kinetics models of heterogeneous
processes of structure formation

1) the formation of a fractal network of the solvent; 2) a change in the type of
physicochemical adsorption at the phase boundary.

Structural parameters to be
nanomodified

Structure level

Transition phenomenon

Scale

ER stage
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(10)

Arrhenius equation

K= A ⋅ e

−

Ea
RT

(11)

Expected effect of
nanomodification
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2) a change in the structure and properties of the cementitious substance.

3) the specific volume of crystalline and gel pores.

The magnitude of the change in the morphological
parameter in the initial period of crystallization :

1) a change in the thermodynamics and kinetics of the hardening process;

2
=
x k3 ⋅ t , x=
k4 ⋅ t.

4) dispersed structure reinforcement.

(9)

Control methods for
nanomodification

or

fiber-needle; lamellar-prismatic;

2) the volumetric ratio of morphological differences: cryptocrystalline;

1) the volume ratio of crystalline and amorphous phases;

Cementitious substance

Morphological selection

1 – 100 μm

Spontaneous structure formation

dx k2
= ,
dt
x

3) the introduction of additives of microparticles (microfillers);

Jander’s equation:

1) heat treatment; 2) pressing (compaction);

Control factors for nanomodification

Conceptual kinetics models of heterogeneous
processes of structure formation

1) a change in the intergranular surface of the system; 2) the formation of additional interfaces; 3) the
formation of ordered hardening structures with close packing; 4) the optimization of the ratio of
amorphous and crystalline phases and their morphology; 5) the regulation of the structure of porosity.

Structural parameters to be
nanomodified

Structure level

Transition phenomenon

Scale

ER stage
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3.2. The particle generation process of hydration products
The use of nanotechnological control actions is motivated by the desire to accelerate the
accumulation of hydration products, to reduce the energy costs of the process. At the same time, it is
necessary to structurally divide the volume of accumulated hydration products in the system, bearing in
mind the possibility of the formation of primary particles with controlled crystal-chemical and geometric
characteristics.
To justify the factors controlling the development of the stage, let us turn to the analysis of conceptual
models of the kinetics of the process (see Table). The process should be considered in the framework of
the kinetic theory of the formation of a new phase. Therefore, in terms of control factors, it must be
correlated with:
− the crystallization temperature (Т);

− the specific surface free energy of crystals (σ);
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− the molar volume of the new phase (Vm); the degree of supersaturation (γ), which is included in
the ratio ∆𝜇𝜇 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝛾𝛾 + 1);
− the activation energy of the transition of ions, molecules from the medium to crystallization centers
(Eact);
− the intensity of secondary nucleation in the volume of the initial phase (Isec), which is associated
with external crystallization centers, for example, nanoscale particles.
In accordance with the Gibbs–Volmer theory [20], the formation of a critical-size nucleus (rcr) is
modeled by the equation for the total crystallization energy ∆Gcr (see Table). The appearance of nuclei
becomes possible when a certain (critical) degree of supersaturation of the solution is reached with that
substance whose molecules are involved in the formation of a new phase. The simplest ratio characterizing
supersaturation has the form

=
γ (Cm / Lmj ) − 1,

(12)

where γ is the degree of supersaturation; Cm is the number of molecules or clusters from which the particles
are built, per unit of volume of the medium; Lmj is the boundary value of Cm for the given particle.
The total number of the crystallization centers (Icr) arising in a unit of volume of a solution, or the
total intensity of their primary and secondary formation, depends on the kinetic coefficient of this process
(α). The main means of control at this stage is the degree of supersaturation of the initial solution, which
affects the rate of appearance and structure parameters of the crystal nucleus. With this in mind, in
nanotechnology, one can turn to the methods of controlling the state of supersaturation, for example,
introducing nanoparticles with a cognate crystal-chemical structure (to change Cm) and/or regulating
solubility through thermal or other effects on the system (to change Lmj).
Regarding the first one, we can note that the chemical affinity (mineralogical and dimensional) of the
introduced nanoparticles as possible centers of nucleation of particles of the solid phase is crucial for
molecular selection in the system, that is, for the intensification of the first transition in the evolution path of
a solid substance, “phase nucleation” – “growth particles”. Against a decrease in the internal energy of the
system, the phenomenon of molecular (ion) selection [21] acts, as a result of which clusters of molecules
(ions) become nuclei, containing, first of all, molecules (ions) similar in structure and size.
Thus, the mechanism of the nanomodifying effect of additives at the level of formation of a single
crystal is associated with the possibility of direct chemical participation of nanoparticles in heterogeneous
processes of phase formation of hydration products, which accelerates the development of the molecular
cluster of the particle nucleus. And this possibility is determined by the chemical and mineralogical
composition of the introduced nanoparticles and the activity of their surface. Based on these features, one
can characterize and select additives for nanomodification technology [23].

3.3. The growth and accumulation stage of the particles of hydration products
The development of crystals after their nucleation is realized as a heterogeneous process that occurs
when the interface is formed between the initial phase and hydration products. At this stage, the morphology
of the system is constantly changing, due to the logical development of the phenomenon of topological
selection. During selection, the medium destroys and eliminates disordered forms and promotes the
formation of ordered forms consisting of particles with close geometric parameters.
At this stage, as a result of nanomodification, structural parameters such as the shape coefficient of
the crystal, the number of probable point defects per unit of volume of the crystal can be changed (see
Table).
The consideration of the main conceptual models for this stage (in a quantitative formulation of the
question) is based on the assumption that after the appearance of the crystallization center in the volume
V0 at the time t = 0, the growth of the new phase occurs isotropically with a constant linear rate υ [20].
Then, at time t = τ, the volume that the new phase will occupy will be equal to

V (t ) =

4π 3 3
ϑτ .
3

(13)

The number of crystallization centers that appear in the system over a period of time from τ to τ +
dτ with a constant rate of nucleation of centers per unit of volume is J[V0 - V(τ)]dτ. By the time t > τ, the
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total increment of the volume of the new phase only due to the centers arising in the time interval from τ to
τ + dτ will amount to dV (see Table). Moreover, the conceptual model of the particle growth process has
the form

V (t )
 π

1 − exp  − Jϑt 4  .
=
V0
 3


(14).

The substance is supplied to the growing supercritical nucleus due to diffusion (D) from the

surrounding solution. The growth rate of the nucleus (υ) will be equal to the rate of increase of its radius
due to the molecules deposited on the spherical surface of the nucleus.

The structure-forming role and the modifying effect of the addition of nanomodifiers at the stage of
particle growth and accumulation are associated with the catalytic role of nanoparticles as crystallization
centers with the corresponding effect of lowering the energy threshold of this process and its acceleration.
It should be assumed that the main control factor at this stage is the creation of additional crystallization
centers. This is ensured by the introduction of a reasonable dose of nanoadditives of optimal size and a
suitable crystal-chemical structure.
In addition, it should be noted that to form the necessary dimensional habit of crystals it is advisable
to introduce certain surface-active substances (surfactants), which can selectively block the growth of their
faces. As a result, the geometry of the crystals changes, for example, the formation of long crystals, which
determine the effect of self-reinforcing and hardening of the structure of hydration products.
In the evolutionary route, the second transition “particle growth” – “agglomeration” objectively occurs,
as a result of which the cement system is structured at the level of crystalline intergrowth.

3.4. Agglomeration stages of the particle of hydration products
At this stage, a spatial grouping of hydration products’ particles takes place through adhesion. As a
result, larger secondary particles are formed. Agglomeration occurs by binding of primary particles due to
weak (leading to the formation of aggregates) or stronger (leading to the formation of agglomerates)
interactions. Meanwhile, the primary particles in the agglomerate and aggregate to a large extent retain
their primary shape and size.
Thus, in controlled agglomeration, the object of nanomodification is a polycrystalline intergrowth with
the required characteristics and parameters.
Let us consider the basic conceptual models for this stage. The driving force of the agglomeration
process is the desire of the system to reduce the area of the phase boundaries. The external surface area
of the secondary particle is
'
Sag
=π ⋅η f ⋅ ( D0 − d0 ) 2 .

(15)

On this surface of the aggregate, there are primary particles in the amount of
2

N 0'
where so=

'
Sag
D

=
=4 ⋅η f ⋅  0 − 1 ,
s0
 d0


(16)

π ⋅ d02 / 4 is the projection of one particle onto the surface.

From here, we can proceed to the ratio for the specific surface area of the aggregate (Sag) in contact
with the liquid phase (see table). The ratio takes into account the dependence of Sag on the linear size of
the aggregate (D0), the diameter of the nanoparticle (d0), and the packing density of particles in the
aggregate (ηf). Based on this, it is possible to determine the number of particles entering the aggregate
(Nq) and the change in the total area of the phase boundary (∆S). With a decrease in the size of the initial
particles of the nucleus during nanomodification, the number of released energy increases, which
contributes to the intensification of agglomeration and the reduction in the duration of the process. The
agglomeration process takes place in the liquid phase (in water), in which primary particles are present in
a certain amount. In this case, the water fractal network can specify a certain structure during the formation
of secondary particles, aggregates, agglomerates. This will be directly related to the energy effects of
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agglomeration. The energy released during agglomeration (E aggl) can be composed of the energy Ek
necessary to overcome the adhesion forces between the agglomerates, the energy costs to wet the formed
surface of the agglomerate Es and overcoming the resistance forces of the medium Er when moving the
agglomerate (see Table).
Thus, the special formation of the fractal structural network of the solvent (water) should be attributed
to the main factor of nanomodification at this stage, since this causes a change in the mechanism of
physicochemical adsorption at the phase boundary [24]. The formation of a fractal network of water can be
achieved, for example, by introducing nanosized and ultrafine carbon-containing particles, which initially
physically and chemically interact with a liquid medium (for example, mixing water), form its ordered “frame”
structure due to hydrogen bonds and Van der Waals interactions. It is the resulting structural network that
sets the necessary geometry of the crystalline structure (the number and packing density of aggregates
and crystallites), that is, ensures its change, which ultimately affects the properties of the crystalline
intergrowth.
The formation of a structured liquid phase can also be based on the method of introducing plasticizers
and superplasticizers as a means of nanomodification. Their use allows us to control the process of
agglomeration of crystals by changing the type of physicochemical adsorption at the phase boundary. The
structure-forming participation of plasticizing additives is associated with mechanisms providing a change
in the thermodynamics and kinetics of the process, making it possible to control the size and shape of the
agglomerate, intergrowth, the number of crystals in them, and their contacts.
It is important to emphasize that the agglomeration process transfers the structure from the
nanometer to micrometer size range. In this case, a structure is formed from individual crystals, which are
represented by phases of typical mineralogy and morphology, filling the intergranular volume in the
composite. The result is a continuous spatial framework of hydration products as a matrix of cement-based
composites.
At the stage of growth and agglomeration, the arising formations are characterized by the
disequilibrium of the thermodynamic state. Therefore, in the evolutionary route between the stages of
“agglomeration” – “spontaneous structure formation”, the phenomenon of morphological selection
develops, stimulated by the approximation of the size, shape, state of particles of their agglomerates,
crystallites to equilibrium.

3.5. The stage of spontaneous structure formation of hydration products
In spontaneous structure formation, the size and shape of particle agglomerates change so that the
minimum internal surface energy of the system is ensured. The morphological selection also determines
the evolutionary transition of the structure to a new level – the level of hydration products.
The kinetics of processes at the stage of spontaneous structure formation is determined by:
− heat and mass transfer with a growth-supporting (internal and external) environment,
− molecular kinetic phenomena at the boundary “surface of the solid phase – medium”.
There are many conceptual models for describing this mechanism. Of these, Jander's equation [26]
in our considerations can be applied under the assumption that the limiting stage of the process is the
diffusion of reagents through the interaction product layer (dx/dt), and its diffusion layers on the grain
surface of the initial components are flat. The rate of formation of a single three-dimensional crystalline
structure is determined by:
− crystallization product layer thickness (x);
− constants depending on the properties of the reactants and the process conditions (coefficients
k2, k3, k4, characterizing the nature of the reacting substances) and process time (t) (see Table).
With this in mind, the regulation of the heat treatment modes may be the technological method of
changing the thermodynamics and kinetics of the process at this stage.
The emerging morphology of the cementing substance is determined by a change in the
morphological parameter (∆l/l) in the initial period of crystallization of an integrated three-dimensional
crystalline structure. It depends on several factors:
− the initial length (l) and volume (V) of the solid phase,
− their changes (∆l) and (∆V) over time t;
− the particle radius of the solid phase (r);
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− the surface tension at the liquid – solid boundary (σ);
− the viscosity of the liquid phase (η).
As a result of the modifying effect, we can:
1. achieve a change in the state of the intergranular surface of the system;
2. promote the formation of additional types of interface;
3. form ordered hardening structures with close packing of crystals with a corresponding change in
the structure of porosity of the crystalline intergrowth.
At the stage of spontaneous and self-organizing structure formation, the consequences of
nanomodification undertaken in the previous stages will be manifested indirectly. For example, this may
refer to the zoning phenomenon of the hydration products’ structure.

3.6. The nanomodification of the structure of the cement system from the point of
view of the fracture mechanics
According to the fundamentals of the manifestation of the structural properties of materials, let us
indicate that the resistance of cement-based composites to destruction is based on three determining
propositions [6]:
− the first propositions reflect the role and importance of physicochemical bonds that provide the
level of possible resistance of the structure to mechanical stress;
− the second propositions take into account the conditions for the formation of the stress state of
the material through the dependence of the measure of uniformity (heterogeneity) of the stress field arising
in it on the uniformity of the composition and structure of the composite;
− the third propositions take into account the essence of the mechanism of destruction of the
material in a direct relationship between the development of plastic deformation, the formation, and
propagation of cracks in the material, and its composition and structure.
In problems of increasing the potential of the structure’s resistance to fracture, it is advisable to single
out the levels of its nanomodification:
− the level of a single crystal;
− the level of their agglomerates and crystalline intergrowth (crystallite);
− the level of hydration products.
When considering the factors of structural modification at the level of individual crystals, the wellknown Hall-Petch equation can be used [27],

σ = m ⋅σ 0 + m ⋅ k ⋅ d

−

1
2,

(17)

where σ is the ultimate strength; m is the coefficient associated with the characteristics (crystal chemistry
and morphology) of the structural unit; σ0 is the stress required to cause the beginning of the fracture of
the structural unit in the absence of resistance from the boundaries in the crystallite; d is the structural unit
size; k is the stress concentration at the top of the initial crack, depending on the number and nature of
defects in the structural unit.
This equation reflects the relationship of the ultimate strength σ of a structural unit with its size d,
crystal-chemical and morphological characteristics and the degree of imperfection, that is, with those
structural parameters that are subjected to change through nanomodification at the stage of nucleation of
solid particles.
At the level of agglomerate and intergrowth of crystals (crystallite), the influence of individual crystals
on strength is realized through the spatial-geometric design of their compacted structure. The strength of
the contacts in the intergrowth is a probabilistic distribution function of values in the range from the
maximum possible value for regular (for example, epitaxial) to the minimum for non-regular contacts of
coalescence or contiguity. In general, the fracture resistance is determined by the features of the packing
of crystals into enlarged crystalline agglomerates (aggregates) and intergrowth.
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Shchurov A.F. proposed a relationship between the strength and the average size of agglomerates,
crystallites in the form of a modified Griffiths-Orowan equation [27], which includes the value of the modulus
of elasticity of the substance associated with the composition and crystal-chemical structure of the crystal
included in the crystalline intergrowth:
1/2

σ pm

 E pm ⋅ γ * 
= 

r



⋅ (1 − Vn ) = Cv ⋅ r
n

−

1
2

⋅ (1 − Vn ) n ,

(18)

where σpm is the uniaxial compression stress; Epm is the elastic modulus; γ* = γ + Δγ is the effective
surface energy of fraction, here γ is the surface energy, and Δγ is the additional work spent on producing
local plastic deformation and the formation of stepped cleavage surfaces; r is the average crystallite size;
Cv is the fracture toughness coefficient; Vn is the porosity; n is the empirical coefficient, which varies in the
range from 2.6 to 4.3.
The strength of the agglomerate, the crystalline intergrowth Rsc in connection with the features of its
formation into a continuous three-dimensional skeleton is determined by the following factors:
− the number of contacts per unit of geometric volume of the agglomerate, (crystalline intergrowth);
− the size distribution of crystals and submicron crystals
− the geometric packaging of elements in the agglomerate, intergrowth;
− the strength of individual contacts, determined by their type and type of bond in the contact (ionic,
covalent, Van der Waals, etc.)
− the degree of defectiveness and the degree of the stress state of the contact.
In the transition to the technological tasks of nanomodification of the structure, these factors are the
basis for considering controlling the stages of the evolutionary route of a solid-state formation. The control
action through nanomodification for the structural levels of individual crystals and crystal intergrowth is
carried out by regulation of
− the sizes, crystal-chemical and morphological characteristics, the measure of defectiveness of
individual crystals;
− the geometry of the packing of crystals and submicron crystals in agglomerates (aggregates),
crystalline intergrowth, the number and strength of contacts in them. It is precisely in connection with this
that the problem of zoning the volume of the accumulating and changing submicrocrystalline and crystalline
phases become obvious.
At the level of hydration products (as a matrix of cement-based composites), the resistance of the
structure to fraction depends, first of all, on the spatial-geometric distribution and volumetric ratio of kinds
of hydration products:
− cryptocrystalline, increasing the fracture toughness of the cementitious substance, providing an
increase in energy expenditures for the production of plastic deformations of the solid phase until crack
formation;
− fiber-needle, which increases the energy of fraction due to a large number of randomly placed
contacts and interfaces;
− lamellar-prismatic, increasing elastic properties and additionally providing a self-reinforcing effect
and an increase in the fracture toughness of a cementitious substance [28].
Very significant strength characteristics at this structural level are also determined by the specific
volume of nano- and micropores, which are independent stress concentrators.
Summarized for the considered structural levels, we distinguished three groups of structural factors
for controlling the resistance of cement-based composites to a fraction.
The first group of structural factors relates to controlling:
a) the type of physical and physicochemical internal bonds of crystals (submicron crystals) of the
resulting solid phase of a substance by controlling their crystallochemical characteristics and chemicalmineralogical composition;
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b) the number of bonds per unit volume of agglomerates and crystallites by controlling the dispersion
and morphology of its constituent particles;
c) the volumetric content of neoplasms (crystals, agglomerates, crystallites) of the cementitious
substance, filler grains in the matrix of cementitious substance;
d) the condition, quality of the bonds in the contact zone of the filler grains with the cementitious
substance.
The second group of structural factors corresponds to controlling:
a) the volumetric ratio of structural elements in the geometric volume of the material as a whole and
within the considered scale levels;
b) the size distribution function of the structural elements of the constituent material (cementitious
particles, pores, grains of filling components, etc.);
c) a measure of the homogeneity of the spatial distribution of the structural components of the
material in its volume.
The third group of factors takes into account the possibilities of controlling the force and energy
conditions of plastic deformation, formation, inhibition of the development and propagation of cracks due to
the structure’s capabilities (including, for example, self-reinforcing). It is also possible to inhibit the
development and propagation of cracks by introducing additional structural elements into the material that
can change the conditions of plastic deformation.
We can note that the directional regulation of the selected structure parameters in science and
technological practice of obtaining cement-based composites has been studied and used to a certain
extent. The achieved effects of nanomodification of the structure at the level of individual crystals, their
agglomerates, and crystalline intergrowth (crystallite) certainly manifest themselves at the level of structure
of hydration products as a consequence of these effects. This is the result of nanomodification technology
since it is the structure of hydration products that determines the properties of the resulting cement systems
and cement-based composites.

4. Discussion
The efficiency of the provided theoretical approach has been affirmed by some of our experimental
results. The resuls show efficiency of nanomodifying of cement systems with three kind of complex
nanoaddictives:
1) CND based on SiO2-nanoparticles,
2) CNT based on Nanocyl-7000 fulleroid,
3)

ChN based on chrysotile nanotubes.

Methods of the synthesis of nanoadditives and the nanomodification of cement systems have been
published earlier [22, 24, 25, 27].
The intensification of the first transition in the evolution path of a solid substance (“phase nucleation”
– “particles growth”) is achieved by the introduced nanoparticles as possible centers of particle nucleation.
In [22], we showed that the introduced nanoparticles that have a mineralogical and dimensional affinity with
hydration products can be effective crystallization centers. The significant change in the process of structure
formation at the stage of “phase nucleation” can be obtained in case the critical particle size of
nanoadditives has to be no more than 10 nm.
The second transition “particle growth” – “agglomeration” objectively occurs, as a result of which the
cement system is structured at the level of crystalline intergrowth. In order to form the necessary
dimensional habit of crystals, it is advisable to introduce certain surface-active substances (surfactants),
which can selectively block the growth of their faces. As a result, the geometry of the crystals changes, for
example, the formation of long crystals, which determine the effect of self-reinforcing and hardening of the
structure of hydration products. The work [24] well affirms these statements. The use of all complex
nanoadditives accelerates the speed of hydration processes by 20 – 25 times (Table 2.). The use of
complex nanoadditives based on SiO2-nanoparticles (CND) that have an affinity crystal-chemical structure
with cement systems accelerates the speed of hydration processes during curation in low temperatures
(Table 3.). According to X-ray analysis data volume of hydration products significantly was increased too.
This is due to the catalytic effect of nanoparticles that decrease the activation energy of the hydration
process by 2.5 – 2.8 times and participate in heterogeneous phase-formation processes (Table 4). As a
result of the catalytic effect, the hydration process in cement systems with nanoadditives is substantially
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accelerated: by the daily duration of hardening at 20 0C (293 K), the degree of hydration reaches at least
70 – 75%.
At the stage of spontaneous and self-organizing structure formation, the size and shape of particle
agglomerates change so that the minimum internal surface energy of the system is ensured. The
morphological selection also determines the evolutionary transition of the structure to a new level – the
level of hydration products. At this stage, the consequences of nanomodification undertaken in the previous
stages will be manifested indirectly. For example, these indirect effects have been significantly shown when
we used chrysotile nanotubes (ChN) as a modifier of cement systems [25]. It was obtained that using the
chrysotile nanotubes with related crystal-chemical structure accelerated the speed of hydration processes
by 30 times and increase the strength of hardened cement paste by 3 times (Table 5, Fig.1,2,3).
Table 2. The hydration degree of cement modified by different nanoadditives (0.01% mass
cement).
Specimen ID

C+W
C+W+CND
C+W+CNT
C+W+ChN

The cement hydration degree (mass%) – over line,
volume of hydration products, m3/m3 – under line
1 day

3 day

7 day

14 day

28 day

21
0.15
76
0.52
67
0.41
83
0.59

35
0.25
90
0.61
78
0.50
90
0.62

58
0.41
92
0.62
87
0.55
92
0.64

65
0.46
93
0.63
88
0.57
93
0.66

75
0.53
94
0.64
89
0.59
94
0.68

Table 3. The hydration degree of cement depending on temperature for cement paste modified
by nanoadditives (0.01% mass cement).
The cement hydration degree (mass%) for the process duration
Specimen ID

hour
1

3

7

day
12

24

3

7

14

28

40
67

45
72

48
75

51
78

61
81

65
92

68
93

75
93

75
95

81
96

83
96

89
97

92
96

93
97

95
97

95
98

curing temperature 273 К
C+W
C+W+CND

11
37

12
42

C+W
C+W+CND

39
60

41
63

C+W
C+W+CND

42
81

48
85

15
54

18
57

20
62

curing temperature 293 К
49
69

53
71

55
75

curing temperature 313 К
51
88

59
91

68
93

curing temperature 333 К
C+W
C+W+CND

71
84

75
88

79
91

85
93

91
96

Table 4. Kinetic parameters of the hydration process of cement paste modified by
nanoadditives (0.01% mass cement).
Specimen ID

Hydration rate constant 𝐤𝐤̅
in curing temperature

273 К
C+W
C+W+CND
C+W+CNT
C+W+ChN

17.53
46.53
42.84
49.63

293 К

313 К

333 К

25.40
54.19
53.55
55.89

27.72
56.71
56.00
58.62

31.68
57.19
57.29
59.91
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�

EEA,
kJ/mol

0.13
0.08
0.08
0.07

173.4
61.7
76.2
57.7
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Table 5. Criteria and efficiency ratios of cement paste nanomodification by the nanoadditives.
Criteria and efficiency ratios

Specimen ID
C+W

C+W+CND

C+W+CNT

C+W+ChN

173.4
28

61.7
1

76.2
3

57.7
3

-

28 – 30

9 10

25 – 28

31

83

71

58

58

74

62

78

72

98

90

98

55

90

80

140

Increase strength ratio R(τ = 28 day),

-

1.64

1.45

2.54

Required time to reach 75% of strength
hardened cement paste, day

7

1

7

3

EEA, kJ/mol
Required time to reach 75% cement
hydration degree , day
Speed-up cement hydration degree ratio
Relative strength hardened cement
paste

R(τ) / Dh(τ), MPa:
in 1 day,
in 7 day,
in 28 day.
Strength hardened cement paste

R(τ = 28 day) , MPa

This is due to a change in the phase composition and microstructure of cement hydration products
modified by nanoaddictives, namely: an increase in the volume, density of hydration products; the
predominance of high-strength phases of hydration products such as xCaO⋅SiO2⋅zH2O and
3CaO·Al2O3·xH2O and absence low-strength phases Ca(OH)2 (Fig. 4–7). At the agglomeration stages of
the particle of hydration products, a spatial grouping of hydration products’ particles takes place through
adhesion. Thus, the special formation of the fractal structural network of the solvent (water) should be
attributed to the main factor of nanomodification. The formation of a fractal network of water can be
achieved by introducing nanosized and ultrafine carbon-containing particles, which initially physically and
chemically interact with water. It is the resulting structural network that sets the necessary geometry of the
crystalline structure (the number and packing density of aggregates and crystallites). In [25], it was shown
that the introduced the carbon-nanoparticles in cement systems obtained zoning of the crystallization
structure of cement hydration products. At the same time, the carbon-nanoparticles are nano-reinforcing
elements in the structure of the cement hydration product. However, the kinetics of strength in this variant
of nanomodification is noticeably different in that in the early stages of hardening, the curing is slower:
achieving 70% of the strength of its values at the age of 28 days is provided in this variant for 7 days, and
for 1-day cement paste gains only 20%. Based on this data, it can be observed that the introduction of a
carbon nanotubes additive is less effective in comparison with the addition of nanoscale particles of SiO2,
and above all in terms of the kinetic parameters of hardening strength.
Therefore, we experimentally confirmed that the nanomodification effects associated with the
catalytic role of nanoparticles in cement hydration processes, with a change in the morphology of hydration
products, with zoning and clustering of the hardened cement paste microstructure. As a result, the
introduction of various types of nanoadditives into cement systems contributes to the decrease of effective
activation energy required for the process “start” by 2.3 – 2.8 times, the acceleration of cement hydration
processes by 20 – 30 times, and the increase in strength by 1.5 – 3 times (See Table 5).

Figures 1. Strength kinetics curves of cement paste modifying by CND [24].
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Figures 2. Strength kinetics curves of cement paste modifying by CNT [24].

Figures 3. Strength kinetics curves of cement paste modifying by ChN [24].

Figure 4. X-ray diffraction patterns for a nanomodified cement system modified by CND:
a) without addictives of 28-day curing; b) 1-day curing; c) 28-day curing.
3CaO·SiO2 (d = 3.02; 2.75; 2.61; 2.18; 1.76; 1.48); 2CaO·SiO2 (d = 3.80; 3.01; 2.74; 1.80; 1.63);
Ca(OH)2 ( d = 4.93; 3.11; 2.63; 1.93; 1.79; 1.69); 2CaO·SiO2·H2O (d = 4.77; 3.01; 2.92; 2.37; 2.25; 1.96);
xCaO·SiO2·zH2O (d = 3.06; 2.97; 2.80; 1.83; 1.67); 2CaO·SiO2·0.5 H2O (d = 2.99; 2.77; 2.67; 2.58; 1.80)
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Figure 5. X-ray diffraction patterns for a nanomodified cement system modified by CNT.
3CaO · SiO2 (d = 3.02; 2.75; 2.61; 2.18; 1.76; 1.48); CaO · SiO2 · zH2O (d = 5.6; 3.07; 2.97; 2.80; 2.28);
xCaO · SiO2 · zH2O (d = 3.07; 2.97; 2.80; 2.28; 2; 1.83); 2CaO · SiO2 · H2O (d = 3.04; 2.7; 1.9; 1.84;
1.49); 3CaO · SiO2 · 2H2O (d = 3.03; 2.47; 1.77; 1.63;1.51); 3(2CaO · SiO2) · 2H2O (d = 3.07; 2.82; 2.72;
2.28; 2.17).

Figure 6. X-ray diffraction patterns for a nanomodified cement system modified by ChN.
3CaO · SiO2 (d = 3.02; 2.75; 2.61; 2.18; 1.76; 1.48); xCaO · SiO2 · zH2O (d = 3,07; 2,97; 2,80; 2,28; 2,
1,83); CaO · SiO2 · H2O (d = 3,07; 2,8; 1,83; 1,67; 1,53); 3CaO · SiO2 · 2H2O (d = 3,03; 2,47;
1,77;1,63;1,51); 3CaO · Al2O3 · xH2O (d = 2,86; 2,46; 2,31; 2,1; 1,93; 1,86).
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Figure 7. Hardened cement paste micrographs (hardening time 28 days, SEM)
a – without addictives; b – modified by CND; c – modified by CNT; d – modified by ChN.

5. Conclusions
1. The analysis of regularities of the kinetics of heterogeneous processes of the evolutionary route
of hardening cement systems resulted in the systematization of the conceptual model of structure formation.
Consequently, we proposed factors of nanomodification of cement systems. The factors of the
nanomodification are represented by the degree of supersaturation of the initial solution, the creation of
additional centers of crystallization, the change in the intercrystalline surface of the system, the formation
of additional boundaries, the formation of ordered structures of hardening with a dense package,
optimization of the ratio of amorphous and crystalline phases and their morphology, alteration of the
intergranular system surface, the regulation of the porosity structure.
2. In accordance with the factors of nanomodification of cement systems, the technological methods
of nanomodification are identified: heat treatment, pressing (compaction), dispersed structure reinforcing,
the introduction of nanosized and ultrafine particles of different nature, the introduction of surface-active
additives, changes in the thermodynamic conditions of the synthesis.
3. As a result of nanomodification the following effects in the structure formation of cement systems
can be achieved: acceleration of the formation of a molecular cluster, lowering of the activation energy of
the process, modifying the thermodynamics and kinetics of the hardening process, changes in the structure
and properties of crystalline intergrowth, changes in the thermodynamics and kinetics of the hardening
process, changes in the structure and properties of a cementitious substance. The factors and methods of
nanomodification meet the terms of controlling the fracture strength of the cement-based composites.
4. Together, the effects of nanomodification of the structure and factors of increasing the fracture
resistance will determine the effectiveness of solutions for engineering practice in terms of reducing the
time and the energy costs for processes in the life cycle of cement-based composites, enhancing their
quality. The research will further focus on effective nanotechnological solutions for engineering practice.
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Abstract. The article estimates the influence of external finishing coating characteristics on the humidity
regime in the walls of aerated concrete blocks with the density of 350–600 kg/m3 (D350–D600 grades). The
research is in demand due to the fact that condensation of excessive moisture in the enclosing structure is
one of the most common reasons for the destruction of plaster coatings for walls of aerated concrete. To
assess the humidity regime in the walls of aerated concrete, the temperature of the onset of moisture
condensation tsk was determined. The temperature of the onset of condensation tsk is the temperature of
the outside air: a temperature drops to this level causes formation of condensate in the enclosing structure.
It was revealed that due to the use of the developed dry building mixture for D350–D600 concrete blocks
finishing, moisture condensation begins at a significantly lower outdoor temperature. The moisture regime
in the walls of D350–D600 aerated concrete blocks was studied for the conditions of various climatic zones
on the example of three cities: Rostov-on-Don, Voronezh, Novosibirsk. A linear model is obtained that
reflects the dependence of the temperature of the onset of condensation tsk in the walls of D350–D600
aerated concrete blocks on the thermal properties of the wall material and the finishing layer.

1. Introduction
In accordance with the current regulatory documentation, the design of buildings should be carried
out taking into account modern requirements for energy conservation [1–4]. Therefore, the development of
new and improve old structures in order to increase their energy efficiency is a priority in the development
of construction industry [5–8].
In recent years, aerated concrete has been increasingly used in the construction of external walls of
buildings for various purposes [9, 10]. Such wide use of aerated concrete blocks is due to their good
performance, low heat conductivity, high vapor permeability, relatively low cost, manufacturability of
masonry and high labor productivity [11–13]. Using aerated concrete blocks of D300-D600 grades, it is
possible to erect single-layer walls with sufficiently high heat-shielding properties.
A significant impact on the durability of operation of walls made from aerated concrete is exerted by
the characteristics of the plaster compositions used for their decoration [14]. One of the most common
reasons for the destruction of plaster coatings on aerated concrete is condensation of more moisture in the
enclosing structure [15–18]. Moisture condensation in such enclosing structures occurs due to the
significant difference in vapor permeability and thermal conductivity of the plaster coating and aerated
concrete. To reduce the amount of condensing moisture in the enclosing structure, each subsequent layer
in the direction from the internal surface to the external one should be characterized by greater vapor
permeability and lower thermal conductivity compared to the previous layer. This requirement is rarely
succeeded due to the fact that an increase in vapor permeability and a decrease in thermal conductivity of
plaster coatings are associated with the appearance of an additional pore volume in their structure. That is
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why the operational properties of the resulting coatings, their frost resistance and moisture resistance may
significantly deteriorate.
In the course of previous studies, we developed a compounding heat-insulating dry building mixture
(DBM), designed specifically for finishing aerated concrete blocks. The recipe contains fluffy lime,
aluminosilicate ash microspheres, a modifying additive based on a mixture of hydrosilicates and calcium
aluminosilicates, white cement, ground waste from the production of aerated concrete, Melflux 2651 F,
VINNAPAS 8031 H, sodium oleate [19–23]. We assume that using this DBM it is possible to significantly
reduce the possibility of condensation and minimize its amount.
The purpose of the work is to investigate the influence of the characteristics of the external finishing
layer on the humidity regime in aerated concrete enclosing structure. To achieve this goal it is necessary
to solve the following tasks:
- to assess the influence of the characteristics of the external finishing layer on the temperature of
the beginning of moisture condensation on the walls of aerated concrete blocks of grades D350-D600;
- to study the humidity conditions in the walls of aerated concrete blocks of grades D350-D600 for
the conditions of various climatic zones on the example of three cities: Rostov-on-Don, Voronezh,
Novosibirsk;
- to develop a model reflecting the dependence of the temperature of the start of condensation in the
walls of aerated concrete blocks of grades D350-D600 on the characteristics of the materials used in the
construction of the wall.

2. Methods
A large number of works are devoted to the study of the humidity regime of the operation of walls
made of aerated concrete blocks. The probability of moisture condensation is usually determined using the
Fokin-Vlasov graphoanalytical method [24]. In this method, the distribution of Ei and ei the thickness of the
enclosure at a certain temperature tout is constructed. When using this method, the amount of condensing
moisture in the wall is determined for the accepted design temperature of the outside air tout. For the
calculated outdoor temperature in various studies, they take: the average temperature the period of the
year with negative average daily temperatures, the average monthly temperature for December, January
or February, the average temperature of the coldest five-day period.
The studies conducted in this work are based on the technique proposed by V.N. Kupriyanov. In
accordance with this technique, to assess the probability of moisture condensation in the external
enclosure, the temperature of the onset of condensation tsk was determined [25]. To determine it in the
studied building envelope, the profiles of the partial pressure of water vapor ei and the pressure of saturated
water vapor Ei were constructed in Fig. 1.

Ei

ei

a)

tin

tout

tin
Water vapor pressure

tout

Water vapor pressure

Water vapor pressure

tin

Ei

ei

b)

tout

Ei

ei

c)

Figure 1. The determination method tsk: a) tout= tsk; b) tout< tsk; c) tout> tsk.
The pressure of saturated water vapor Ei was determined by the temperature profile in accordance
with the dependencies:
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 17.269 ⋅ ti 
=
Ei 610.5exp 
 , t ≥ 0 °C ;
237.3
+
t
i 

 21.875 ⋅ ti 
Ei 610.5exp 
=
 , t ≥ 0 °C ;
 265.5 + ti 

(1)

(2)

The temperature of the start of condensation tsk was considered such an outdoor temperature at
which the condition is satisfied:

ei = Ei

(3)

For a mathematical explanation of the dependence of the temperature of the start of condensation
tsk on the characteristics of the outer finishing layer, we will use a generalized structural parameter kgdp
determined by the formula:

k gdp 
where

RPi / RPo
RTi / RTo

(4)

RPi is vapor resistance of layers located from the inner surface of the enclosure to the border of the

plaster coating / aerated concrete, (m2·h·Pa)/mg;

RPo is vapor resistance of the whole enclosure, (m2·h·Pa)/mg;
RTo

is thermal conductivity of layers located from the inner surface of the enclosure to the border

of the plaster coating / aerated concrete, (m2· ºC)/W;

RTi

is thermal conductivity of the entire enclosure, (m2· ºC)/W.

In the work, the impact of the external finishing coating on tin for the walls of buildings located in
Rostov-on-Don, Voronezh, Novosibirsk is assessed.
The calculated parameters of the internal air are adopted according to Russian Set of Rules
SP 50.13330.2012. Thermal protection of buildings. Updated edition of Russian Construction Norms and
Rules SNiP 23-02-2003" for residential buildings: temperature tin=20.0 °C relative humidity φin=55%.
The calculated parameters of the outdoor air are taken in accordance with the requirements of
SP131.13330.2018 "SNiP 23-01-99* Construction climatology" (Table 1).
Table 1. Design parameters of outdoor air.
City

Rostov-on-Don
Voronezh
Novosibirsk

Heating period
zhp, day

Average temperature of the
heating period, thp °С

Degree-day of the
heating period

166
190
222

-0.1
-2.5
-8.1

3336.6
4275.0
6238.2

Humidity zone

°С·day
Dry
Dry
Dry

The design of the wall under study is shown in Fig. 2.
For interior decoration of aerated concrete blocks, cement-slag plaster was used, layer thickness
0.01 m (Figure 1, layer 1). For exterior decoration of aerated concrete blocks, three types of DBM were
used, layer thickness 0.01 m (Figure 1, layer 3): cement-sand plaster; Knauf GRUNBAND: developed by
DBM. The thermal conductivity of the materials λ was determined on the samples 10×10×2.5 cm in size
using an ITP-MG4 "100" device. Vapor permeability coefficient of materials μ was determined for each
material according to Russian State Standard GOST 25898-2012. Building materials and products.
Methods for determining vapor permeability and resistance to vapor permeability." Tests to determine the
coefficients of vapor permeability and thermal conductivity were carried out for each material on 6 samples.
The characteristics of the materials are presented in Table 2.
Characteristics of the materials are presented in Table 2.
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Figure 2. The design scheme of the wall envelope:
1 – layer 1, interior decoration; 2 – layer 2, aerated concrete; 3 – layer 3, exterior finish.
Table 2. Characteristics of the materials used in the wall.
Material

The average density of
the material, kg/m3

cement slag plaster
AAC D350
AAC D400
AAC D500
AAC D600
cement-sand plaster
Knauf GRUNBAND
being developed DBM

1200
350
400
500
600
1800
1100
650

Coefficient of thermal
conductivity

λA , W/(m∙K)

Vapor permeability coefficient
mg/(m∙h∙Pa)

0.470
0.130
0.140
0.180
0.220
0.760
0.350
0.155

0.140
0.250
0.230
0.200
0.170
0.090
0.100
0.150

To simplify the work, the following conventions are used for the various designs of enclosing
structures:

x/ y/z
where

(5)

x is first letter in city name (Rostov-on-Don – R; Voronezh – V; Novosibirsk – N);
y is aerated concrete density, kg/m3;
z is the density of the outer finishing layer, kg/m3.

3. Results and Discussion
Based on the climatic conditions of the cities of Rostov-on-Don, Voronezh and Novosibirsk, the
minimum allowable wall thickness from aerated concrete grades D350, D400, D500, D600 was previously
determined (Table 3).
Table 3. Aerated concrete layer thickness, m.
Сity
Rostov-on-Don
Voronezh
Novosibirsk

AAC brand
D350

D400

D500

D600

0.35
0.40
0.50

0.35
0.40
0.50

0.45
0.50
0.65

0.55
0.60
0.75

The choice of these cities is due to the fact that the parameters of the outdoor air in the cold season
for these cities are characteristic of the widest list of climatic regions in which energy-efficient buildings
using single-layer aerated concrete walls can be built.
The city of Rostov-on-Don is located in zone IIIB according to Russian Set of Rules
SP 131.133300.2018. This climatic subarea is characterized by average monthly air temperature in January
Loganina, V.I., Frolov, M.V.
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ranging from -5 °C to 2 °C. The results of studies to determine the temperature of the start of condensation
in the walls for the city of Rostov-on-Don are presented in Figure 3.
4

tnov
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Temperature t, ºC

2
0
-2
-4
1

2

-6
-8

tdec
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tjan

3

-10
-12
350

400

500

600

Density AAC, kg/m³
Figure 3. Dependence of the temperature of the start of condensation tsk on the density of aerated
concrete for the city of Rostov-on-Don: 1 – cement-sand plaster; 2 – Knauf GRUNBAND;
3 – developed by DBM.
It was found that moisture condensation in the R/350/1800 design begins at a temperature of –1.5 °C
(Figure 3, curve 1). When using instead of cement-sand plaster DBM Knauf GRUNBAND, the temperature
of the start of condensation tsk decreases by only 1.4 °C (to –2.9 °C) (Figure 3, curve 2); when using the
developed DBM, the temperature of the start of condensation tsk decreases by 6.8 °C (to –8.3 °C) (Figure 3,
curve 3).
With an increase in the density of aerated concrete, the start temperature of condensation tsk
decreases It should be noted that the temperature of the start of condensation tsk in walls finished with
cement-sand plaster or DBM Knauf GRUNBAND, to a much greater extent depends on the density of
aerated concrete. Condensation start temperature tsk in the enclosing structure R/350/1800 is 6.3 °C higher
than the temperature of the beginning of condensation tsk in the enclosing structure R/600/1800.
Condensation start temperature tsk in the enclosing structure R/350/650 is 3.3 °C higher than the
temperature of the start of condensation tsk in the enclosing structure R/600/650.
It was established that in the walls of aerated concrete blocks of grades D500 and D600, conditions
for the formation of condensate will not be created. In the walls of aerated concrete blocks of grades D400,
plastered with a cement-sand composition, condensate will precipitate at average monthly temperatures in
January and February. In the walls of aerated concrete blocks of grades D350, plastered with a cementsand composition, condensate will precipitate at average monthly temperatures in December, January and
February. Condensation will form in the walls of aerated concrete blocks of D350 grades, plastered with
DBM Knauf GRUNBAND, at average monthly temperatures in January and February. Thus, for the
conditions of the city of Rostov-on-Don, the use of the developed DBM can significantly improve the
humidity regime in the walls of aerated concrete blocks of grades D350 and D400.
The city of Voronezh is located in zone IIB according to Russian Set of Rules SP 131.133300.2018.
This climatic subarea is characterized by average monthly air temperature in January, ranging from -14 °C
to -4 °C. The results of studies to determine the temperature of the start of condensation in the walls for the
city of Voronezh are presented in Figure 4.
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Figure 4. Dependence of the temperature of the start of condensation tsk on the density of aerated
concrete for the city of Voronezh: 1 – cement-sand plaster; 2 – Knauf GRUNBAND;
3 – developed by DBM.
It was established that in the walls of aerated concrete blocks of grades D350, D400, plastered with
a cement-sand composition or DBM Knauf GRUNBAND, condensate will precipitate at average monthly
temperatures in December, January and February (Figure 4, curve 1.2). In the walls of aerated concrete
blocks of grades D500, plastered with a cement-sand composition, condensate will precipitate at average
monthly temperatures in January and February. Thus, for the conditions of the city of Voronezh, the use of
the developed DBM can significantly improve the humidity regime in the walls of aerated concrete blocks
of grades D350, D400, D500.
The city of Novosibirsk is located in zone IB according to Russian Set of Rules SP 131.133300.2018.
The air temperature in January ranges from -14 °C to -28 °C. The results of studies to determine the
temperature of the start of condensation in the city of Novosibirsk are presented in Figure 5.
It was established that in the walls of aerated concrete blocks, regardless of the type of plaster
coating used, condensation will occur at average monthly temperatures in December, January and
February. At the same time, in the walls of aerated concrete blocks of grades D350, D400 and D500,
plastered with a cement-sand composition or DBM Knauf GRUNBAND, conditions will also be created for
the formation of condensate at average monthly temperatures in March and November (Figure 5,
curve 1.2). When using the developed DBM, the conditions for the formation of condensate in November
and March will not be created (Figure 5, curve 3).
-2
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Figure 5. Dependence of the temperature of the start of condensation tsk on the density of aerated
concrete for the city of Novosibirsk: 1 – cement-sand plaster; 2 – Knauf GRUNBAND;
3 – developed by DBM.
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The dependence of the condensation start temperature tsk on the generalized design parameter kgdp
was studied for the studied enclosures made of aerated concrete blocks finished with a cement-sand
composition (Figure 6).

Figure 6. Dependence of the temperature of the start of condensation tsk and generalized design
parameter kgdp on the density of AAC for walls, plastered developed by cement-sand plaster:
1 – Rostov-on-Don (tsk); 2 – Voronezh (tsk); 3 – Novosibirsk (tsk); 4 – Rostov-on-Don (kgdp);
5 – Voronezh (kgdp); 6 – Novosibirsk (kgdp).
The walling R/350/1800 is characterized by the lowest value of the generalized design parameter
kgdp = 0.861 (Figure 6, curve 4). Accordingly, this enclosure is characterized by the highest temperature at
the start of condensation tsk = -1.2 °C (Figure 6, curve 1). The condensation start temperature tsk for
enclosures V/350/1800 and N/350/1800, respectively, is -2.0 °C and - 3.5 °C (Figure 6, curve 2, 3). Smaller
tsk values for walls V/350/1800 and N/350/1800 are explained by large kgdp values for these enclosures,
equal to 0.877 and 0.901, respectively (Figure 6, curve 5,6). The same materials were used in the
construction of the walls R/350/1800, V/350/1800, N/350/1800 and the different kgdp values are explained
by different wall thicknesses and, as a result, different fractions of the thickness of the external plaster
coating from the total wall thickness. In the enclosure R/350/1800, the proportion of the thickness of the
cement-sand plaster in the total wall thickness is 5.26 %, in the enclosure V/350/1800 – 4.65 %, in the
enclosure N/350/1800 – 3.77 %.
The walling N/600/1800 is characterized by the highest value of the generalized design parameter

kgdp = 0.960 (Figure 6, curve 6). Correspondingly, this enclosure is characterized by the lowest
condensation start temperature tsk = -8.5 °C (Figure 6, curve 3). The condensation start temperature tsk for
the walling N/600/1800 is 7.3 °C lower than the condensation start temperature tsk for the R/350/1800
fencing, the value of the generalized design parameter is higher by kgdp 0.099. This is due to the fact that
the difference in the values of thermal conductivity and vapor permeability coefficients between D600
aerated concrete blocks and cement-sand plaster is less significant compared to the difference in the
thermal conductivity and vapor permeability coefficients between a D350 aerated concrete blocks and
cement-sand plaster. The μ/λ ratio for aerated concrete blocks of the D350 grade is 1.92, for aerated
concrete blocks of the D600 grade – 0.77, for cement-sand plaster – 0.12. This is also explained by the fact
that in the wall N/600/1800 the proportion of the thickness of the cement-sand plaster in the total wall
thickness is only 2.56 %. For the same reasons, the start temperature of condensation tsk for enclosures
made of aerated concrete blocks of grades D600 is less dependent on the city where the building is located
compared to enclosures made of aerated concrete blocks of grades D350.
The dependence of the condensation start temperature tsk on the generalized design parameter kgdp
for the studied enclosures from aerated concrete blocks trimmed with Knauf GRUNBAND DBM was
investigated (Figure 7).
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Figure 7. Dependence of the temperature of the start of condensation tsk and generalized design
parameter kgdp on the density of AAC for walls, plastered developed by Knauf GRUNBAND:
1 – Rostov-on-Don (tsk); 2 – Voronezh (tsk); 3 – Novosibirsk (tsk); 4 – Rostov-on-Don (kgdp);
5 – Voronezh (kgdp); 6 – Novosibirsk (kgdp).
The main dependences typical for walls finished with cement-sand plaster were confirmed for walls
decorated with DBM Knauf GRUNBAND. The maximum temperature at which condensation began was
obtained for the R/350/1100 enclosure and amounted to -2.8 °C (Figure 7, curve 1), which is 1.6 lower than
tsk for the R/350/1800 enclosure. The minimum temperature for the start of condensation was obtained for
the N/600/1100 enclosure and amounted to -9.6 °C (Figure 7, curve 1), which is 1.1 °C lower than tsk for
the N/600/1800 enclosure. The values of the generalized design parameter for the enclosures trimmed by
Knauf GRUNBAND DBM vary in the range kgdp=0.885–0.973. The results are explained by higher vapor
permeability and lower thermal conductivity of coatings based on Knauf GRUNBAND DBM in comparison
with cement-sand plaster.
The dependence of the condensation onset temperature tsk on the generalized design parameter
kgdp for the enclosures from aerated concrete blocks trimmed by the developed DBM was studied
(Figure 8).

Figure 8. Dependence of the temperature of the start of condensation tsk and generalized design
parameter kgdp on the density of AAC for walls, plastered developed by DBM:
1 – Rostov-on-Don (tsk); 2 – Voronezh (tsk); 3 – Novosibirsk (tsk); 4 – Rostov-on-Don (kgdp);
5 – Voronezh (kgdp); 6 – Novosibirsk (kgdp).
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When using the developed DBM, the temperature of the start of condensation tsk varies from -8.3 °C
to -11.6 °C. A significant decrease in tsk compared to enclosures finished with cement-sand plaster and
DBM Knauf GRUNBAND is explained by an increase in the values of the generalized design parameter
kgdp, which varies in the range of 0.955–1.010. The tsk values of the enclosures R/500/650, V/500/650 and
N/500/650 are very close, which is explained by the close kgdp values for these enclosures.
It has been established that the use of the developed DBM for enclosures R/500/650, V/500/650 and
N/500/650 allows to lower the temperature of the start of condensation tsk to values lower than would be
without using the developed finishing coating. This conclusion can be made on the basis that the kgdp values
for these enclosures are higher than 1.
To develop a mathematical model that reflects the dependence of tsk on the characteristics of the
materials used in the construction of the wall, we construct the dependence of tsk on kgdp for 36 enclosures
considered in the work (Figure 9).

Figure 9. The dependence of the temperature of start of condensation tsk from the generalized
design parameter kgdp.
As a result of the analysis of Figure 9, the following linear dependence of the start temperature of
condensation tsk on the generalized structural parameter of the fencing kgdp was obtained:

tsk  63.55  74.88k gdp

(6)

Analyzing equation 6, we can conclude that it allows to characterize the studied building envelopes
with a fairly high accuracy. It should be noted that a quadratic dependence was obtained in paper of
Kupriyanov V.N. [26]. The dependence obtained in this work makes it possible to more accurately
determine tsk. The deviations of the tsk values calculated by the formula from the tsk values determined
during the research ranged from 0.00 to 0.49 °C. The deviation of the values calculated by the formula
proposed by Kupriyanov V.N. from those obtained during the research is 0.3–5.The results obtained are in
good agreement with other studies on this topic [27].

4. Conclusions
1. It was revealed that due to the use of the developed DBM for finishing concrete blocks of
D350-D600 grades, moisture condensation begins at a significantly lower outdoor temperature. The
condensation onset temperature tsk for walls made of aerated concrete blocks finished with developed DBM
varies from -8.3 °C to -11.7 °C, finished with Knauf GRUNBAND DBM from -2.8 °C to -9.4 °C, finished with
cement-sand plaster from -1.2 °C to -8.5 °C.
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2. Based on the studies, it was found that for cities located in climatic zones with an average monthly
temperature of the coldest month above minus 14 °C, it is possible to use effective single-layer walls made
of aerated concrete blocks of grades D350-600. When using DBM, allowing to obtain coatings
characterized by values of thermal conductivity and vapor permeability close to aerated concrete blocks
D350-600, in these walls conditions will not be created for the loss of a large amount of condensate. When
erecting single-layer enclosing structures from aerated concrete blocks of D350-600 grades in the walls,
conditions will be created for a large amount of condensate to fall out for the climatic conditions of cities
located in areas with an average monthly temperature of the coldest month below minus 14 °C.
3. A linear dependence is obtained that reflects the relationship between the temperature of the start
of condensation tsk in the walls of aerated concrete blocks of grades D350-D600 on the generalized
structural parameter of the fencing kgdp. On the basis of the developed model, it is possible to rather easily
and quickly evaluate the effect of the characteristics of the external finishing coating on the humidity
conditions in the walls of aerated concrete blocks.
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Abstract. This study investigates the effect of replacement of natural aggregates with recycled concrete
aggregates on the durability of concrete. Three different combinations of cement and chemical admixtures
were considered, and the produced mixtures were assessed for their durability performance. The obtained
results show a significant increase in the porosity of the mixtures with increasing in the percentage of
recycled sand substitution, whereas the porosity increase was less pronounced for the natural gravel
substitution. In addition, increasing the percentage substitution of recycled aggregates results in a decrease
in density. However, this decrease is more pronounced in the case of substitution with recycled sand than
for recycled gravel. Finally, the diffusion depth of the chloride ions increases with the increase of recycled
gravel, regardless of the cement/admixture couple. This rise is less pronounced than in the case of concrete
made with recycled sand.

1. Introduction
The demand for natural aggregates is quite high in developing countries due to the rapid progress of
building infrastructure, and this leads to shortages of resources; this is why the construction field in
developing countries is trying to find alternative materials to replace the demand for natural aggregates.
Aggregates occupy 60 to 80 % of concrete’s volume and play a significant role in the evolution of its
properties. Most natural occurring rocks can be used as concrete aggregates as long as they comply the
national and international specification standards. Raw materials for the production of natural aggregates
(NA) and for those of recycled aggregates (RA) contribute to differences and variations in their overall
properties [1, 2]. In fact, igneous, metamorphic or sedimentary rocks used in the production of NA are
relatively homogeneous, unlike concrete wastes, which often have a heterogeneous composition. Typically,
NA that come from igneous, metamorphic or sedimentary rocks are relatively homogenous and quite robust
[1]. On the contrary, RA are in large characterized by a high degree of heterogeneity [2]. Concerning the
use of RA from concrete waste in the manufacture of new mixtures, it appears that the replacement of
coarse NA with coarse RA has an effect on the durability of the new concrete. However, the effect of the
use of fine RA is still a matter of debate. The primary criticism by some for the use of fine RA in concrete
manufacture is their high water absorption, which can lead to concretes with poor performance.
Nevertheless, published data suggest that, the use of fine RA can be reliable at certain substitution
percentages, with a saturation point beyond which further replacement with fine RA leads to reduction in
both durability and mechanical performance of concretes [3–5]. This reduction in performance is due to the
following factors: (i) the lower mechanical strength of RA; (ii) the high-water absorption of RA; (iii) the
compromise of the interfacial transition zone (ITZ) in concrete. Poon et al [6] have studied the microstructure
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of concretes made from recycled concrete and high performance concrete aggregates by the means of a
scanning electron microscope (SEM). They found that the ITZ around RA was characterized by higher
porosity. This can be problematic in terms of performance, as high porosity in the ITZ will lead in to two
undesirable phenomena: the reduction in the ITZ strength (and hence of the composite in general) and in
the increase of the permeability. The adhered cementitious matrix on the RA increases its overall apparent
porosity, thereby increasing its specific surface area [7–9]. It is apparent that the properties of the cement
paste that envelopes RA have a strong effect on the physic and mechanical properties of the RA [10, 11].
Nevertheless, early studies by Nagataki et al [12] showed that a critical aspect is the decontamination of
RA from other construction waste and if this is done properly, the RA can be suitable alternative to coarse
NA. Previous studies [13–16] have shown that the density of these RA is lower or that their absorption
capacity is higher; this varies from 3 to 12 % whatever the size of the RA whereas the absorption of the
natural aggregates is approximately 0.5 to 1 %. Moreover, their mechanical properties are known to be
inferior to those of NA [10]. Barbudo et al [17] evaluated the influence of superplasticizers (SP) on the
behavior of concrete utilizing fine RA. However, the authors found that SP had a greater influence on the
behavior of NA-based concretes than on concretes based on fine RA. The loss of effectiveness of the
admixtures was justified by the incorporation of the RA, which then caused an increase in the specific
surface area of the aggregates. In addition, a parallel research on the influence of SP in concretes based
on coarse RA was carried out by Pereira et al [18], which yielding similar observations.
In this context, the present work will study the effect of replacement of natural aggregates with
recycled concrete aggregates on the durability of concrete. Three types of cement and chemical admixtures
are used. The tests used to evaluate the durability are porosity and the diffusion of chloride ions in the
concrete.

2. Experimental program
2.1. Materials and testing methods
2.1.1. Aggregates
RCA varies according to the origin of the concrete that is to say according to the basic formulation of
the concrete called previous concrete in the literature [16]. Table 1 shows the water absorption coefficients
of natural and recycled sand (NS, RS), natural and recycled gravel (NG, RG) measured according to NF
EN-1097-6 [19]. The absorption coefficient of the RA are significantly higher than that of the NA. This is the
most important parameter that differentiates RA from NA.
Table 1. Water absorption and density of aggregates used.
Type of aggregate

Water absorption (%)

Density (%)

NS (0/4 mm)
RS (0/4 mm)
NG (4/10 mm)
RG (4/10 mm)
NG (10/20 mm)
RG (10/20 mm)

0.9
10.0
0.5
5.1
0.4
5.7

2.59
2.71
2.71
2.17
2.31
2.29

a. Sand
The results of the morphological and chemical analysis of sand are shown in Fig. 1. Fig. 1a shows
that NS has an angular shape. Fig. 1b shows the morphology of RS as an accumulation of grains of NS of
angular shape, which are interconnected by cement paste and contains many pores.
The chemical analysis of NS reveals that the main peaks of its composition are calcium and silicon.
It is then a silico-calcareous sand. The chemical analysis of RS reveals that the main peaks are calcium,
silicon, iron, magnesium and aluminum; these latter compounds can be considered as originating from the
cement paste attached to the sand grains.
b. Gravel
The results of morphological and chemical analysis of gravel are presented in Fig. 2. The NG has an
angular shape (Fig. 2a). RG is the accumulation of NG grains of angular shape connected to each other by
a small amount of cement paste with the presence of pores in this paste (Fig. 2b).
The elemental analysis spectrum obtained for NG shows that the main peaks represent its
composition are calcium and silicon; it is a siliceous gravel. The spectrum obtained for RG reveals that the
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main peaks are of calcium, magnesium and aluminum. These latter compounds can be considered as being
derived from the cement paste attached to the gravel grains.

(a)

(b)
Figure 1. SEM of sand used: (a) NS, (b) RS.

(a)

(b)
Figure 2. SEM of gravel used: (a) NG, (b) RG.
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2.1.2. Cement
Three types of cement are used in this investigation. The chemical analysis and physical properties
of cements used are presented in Table 2.
Table 2. Chemical analysis and physical properties of cements used.
Cement

C1

C2

C3

4520
9.7
27.2
120
328

3250
16.5
26.0
165
300

4110
12.3
26.5
140
320

19.54
5.70
3.06
60.10
3.71
1.85
0.86
0.19
0.07
0.33

20.19
3.81
2.99
61.50
3.31
1.96
0.81
0.17
0.02
0.68

20.1
5.5
4.8
59.70
2.31
3.26
1.81
0.22
0.06
0.78

Physical properties
Finesse Blaine (cm²/g)
Median diameter (µm)
Water demand (%)
Initial setting time (min)
Hydration heat at 41h (j/g)
Chemical analysis (%)
SiO2
Al2O3
Fe2O3
CaO
SO3
MgO
K2O
Na2O
ClLoss on ignition

2.1.3. Chemical admixtures
Three admixtures are used in this study; the properties of these admixtures are given in Table 3.
Table 1. Properties of chemical admixtures used.
Admixtures

A1

A2

A3

Chemical Type
Type
Solids content (%)
Form
Color
pH
Recommended Dosage (%)
Content Na2O (%)
Content ions Cl- (%)

Polycarboxylate
High water reducing
22.5
liquid
light yellow
4–6
0.1 – 3.0
≤1
≤ 0.1%

Ether polycarboxylique
Water reducing
22.5
liquid
light brown
6–8
0.2 – 1.9
≤1
≤ 0.1

Polycarboxylate
Water reducing
20
liquid
light yellow
4.5 ± 1.0
0.1 – 3.0
≤ 0.5
≤ 0.1

2.2. Testing methods
The mix proportions of different concrete mixtures made with NA and RA are given in Table 4.
The apparent density (ρd) and the porosity accessible to water (ε) were determined at the age of
28 days according the standard NF-EN 1097-6 [19].
The diffusion of chloride ions test was determined at the age of 28 days according to the standard
(ASTM C 1202-97) [20].
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Table 2. Mix proportion of different concretes made with NA and RA.
Group/C

Mixture

C

NS

RS

NG
(4/10)

NG
(10/20)

RG
(4/10)

RG
(10/20)

SP
(%)

Water
(kg/m3)

W/C

0.40
0.40
0.40
0.40
0.40
0.30
0.40
0.40
0.58
0.65
0.78
0.78

188
196
206
218
231
250
188
193
200
205
217
200

0.59
0.61
0.64
0.68
0.72
0.78
0.59
0.60
0.63
0.64
0.68
0.63

0.20
0.40
0.40
0.40
0.40
0.40
0.20
0.67
0.51
0.50
0.48
0.42

176
185
195
205
220
238
176
182
189
200
206
218

0.55
0.58
0.61
0.64
0.69
0.74
0.55
0.57
0.59
0.63
0.64
0.68

0.30
0.40
0.40
0.40
0.40
0.40
0.30
0.50
0.50
0.45
0.45
0.42

180
195
203
215
230
245
180
188
190
200
220
228

0.56
0.61
0.63
0.67
0.72
0.77
0.56
0.59
0.59
0.63
0.69
0.71

(kg/m3)

A/C1

B/C2

C/C3

0RS0RG
15RS0RG
30RS0RG
50RS0RG
70RS0RG
100RS0RG
0RS0RG
0RS15RG
0RS30RG
0RS50RG
0RS70RG
0RS100RG
0RS0RG
15RS0RG
30RS0RG
50RS0RG
70RS0RG
100RS0RG
0RS0RG
0RS15RG
0RS30RG
0RS50RG
0RS70RG
0RS100RG
0RS0RG
15RS0RG
30RS0RG
50RS0RG
70RS0RG
100RS0RG
0RS0RG
0RS15RG
0RS30RG
0RS50RG
0RS70RG
0RS100RG

320

320

320

852
724
596
426
256
0

0
105
211
350
492
702

325

696

0

0

852

0

325
276
228
163
98
0

696
592
487
348
209
0

0
42
84
140
195
279

0
87
173
288
404
578

852
724
596
426
256
0

0
105
211
350
492
702

325

696

0

0

852

0

325
276
228
163
98
0

696
592
487
348
209
0

0
42
84
140
195
279

0
87
173
288
404
578

852
724
596
426
256
0

0
105
211
350
492
702

325

696

0

0

0

325
276
228
163
98
0

696
592
487
348
209
0

0
42
84
140
195
279

0
87
173
288
404
578

852

C: cement; NS: natural sand; RS: recycled sand; NG: natural gravel; RG: recycled gravel; SP: superplasticizer

3. Results and Discussion
3.1. Evolution of density and porosity accessible to water
The evolution of the porosity (ε) and the density (ρd) measured at 28 days are presented in Fig. 3
and 4 respectively. Fig. 3a shows that the 28-day porosity of concrete made with RS increases remarkably,
when the substitution percentage of RS increases, regardless of the type of cement and chemical
admixtures that are being tested. It reaches a 50 % increase for a 100 % substitution percentage of RS
compared to NS. Fig. 3b shows a less marked increase when the substitution concerns NG by RG,
regardless of the type of cement and admixtures tested. Indeed, the more the percentage of RG increases
and the more the porosity of the concrete increases; this tendency to increase remains nevertheless
reasonable (it is about + 20 % whatever the couple). Moreover, for the two series of concrete (RS and RG),
the distinction of the results as a function of the type of cement and admixtures is not obvious.
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Fig. 4 shows that increasing the percentage substitution of RA results in a decrease in density;
however, this decrease is more pronounced in the case of substitution with RS (Fig. 4a) than for RG
(Fig. 4b). This result also confirms the evolution of the porosity of the concretes, namely that the more the
concrete is porous, the more the density decreases.
RG-A

RG-B

RG-C

25

Porosité (%)

20
15
10
5
0
0

15

30

50

70

100

Recycled gravels (%)
(a)

(b)

Figure 3. Evolution of porosity of RCA: (a) RS; (b) RG.
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1

1

0.5

0.5
0
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100

0

15

70
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Figure 4. Evolution of density of RCA: (a) RS; (b) RG.

3.2. Evolution of the diffusion of chloride ions
Fig. 5 shows the evolution of the diffusion depth of chloride ions as a function of the percentage of
substitution of RS and RG for the three types of cement and admixtures at 28 days. Fig. 5a shows that in
the case of RS concrete the depth of diffusion of the chloride ions increases dramatically and linearly with
the increase in the percentage of substitution, irrespective of the couples cement / admixture. It can reach
up to 40 mm deep in the case of the RS-A couple with 100 % substitution, an 85 % increase compared to
concrete based on NS. It also increases linearly but less markedly in the case of concrete based on RG
(Fig. 5b); the increase is 60 % for the RG-A couple. Indeed, the diffusion of chloride ions is influenced by
the presence of pores in the concrete structure since these ions penetrate by capillary absorption.
Therefore, more the concrete is porous the diffusion is greater, which is the case of concrete made with RS
which thus present a deeper chloride ion penetration. It should also be noted that, the type of cement and
admixtures affect the chloride ion diffusion depth results for both types of RA. The couple RS-A and RG-A
have higher diffusion depths compared to the couple RS-B and RG-B and increased with the percentage
of substitution. The couple RS-C as well as RG-C has average diffusion depths according to their
percentages of substitution. This phenomenon can be explained by the fact that the amount of C3A is
greater in the couple of RS-A as well as RG-A compared to the couple RS-B and RS-C, as well as RG-B
and RG-C. The couple RS-C as well as RG-C has average amount of C3A.
The diffusion of chloride ions in concrete is closely related to the porous structure of the material [21].
Indeed, several researchers have demonstrated the tendency of chloride ions to react with the constituents
of the cement to give a complex solid phase based on chloride known as Friedel salt (C3A.CaCl2.10H2O)
Tahar, Z., Kadri, E., Benabed, B., Ngo, T.T.
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[22]. The interactions between the chlorides and the cement constituents were firstly attributed to the C3A
phase in the cement. Subsequently, other studies have shown that the fixing capacity of the cement paste
depends on the total aluminate content (composed of C3A and C4AF) [23–25]. In fact, the amount of fixed
chloride ions increases with the C3A content of the cement; nevertheless, starting from a certain content of
C3A, this quantity does not evolve any more, whatever the nature of the cement or the considered deadline.
Experimental observations show that the factor limiting the diffusion of chloride ions is C3A. The latter
decreases during hydration [26]. It should also be noted that C3A is less reactive than C4AF and that
hydration is very slow [27, 28].
RS-B

RS-C

RG-A
Diffusion depth of chloride ions
(mm)

Diffusion depth of chloride ions
(mm)

RS-A
45
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0
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RG-B

RG-C
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35
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5
0
0
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30

50
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(a)
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(b)

Figure 5. Evolution of the diffusion depth of chloride ions of RCA: (a) RS; (b) RG.

3.3. Relationship between the durability parameters
3.3.1. Relationship between the density and porosity
Fig. 6 shows the existing relationship between density and porosity. According to the figure, the
density decreases as porosity increases for RS and RG concrete. On the other hand, this decrease is more
marked in the case of the RS concrete than for the RG concrete. This is explained by the small variation in
the porosity of RG compared to RS.
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y = -0.0491x + 2.8676
R² = 0.841
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Density
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y = -0.0748x + 3.1406
R² = 0.6135

1.5
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1
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0.5
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Figure 6. Relationship between the porosity and the hardened density of RCA.

3.3.2. Relationship between the diffusion depth of chloride ions and density
Fig. 7 shows that regardless of the type of RA and regardless of the couple cement/admixture, there
is a linear relationship between chloride ions diffusion depth and density. Indeed, when the latter increases,
the diffusion of chloride ions decreases. However, this relationship is more pronounced in the case of
concretes made with RS since they experience a remarkable decrease as a function of the increase in
density; this decrease is considerably diminished for the concrete made with RG. In addition, it should be
noted that they experience a very low variation in density and depth of diffusion of chloride ions, regardless
of their percentages of substitution. Concrete made with RS show a variation in density but above all the
depth of diffusion of chloride ions higher; the slope showing the relationship for concrete made with RS is
therefore much sharper than that of concretes made with RG. The relationship between the diffusion depth
of the chloride ions and density for the concrete can be expressed as follows:
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For RS: X d = 19.44( ρ d ) 2 − 129.74 ρ d + 200 with R2 = 0.9,

(1)

For RG: X d = 32.51( ρ d ) 2 − 162.15 ρ d + 207.4 with R2 = 0.5,

(2)

Xd is the depth of diffusion of chloride ions (mm);
ρd is the density in the cured state.
3.3.3. Relationship between the diffusion depth of chloride ions and porosity
Fig. 8 shows a reverse relationship to the one previously proposed. Indeed, an increase in the
diffusion depth of chloride ions as a function of the increase in porosity is to be observed. This relationship
is all the stronger as it concerns the concrete made with RS, although those of the concrete made with RG
also experience an elevation of this depth according to the porosity. In addition, the variation of the values
of the porosity and the diffusion depth of the chloride ions between the different percentages of RS is
particularly high compared to that which exists for the same properties of the concrete made with RG. The
equations reflecting the evolution of the porosity as a function of the diffusion depth of the chloride ions for
the concrete made with RS and with RG are as follows:

For RS: X d
=

0.25ε 2 – 4.86ε + 27.01 with R2 = 0.9

(3)

For RG: X d
=

0.23ε 2 – 3.05ε + 10.01 with R2 = 0.7

(4)

Xd is the depth of diffusion of chloride ions (mm).
ε is the porosity accessible to water.
In addition, the variation of the values of the porosity and the diffusion depth of the chloride ions between the
different percentages of RS is particularly high compared with that which exists for the same properties in the concrete
made with RG. Two models of calculations of the chloride ions diffusion depth as a function of porosity were proposed
from the values obtained by the experimental measurements as shown in Fig. 9.
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Figure 7. Relationship between the diffusion
depth of chloride ions and the density of RCA.
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Figure 9. Relationship between density, porosity and depth
of chloride ions diffusion of RCA: (a) RS; (b) RG.
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4. Conclusions
This study investigates the effect of replacement of NA with RCA on the durability performance of
concrete. Based on the obtained results, the main conclusions may be drawn:
1. Regardless of the couple cement / admixture, there is a relationship between chloride ions
diffusion depth and density. Indeed, when the latter increases, the chloride ions diffusion depth decreases
considerably. However, this relationship remains qualitative.
2. A significant increase in the diffusion depth of the chloride ions as a function of the increase in
porosity is observed. This increase is accompanied by a wide range of chloride ion diffusion depth values
for the different percentages of RS. A model for calculating these two parameters has also been proposed
based on the values obtained by the experimental measurements.
3. The diffusion depth of the chloride ions and the porosity increases significantly with the increase
in the percentage of RG. Regardless of the couple of cement and admixtures. This rise is less pronounced
than in the case of concrete made with RS.
4. The couple of cement and admixtures stand out because of their chloride ion diffusion depth
results. This can be explained by the amount of C3A that these couple contain. Indeed, the diffusion depth
of the chloride ions is high when the C3A content of the cement is important. The same observation
concerning the concrete made with RS.
5. The relationship between chloride ions diffusion depth and density is linear regardless of the
couple cement / admixture. Indeed, the variation of these two properties is very small. Furthermore, it has
previously been found that the diffusion depth of the chloride ions of the concrete made with RS decreased
significantly with increasing density. The slope showing the relationship for these concretes is therefore
much sharper than that of concretes made with RG.
6. An increase in the diffusion depth of the chloride ions with the increase in porosity is observed.
This relationship is all the stronger as it concerns the concrete made with RS, although those of the concrete
made with RG also have an elevation of this depth according to the porosity.
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Abstract. Cement and nickel mining industries are facing challenges such as the depletion of natural
resources and insufficient landfill disposals of ferronickel slag. These problems can be solved by upgrading
the ferronickel slag in concrete production without loss of quality. In this research, the use of ferronickel
slag as fine aggregate and cement replacement in concrete and mortar was investigated. The ferronickel
slag was ground using a ball mill to achieve two levels of fineness. The performance of mortar was assessed
under heat treatment at 75 °C as a comparison to that of the normal curing. The pozzolanic activity of
ferronickel slag was determined by the Frattini test. The results showed that the strength of concretes
increased with increasing of ferronickel slag content in the concrete mixture up to 40 %, beyond that the
strength of concrete decreased. A positive effect on the compressive strength of mortar was achieved by
using the slag with a higher fineness. The use of heat treatment at 75 °C enhanced the compressive
strength of mortar. Assessment of the pozzolanic activity by means of the Frattini test indicates the nonpozzolanic reaction of the slag after 28 days. The use of heat treatment partially hydrated unhydrated
cement grains.

1. Introduction
In recent decades, concrete has become the main building material in construction projects
throughout the world. In comparison to steel structure, concrete is easier to produce and relatively low cost,
since the raw materials such as fine aggregate (sand) and coarse aggregate (stone and gravel) can be
easily found near the project location and it does not require a high technology in its production. Besides
the aggregates, cement is the essential “binder” which occupies about 15 % in the concrete matrix. Since
the estimation of concrete production achieves about 25 billion tons worldwide annually [1], which will also
demand about 6.25 billion tons of fine aggregate [2] and 2.8-4 billion tons of cement [3]. These numbers
imply that massive exploitation of natural resources is on-going, leading to environmental degradation in
the near future. In addition, the production of Portland cement consumes an enormous amount of energy
from fossil fuels such as petroleum, coal, and natural gas, which will not be replenished for millions of years.
Hence, burning fossil fuels for clinker calcination and grinding in cement manufacturing release a huge
amount of CO2 into the atmosphere, which directly upsets Earth’s balance carbon budget, leading to faster
global warming. At the same time, the mining industry is facing challenges such as insufficient landfill
disposal of waste material and the danger of heavy metals and other harmful elements from waste material
on water quality and environment. Therefore, upgrading the waste material in concrete production is key to
solve these problems regarding environmental degradation.
The primary source of ferronickel in Indonesia is saprolite nickel ore. After excavation and stockpile,
the ore is then treated in the rotary dryer and rotary reduction kiln for sulfurization. Afterward, the treated
ore is transferred to the smelting process for extracting and purification. In the final stage, the ferronickel
which contains about 80 % iron and 20 % nickel is generated, followed by its by-product or slag. In
Suryaningrat Edwin, R., Kimsan, M., Pramono, B., Masud, F., Sriyani, R. Effect of ferronickel slag in concrete and
mortar. Magazine of Civil Engineering. 2022. 109(1). Article No. 10909. DOI: 10.34910/MCE.109.9
© Suryaningrat Edwin, R., Kimsan, M., Pramono, B., Masud, F., Sriyani, R., 2022. Published by Peter the Great St.
Petersburg Polytechnic University.
This work is licensed under a CC BY-NC 4.0

Magazine of Civil Engineering, 109(1), 2022

Indonesia, approximately 4 million tons of ferronickel slag is produced yearly, which needs a large landfill
for storage the slag. Besides, ferronickel slag is still categorized as a hazardous and toxic material which
contains harmful elements such as Pb, Zn, As, Cd, Co, and Cu [4], which can affect human health. Hence,
a possible breakthrough to solve such problems is utilizing the ferronickel slag as a raw material (fine
aggregate or cement replacement) within the concrete production without loss of quality. Looking into
literature, ferronickel slag was investigated by several researchers as fine aggregate replacement in
concrete and mortar [5–7]. The use of ferronickel slag as partial cement replacement was also studied by
[4, 8, 9]. While applying heat curing to mortar mixture containing ferronickel slag was only reported by Li et
al. [10].
In the current research, the effect of ferronickel slag as fine aggregate replacement in strength and
workability of concrete was studied. The influence of heat treatment on the compressive strength of mortar
containing ferronickel slag as the supplementary was also evaluated.

2. Materials and methods
2.1. Aggregates
Aggregates used in this study were purchased from Indonesian Stone Crusher Manufacturer. In
Indonesia, aggregates that are used in concrete production are generally natural aggregates. The fine
aggregate can be found in the river basin with a round texture and smooth surface. The gravel used in this
study is obtained from the erosion of rocks, which is crushed using a stone crusher to obtain the desired
gradation. The particle size distribution (PSD) and physical properties of aggregates are shown in Fig. 1
and Table 2.

Figure 1. Particle size distribution of aggregates and FNS determined by sieving.

2.2. Ferronickel slag and cement
Ferronickel slag (FNS) used in this study is a by-product obtained from FeNi-IV Smelter Plant of one
nickel mining company in Indonesia. This plant generates nickel ore and solid-granulated FNS. The slag
has an angular particle with varying sizes and less porosity. As cement, an Ordinary Portland Cement I
(OPC I) was used throughout all experiments. The physical properties and chemical compositions of OPC I
and FNS are given in Fig. 1, Table 1 and 2.
Table 1. Physical characteristics of aggregates, OPC and FNS.
Test

Fine
aggregate

Gravel

OPC

Specific gravity (g/cm3)
Water absorption (%)

2.62
1.43

2.37
0.89

3.15
–
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Table 2. Chemical compositions and fineness of OPC and FNS.
Constituents

OPC

FNS

SiO2
Al2O3
CaO
Fe2O3
MgO
SO3
MnO
K2O
Na2O
Cr2O3
Blaine permeability (cm2/g)

19.9
5.3
64.1
3.0
2.4
1.9
ND
0.6
0.2
ND
3350

53.6
5.5
5.2
12.7
20.9
0.2
0.5
0.1
ND
1.2
-

2.3. Grinding process and particle size distribution
Before using the FNS as a cement replacement, the slag has to be ground to reduce the size within
the micron meter. In this study, at first, the FNS was ground for one hour in a ball mill machine using 12
balls. Afterward, the FNS was sieved using a sieve with a size of 1.18 mm. The sieved FNS was then
ground using a ball mill machine with 24 balls for 1 hour and 2 hours to achieve two levels of fineness. The
FNS finer 1 (FNS_F1) and the FNS finer 2 (FNS_F2) is the ground FNS for 1 hour and 2 hours, respectively.
After the grinding process, the FNS and OPC were measured their fineness using laser diffraction
(LD). A wet method was chosen to measure the PSD of binders. As a dispersant, isopropanol was used
instead of water in order to confirm that no hydration occurred during this measurement between binder
and dispersant. An outline of the optical parameters used in this study is presented in Table 3.
Table 3. Outline of the optical parameters used to determine the PSD of binders by LD.
Optical parameters

OPC

FNS_F1

FNS_F2

Absorption coefficient [–]
Refractive index [–]
Dispersant [–]
Obscuration [%]
Stirrer rate [rpm]
Sonication times (minutes]

0.003
1.730
1.390
12.990
1500
5

0.500
1.530
1.390
12.570
1500
5

0.500
1.530
1.390
12.690
1500
5

2.4.

Superplasticizer

In this research, a new generation of modified polycarboxylic ether (PCE) based superplasticizer
(MasterGlenium Sky 8851) was used throughout all experiments. This superplasticizer has long side
chains, which initiatives some electrostatic dispersion mechanism at the beginning of the mixing process
to separate the cement particles. In this mechanism, the slump life and the desired workability at a low
water-to-cement ratio is obtained.

2.5. Mixtures proportions and mixing procedure
In this study, the mix design of high strength concrete (HSC) is based on Indonesian Standard [11].
This standard can be used for concrete mix design with a water-to-cement ratio of less than 0.5. In the
current research, a water-to-cement ratio of 0.35 was chosen. FNS was used as a fine aggregate
replacement with the proportions of 0 %, 10 %, 20 %, 30 %, 40 %, 50 % and 60 % by weight. Due to the
different specific gravity between fine aggregate and FNS, in which FNS is heavier than fine aggregate, the
total volume of concrete containing FNS will decrease. Therefore, other materials such as cement, coarse
aggregate, and water will compensate to obtain 1 m3 of the total volume of concrete containing FNS. The
detail of concrete composition is shown in Table 4.
To study the effect of FNS as cement replacement, the mix design of high strength mortar (HSM)
was prepared with FNS contents from 0 to 20 wt% in steps of 5 wt%. Similar to concrete, a water-to-cement
ratio of 0.35 was also chosen for HSM in this study. The mortar compositions used in this study is shown
in Table 5.
In the mixing process of concrete, a 70 liter intensive mixer with two stirring plates and a speed of
30 rpm was used in this study. The mixing process of concrete was seen in Fig. 2. For mortar mixing, a 5
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liter intensive mixer with 5 speeds was used. The mixing procedure of mortar used in this study was based
on [12].

Figure 2. Mixing procedure of concrete.
Table 4. Mix composition of concrete with FNS as fine aggregate replacement (kg/m3).
Material

Ref

10%

20%

30%

40%

50%

60%

OPC
Fine aggregate
FNS
Coarse aggregate
Water
Superplasticizer

449.0
576.0
0.0
1117.0
157.0
9.9

449.1
518.6
57.6
1117.5
157.4
9.9

449.2
461.1
115.2
1117.9
157.7
9.9

449.3
403.6
172.9
1118.4
158.1
9.9

449.4
346.1
230.6
1118.9
158.5
9.9

449.5
288.5
288.4
1119.4
158.9
9.9

449.6
230.8
346.1
1119.8
159.2
9.9

Table 5. Mix composition of mortar with FNS as cement replacement (kg/m3).
Material

Ref

5%

10%

15%

20%

OPC
FNS
Fine aggregate
Water
Superplasticizer

864.2
0.0
1108.9
302.3
4.3

821.0
43.2
1108.9
302.2
4.3

777.8
86.4
1108.9
302.1
4.3

734.6
129.6
1108.9
302.1
4.3

691.3
172.8
1108.9
302.0
4.3

2.6. Heat treatment
In this study, after curing in room temperature for 24 h, the mortar samples were demolded and
placed on the grid in the concrete curing box. The maximum temperature was set at 75 °C with a heating
rate of 0.2 °C/min. Based on the literature, heat curing accelerates the hydration heat and simultaneously
lead the porosity [13, 14]. The latter is due to the difference in the coefficient of thermal expansion of mortar
ingredients [15]. Other literature reported that heat curing at higher temperatures also gives temporaryrelaxation effect on strength at 28 days, which would again increase after longer curing periods as reported
by [16]. So that, in this study a 75 °C was chosen to prevent the negative effect on the porosity and strength
of mortar.

2.7. Frattini test
The Frattini test was used in this study to evaluate the pozzolanic activity of FNS. The procedure of
this test was based on [17]. 20 grams of binder (cement + FNS) and 100 ml of distilled-decarbonized water
were mixed in a polyethylene container. The carbonized water was prepared by boiling the distilled water
to remove the carbon dioxide. Similar to the mortar composition as shown in Table 5, the FNS content
varied from 0 wt% to 20 wt% of the binder in steps of 5 wt%. After curing in an oven at (40 ± 2) °C for 8 days
and 28 days, the solution was then vacuum-filtered using Whatman filter paper. To analyze the filtered
solution, the acid-base titration was performed to determine the hydroxyl ion [OH-] concentration and
calcium oxide concentration [Ca++]. The pozzolanic activity of FNS can be assessed if they are below the
lime saturation curve [18].

2.8. Workability and compressive strength
The workability of fresh concrete was determined using an Abrams cone with the following
dimensions: diameter of the base (200 ± 2 mm); diameter of the top (100 ± 2 mm), and height (300 ± 2 mm)
according to [19]. For fresh mortar, the flowability was measured using a mini-slump flow based on [20].
The slump test was conducted in a triplicate to evaluate the workability of concrete and mortar containing
FNS as fine aggregate and cement replacement, respectively.
After curing in a water bath with a temperature of 25 ± 2 °C, the concrete cylinder (100 mm diameter ×
200 mm length) and mortar cylinder (55 mm diameter × 110 mm length) were taken out and then left at
ambient temperature for two hours. The cylinders were tested in triplicate to evaluate the compressive
strength. A compression machine with a capacity of 150 tons-force was used.
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3. Results and Discussion
3.1. Particle size distribution of different binders

Figure 3. Particle size distribution of OPC and FNS.
Table 6. Specific gravity and d50 of the different binders.
Materials
(g/cm3)

Specific gravity
Particle size d50 (µm)

OPC

FNS_F1

FNS_F2

3.151
11.392

3.107
23.713

3.107
18.703

The results of the PSD of OPC and FNS determined by the wet method using laser diffraction was
shown in Fig. 3. It seemed that the PSD of OPC was finer than FNS_F1 and FNS_F2. Meanwhile, the grain
size distribution of FNS_F2 was finer than FNS_F1. By comparing the d50 of FNS as seen in Table 6, the
FNS_F2 which was ground for the longer time obtained finer particle size (18.703 µm) compared to FNS_F1
(23.713 µm).

3.2. Workability
The results of the workability of concrete and mortar are shown in Fig. 4. It can be seen that the
slump of fresh concrete and mortar increased as the increase of the FNS content. For concrete, it can be
explained by the fact that the FNS has a low water absorption compared to fine aggregate, as seen in
Table 1. This different water absorption could lead to surplus water content in fresh FNS concrete. In
addition to the water absorption, the differences in physical properties such as particle size and particle
shape of materials composing concrete also influence the workability of fresh concrete [7]. In the current
research, the particle size of FNS is coarser than fine aggregate as shown in Fig. 1, also resulting in lower
the specific surface area of FNS than fine aggregate, therefore it will lead to less amount of un-wetting area
in the FNS concrete matrix. This phenomenon can increase the amount of water trap, generating in
enhancement the excess water in the fresh concrete matrix, and in the end, the workability of fresh FNSconcrete rises.
The flowability of mortar containing FNS coarser is higher than FNS finer as shown in Fig. 4b. This
result corresponds with the result obtained of concrete workability as mentioned above. Since the FNS_F2
has a higher specific surface area than FNS_F1, in the mixing process, the air cavities of fresh mortar
significantly decreased, which was effectively filled by the fine particles of FNS_F2. So that, the higher
viscosity of fresh mortar is obtained and reducing the flowability of fresh-FNS_F2 mortar compared to
mortar containing FNS_F1. This result is in accordance with the finding of Humad et al. [21], who also found
a decrease in the flowability of mortar using finer slags due to the effect of higher specific surface area.
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Figure 4. Workability of: (a) concrete and (b) mortar (error bars represent standard errors;
the average values represent three replicates).

3.3. Compressive strength of concrete
The development of strength of concrete containing FNS as fine aggregate replacement is seen in
Figure 5. It can be seen that the strength of concrete increased with the increasing FNS content in the
concrete mixture up to 40 %, beyond that the strength of concrete decreased. The highest compressive
strength was achieved for 40 % FNS at later ages, which increased by about 16 % compared to the
reference mixture, as shown in Fig. 5. This finding is in accordance with the finding of Saha and Sarker [7],
who also found in an increase the compressive strength up to 50 % FNS and then decrease at a higher
replacement level of FNS. This result can be explained by the fact that FNS has sharp angular edges and
rough surfaces, which can improve cohesion and slip resistance between aggregate and paste. Besides, it
is mentioned in the literature that fine aggregate has good abrasion properties due to its irregular surface
[22]. However, this irregular surface will change with time to have a round surface due to the physical
weathering. Since the hardness of FNS is similar to copper slag [23] and higher than the fine aggregate
[24], a good abrasion of FNS is still obtained even though they are exposed in the open area for many
years. Another reason is that the grain size of FNS is bigger than fine aggregate as seen in Fig. 1, which
cannot effectively fill the concrete pores. Otherwise, the filler effect is obtained from the finer grain size of
fine aggregate. So that, the combined fine aggregate-FNS grading at 40 % FNS gives the optimal packing
fraction in the concrete matrix. For higher replacement level, the optimum packing fraction does not obtain
due to the reduced the finer fraction from the fine aggregate which cannot be compensated by the grain
size of FNS. This is the reason for the decreased compressive strength of concrete at 50 % and 60 % FNS
substitution, as shown in Fig. 5 and Fig. 6.
Concerning the influence of water absorption on strength development, Sun et al. [6] noticed that the
use of FNS as a sand replacement with higher water absorption gives a positive effect on the compressive
strength of concrete. Regarding this, it seems that this current finding is in contrast with the findings of Sun
et al. [6] since the water absorption of FNS is lower than the fine aggregate. However, it should be noted
that the higher strength of concrete obtained in this study is only achieved at a lower replacement level. In
addition, the excess of water in the fresh concrete matrix due to lower water absorption of FNS will leave
more air cavities. This weakness might be compensated by the packing effect of FNS.
From Fig. 6, it can be observed that for early curing days (7 days), the concrete containing 10 % and
50 % FNS achieved slightly lower or similar strength compared to the control mixture, respectively.
Compared to the result obtained of compressive strength at 7 days for 10 % and 50 % FNS, better results
were achieved at longer curing periods (28 and 56 days), which was similar and slightly higher compared
to the reference mixture, as seen in Fig. 6. It also can be observed that the strength enhancement for mixes
20 %, 30 %, and 40 % increased in the function of curing time as seen in Fig. 6. From these results, it can
be noticed that strength enhancement of concrete up to 50 % FNS tends to be low at early curing periods
(7 days) but relatively high at longer curing periods (28 and 56 days). This higher strength development at
the later ages might be due to the increased interlocking of the aggregates combined with the filled porosity
by the gel calcium-silicate-hydrate (CSH gel) generated during the hydration process.
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Figure 5. The strength evolution of concrete containing FNS as sand replacement
(error bars represent standard errors; the average values represent three replicates).

Figure 6. Enhancement in strength (concrete containing FNS versus reference) at 7, 28, and 56
days.

3.4. Compressive strength of mortar
In Fig. 7, the results of the compressive strength of mortar are presented. It is clear that the strength
of mortar decreased as increasing the FNS content for all curing periods. At 3 days of normal curing, the
compressive strength of mortar containing the lower replacement level of FNS_F1 decreased by about
14 % compared to reference mixture, whereas the mortar mixture with 5 % FNS_F2 showed a decrease
by about 11 %. For normal curing at 90 days, it can be observed that the reduction of the compressive
strength of mortar containing 5 % of FNS_F2 and FNS_F1 was about 3 % and 8 %, respectively compared
to the reference mixture. These phenomena also occurred for the compressive strength of mortar after
applying heat treatment at 75 °C. It can be seen in Fig. 7(c) and (d) that the mortar mixture with FNS_F2
gave a smaller reduction in compressive strength in comparison to that of mortar with FNS_F1 for both
early and later curing periods. From these results, it can be concluded that the use of FNS as cementitious
material gives a negative effect on the compressive strength of mortar. However, it should be noted that
the relative strength enhancement of mortars mixed with FNS at later curing periods is higher than that of
mortar FNS at early curing periods, indicating a gradually reducing the gap in strength between reference
and mortar FNS. These phenomena were also reported by other researchers [4, 9]. The low reactivity of
FNS is due to the low amount of Calcium content and inadequate fineness which does not speed up the
reaction degree of cement hydration in the short period. The pozzolanic reactivity of FNS starts relatively
late which will gradually consume the excess of Ca(OH)2 from cement hydration to generate CSH gel.
According to the methods explained above, the FNS was ground intensively to achieve two levels of
fineness. Besides this, the heat treatment was applied to the specimens. So that, these aspects will be
emphasized in the next sections.
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Figure 7. Mortar compressive strength results of difference fineness and treatment:
(a) FNS_F1 + NC, (b) FNS_F2 + NC, (c) FNS_F1 + HT, (d) FNS_F2 + HT
(error bars represent standard errors, the average values represent three replicates).

3.4.1. Effect of fineness of FNS as cement replacement
The influence of the fineness of FNS as cement replacement on the compressive strength of mortar
is shown in Fig. 8. It can be seen that the use of finer slag (FNS_F2) enhanced the compressive strength
of mortar for both NC and HT compared to coarser slag (FNS_F1). It seems that a positive effect on the
compressive strength of mortar is achieved by using the FNS with a higher fineness. These observations
are in accordance with the findings of Kim et al. [8], who also found the positive effect of the finer FNS on
the compressive strength of concrete. These results also confirm the finding of other researchers [25–29]
even though they used different SCMs. This achievement might be due to the filler effect of finer FNS,
which enhances the heterogeneous nucleation of cement hydration products. In addition to the filler effect,
the higher fineness of FNS promotes the pozzolanic reactivity, which consumes more portlandite compared
to the coarser FNS.

Figure 8. The change in strength development of mortar by increasing the fineness of FNS for NC
and HT (The values represent the average of all replacement levels of FNS).
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Figure 9. Enhancement in strength of mortar (HT versus NC) for FNS_F1 and FNS_F2
(The values represent the average of all replacement levels of FNS).

3.4.2. Effect of heat curing
The effect of heat curing on the strength enhancement of mortar for FNS_1 and FNS_2 is shown in
Fig. 9. In general, the use of heat curing at 75 °C enhanced the compressive strength of mortar compared
to that of normal curing for all curing days and both FNS_F1 and FNS_F2. It can be observed that a
significant improvement of mortar strength with FNS_F2 after applying heat curing was obtained at early
curing days (3 days), which increased almost 12 % compared to mortar strength applied normal curing.
The latter result is not the case for mortar with FNS_F1, which achieved a higher strength development at
later curing days (28 days) after applying heat treatment. For later curing periods (90 days), the use of heat
curing seems beneficial in strength enhancement for both mortar FNS_F1 and FNS_F2 although this
achievement is lower than for early curing periods as shown in Fig. 9. The positive effect of heat curing was
also reported by other researchers [30–32]. They also found that heat treatment has a significant
contribution to compressive strength at early age, which also corresponds to the result presented for mortar
mixed with FNS_F2. It seems that heat curing speeds up the hydraulic and pozzolanic reactivity of binders
(cement + FNS_F2) in the early curing periods, which force the FNS_F2 to release more amount of hydroxyl
ion (OH-) to consume calcium ion (Ca2+) from cement. In the case of FNS_F1, a significant contribution of
heat treatment in the reaction rate between a pozzolan and Ca2+ does not obtain due to the lower fineness
of FNS_F1.

3.5. Frattini test
Fig. 10 depicts the results of the Frattini test for 8 days and 28 days. From Figure 10(a), it can be
seen that all of the samples cured for 8 days are above the non-pozzolanic zone. For longer curing times,
all of the data are still located in the non-pozzolanic zone. The results obtained for 8 days and 28 days
indicated non-pozzolanic activity of both FNS_F1 and FNS_F2. However, it can be observed that all of the
data of FNS_F2 at 28 days of curing move further and near the lime saturation curve as seen in Fig. 10(b).
So that, it can be estimated that the pozzolanic activity of FNS determined by the Frattini test at 40 °C will
be obtained for a curing day longer than 28 days. In literature, it is often mentioned that besides the chemical
composition and the active phase content, a higher fineness also influences the rate of the pozzolanic
reaction [33, 34]. This is the reason why the finer FNS used in this study consumed more amount of calcium
ion (Ca2+) than the coarser FNS, which led all of the plotted data of FNS_F2 to approach the saturation
curve of lime as seen in Fig. 10(b). Hence, for future research, a longer grinding time combined with
increasing the number of balls for FNS should be considered to behave as a pozzolan in a shorter period.
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Figure 10. Frattini test results of FNS_F1 and FNS_F2 at: (a) 8 days and (b) 28 days.

3.6. Microstructure observation
To study the microstructure of mortar containing FNS, observation from literature is needed.
According to [35–37], during hydration reaction, anhydrous cement grain reacts with water to generate
hydration products such as CSH gel, ettringite, and calcium hydroxide (CH). While unhydrated cement
grains (UCG) and pores still exist in the cementitious system in white and black parts, respectively. The
UCG and pores can be clearly detected in this observation at a magnification of 100x as seen in Fig. 11,
while CH and CSH need a microscope with a higher magnification (i.e. 350x).
For 10 % FNS_F2 + NC at 28 days, hydration reaction continued in which UCG with the particle size
lower than 20 µm were encircled by thick rims of CSH and CH. The UCG with higher particle size tends to
agglomerate and appearing between aggregates or surrounding aggregates as seen in Fig. 11(a). After
applying heat treatment, UCG was partially hydrated, reducing the amount of UCG as visualized in
Fig. 11(b). At young ages during the period of heat treatment, the UCG was partially hydrated to form the
lighter CSH, while the darker CSH was gradually formed during the period of curing in water. At this phase,
the amount of pore was reduced, filled by CSH, generating a denser paste.
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Figure 11. Visualization of the selected mortar mixture at 28 days by SEM-BSE: 10 % FNS_F2 + NC (left)
and 10 % FNS_F2 + HT (right) (A = unhydrated cement grain; B = pore; C = fine aggregate).

4. Conclusions
In this study, the use of ferronickel slag (FNS) as a fine aggregate replacement and cement
replacement was investigated. The following conclusions can be drawn based on the results obtained:
•

The workability of fresh concrete and mortar increased as the increase of the FNS content. The
higher specific area of FNS decreased the flowability of mortar. This is due to the filling effect of
FNS finer in the air cavities, which increases the viscosity of fresh mortar.

•

The use of FNS for up to 40 % fine aggregate replacement enhanced the compressive strength of
concrete, beyond that the strength of concrete decreased.

•

By increasing the fineness of the FNS, a higher compressive strength of mortar can be achieved
for both normal curing and heat treatment.

•

The use of heat treatment gives a positive effect on the strength development of mortar containing
finer FNS or coarser FNS for all curing ages. However, for early curing days, a significant effect of
heat treatment is only achieved for mortar containing FNS finer, while the effect of heat treatment
is limited for mortar containing FNS coarser.

•

The results of the pozzolanic activity assessed by the Frattini test show that all of the mixtures with
FNS indicate no pozzolanic activity after 28 days of curing. However, the FNS finer consumes more
portlandite than the FNS coarser.

•

Based on the microscope observation, the use of heat treatment partially hydrated unhydrated
cement grains.
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Abstract. A review of modern algorithms and optimization programs is presented, based on which it is
concluded that there is no application software in the field of optimal design of building structures. As part
of solving this problem, the authors proposed numerical optimization algorithms based on conditionally
extreme methods of mathematical programming. The problem of conditional minimization is reduced to a
problem of an unconditional extreme using two modified Lagrange functions. The advantage of the
proposed methodology is a wide range of convergence, the absence of requirements for convexity of
functions on an admissible set of variation parameters, as well as high convergence, which can be achieved
by adjusting the parameters of the objective and constraint functions. Verification of the developed
methodology was carried out by solving a well-known example of ten-bar truss optimization. A comparison
of the results obtained by other sources with the copyright ones confirmed the effectiveness of the
presented algorithms. As an example, the problems of optimizing the cross-section of a steel beam have
also been solved. Automation of the algorithms is performed in mathematical package MathCAD, which
allows you to visually trace the sequence of commands, as well as obtain graphs that reflect the state of
the task at each iteration. Thus, the authors obtained an original methodology for solving the optimization
problem of flat bar structures, which can be extended to solve the problem of optimal design of general
structures, where the optimality criterion is defined as material consumption, and the given structural
requirements are presented as constraint functions.

1. Introduction
Most of these problems are formulated in the form of a nonlinear programming problem and were
solved using gradient methods of the 1st or 2nd order or direct (zero order) methods of constrain and
unconstrain minimization [1].
For the first time, the most general statement of the optimization problem was proposed by L. Schmitt
[2], where he indicated the admissibility of the application of structural analysis using the finite element
model and the nonlinear programming method in the presence of various forms of constraints. In 1979, a
monograph was published by American scientists E. Haug (Edward J. Haug) and J. S. Arora (Jasbir S.
Arora) [3]. This work gave a serious impetus to the development of the applied direction of optimization. It
outlined general approaches to solving the problems of analysis and synthesis of mechanical systems. The
70-80s of the last century also accounted for numerous software implementations of optimization
algorithms.
Note that the nonlinear programming methods embedded in these algorithms have a rigorous
mathematical justification of the convergence conditions, but are rather laborious in solving largeDmitrieva, T.L., Ulambayar, Kh. Algorithm for building structures optimization based on Lagrangian functions. 2022.
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dimensional problems when it is necessary to optimize, for example, the topology of plane and spatial
objects, explore dynami processes, etc.
Nevertheless, these algorithms still find application in applied optimization problems, as well as in
their software implementations [4, 5]. Wherein, the problem of static and dynamic analysis of structural is
performed using the finite element method algorithm, which over the past decades has been developed for
tasks of a special kind [6, 7].
Since the 90s, a large number of studies have appeared in the field of optimization of engineering
systems that use metaheuristics. Metaheuristic algorithms explore the search space using probabilistic
transition rules [8-10]. Here, a possible solution is sought by random selection, combination and variation
of the desired parameters with the implementation of mechanisms resembling biological evolution, or
physical processes occurring in nature. Here are just some examples of heuristic algorithms: genetic
algorithm (GA) [11], ant colony algorithm (ACO) [12], artiﬁcial bee colony algorithm (ABC) [13], particle
swarm optimization (PSO) [14], ﬁreﬂy algorithm (FA) [15], raven search algorithm (CSA) [16], gray wolf
algorithm (AGW) [17], bat algorithm (BA) [18], annealing simulation algorithm (SA) [19] and others [20–22].
In [23–28], practical problems of optimizing building structures using metaheuristic algorithms are
presented.
Most theoretical research in the field of numerical optimization of structures was accompanied by
their software implementation. Among the leading software systems, including optimization modules, the
“heavy” multipurpose universal software packages “MSC Nastran”, “ANSYS” and “ABAQUS” should be
noted first of all. At the same time, in spite of many approaches, the problem of solving the problems of
optimizing complex technical objects in an acceptable time and with a given degree of error still remains
relevant. Over the past decade, a new direction has emerged related to the construction of optimization
models based on the use of neural networks, where the search process is controlled by intelligent systems
[29].
In the Russian design, the most fully automated calculations related to structural optimization are
implemented in the field of aircraft manufacturing (just call the “IOSO NM” software package). A sufficient
number of publications are devoted to the issues of optimizing building structures, which describe
algorithms and software developments [30], however, these programs are of a research or narrow applied
nature. In general, it should be noted that the optimization of construction projects is not yet widely used in
real design.
This is due to the fact that the designer, on the one hand, does not have to possess the intricacies
of optimization algorithms, and at the same time, such calculations require concomitant “manual” control,
which is expressed, for example, in setting some parameters that significantly affect the convergence in
tracking local extremes, etc. Thus, the problem of constructing universal optimization algorithms with a wide
area of convergence, and at the same time not requiring serious “tuning” to the task, is quite demanded,
significantly determining the implementation of these algorithms in design practice.

2. Methods
In this paper, we propose an algorithm for the numerical optimization of flat rod systems. In its most
general form, this problem can be formalized as a conditionally-extremal nonlinear programming problem
(NLP) [31–34].
minimize
subject to:

f ( x),
g j ( x ) ≤ 0,

x ∈ E nx ,

(1)

j = 1, 2...m,

xiL ≤ xi ≤ xiU , i = 1, 2...nx,

(2)
(3)

where f(x) and {x} are the objective function of variable parameters and the vector of these parameters
on the interval {xL} – {xU}, and g(x) is the constraint functions in the form of equalities and inequalities.
The problem of constrain minimization of the function of many variables (1-3) can be reduced to the
problem of unconstrain minimization using the Lagrangian function FL

=
FL f ( x ) + {Y }

T
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where {Y} is the Lagrange multiplier vector. In this case, the solution of problem (1-3) coincides with the
saddle point of the Lagrangian function, for the determination of which the condition of its stationarity of this
function with respect to x and y is used:

∂FL
= 0,
∂xi

(5)

∂FL
= 0,
∂y j

j = 1, 2,...m.

These conditions were obtained for the convex optimization problem by Kuhn and Tucker, and can
serve as a check of a reliable optimum.
Since the problem is solved in the space of two vectors {X} and {Y}, the vector {X} is usually
defined as a vector of direct variables, and the elements of the vector {Y} are called dual variables.
One of the significant drawbacks of the Lagrangian function is that it is applicable to a limited class
of convex, separable programming problems. To construct methods with a wider region of convergence
and applicable for finding a local extremum in non-convex problems, it is necessary to introduce additional
terms into the structure of the function, which lead to an optimum shift in the search iterations, thus
modifying the standard Lagrangian function. Various versions of the methods of a modified Lagrangian
function are described in [35–39].
The purpose of this article is to illustrate the effectiveness of the methods of a modified Lagrangian
functions and algorithms based on them in solving problems of optimizing geometric parameters of flat bar
structures by the criterion of the minimum of their volume when fulfilling the standard requirements for
strength and rigidity. The stated goal involves solving the following tasks:
•

investigation of the properties of a modified Lagrangian functions;

•

development of numerical algorithms based on these functions;

•

solving problems using the proposed methods;

•

comparison of the efficiency of algorithms for the rate of convergence and error in the results.
We introduce two modified Lagrangian function FP and FM

FP = k f FL + 0.5 { g}

T

[δ ][ k ]{ g} + 0.5k f {Y }T ([δ ] − [ I ]) {∆Z } ,

(6)

T

 ∂F   ∂F 
FM k f FL (1 − τ ) − 0.5τ  L   L  .
=
 ∂x   ∂x 

(7)

Here, [I] is identity matrix; [k] is diagonal matrix of penalty coefficient; kf is normalization factor
introduced to increase computational stability; τ is convergence control constant; ∆Zj is constraint shear
amount to an allowable area; [δ] is diagonal matrix of Boolean variables whose elements are determined
from the condition:
if

g j + ∆Ζ j > 0, then δ jj = 1, otherwise δ jj = 0.

Thus, the function FP can be interpreted as the sum consisting of the Lagrangian function and the
penalty for violation of restrictions, shifted by an amount ∆Z to an allowable area.
The function FM is the sum of the Lagrangian function and the penalty for not fulfilling the stationarity
conditions at the point {X t}. If {X*}, {Y*} are solution of the problem (1-3), then the ratio is true:

1
k tf

(

)

(

)

FM X ∗ , Y ≤ FL X * , Y * ≤

An equal sign in this expression is possible only with
additives turn into zero.

1
k tf

(

)

FP X , Y * .

X = X*; Y = Y*, since at the same time penal

Consider iterative algorithms using a modified Lagrangian functions, which at each iteration in turn
include two main procedures:
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•

determination of the vector of direct variables {X t+1};

•

definition of a vector of dual variables {Y t+1}.
The iterative process terminated by the condition of convergence:

{ X t +1} − { X t } ≤ ε x { X t } ,

g j ≤ εg,

j=
1,...m* ,

(8)

or if the specified limit number of iterations is exceeded it_lim.
In expression (8),

{g} is a vector of potentially active constraints of dimension m*; ε , ε
x

g

are

predetermined calculation error; t is iteration number.

2.1. Direct method for solving the problem NLP
Consider an iterative algorithm for solving problem (1-3), which operates only with a function

FP (x, y) and reduces to finding the saddle point of this function from the condition
max

y∈ E m

min

x∈E nx

FP ( x, y ) .

The most stable version of this algorithm is when direct variables are determined from the condition
of minimizing the function FP

{ X } ∈ Arg min FP ( X t , Y t )

{ }

{ }

X L ≤ {X } ≤ X U ,

(9)

and the dual conditions from the equality of stationarity with respect to X are the Lagrangian functions FL
(expression (4)) FP and functions (expression (6)), which after the corresponding transformations has the
form:

=
y tj+1


k tjj
t
max  y j + t g xt +1

kf




( )  .


This algorithm is investigated in [30]. In a comparative analysis with another algorithm, we designate
it as “direct”, since the search for an extremum at iteration t here is carried out only by direct variables {X}.

3. Results and Discussion
Based on the foregoing, the authors propose a numerical algorithm to solve problems (1-3) using
two modified Lagrangian functions – function (6) and function (7).

3.1. Combined method for solving the problem NLP
At each iteration of the algorithm, to find the vector {X t+1}, the function FP in X (6) is also minimized,
and dual variables are determined directly through straight lines by maximizing the function FM.

{Y t +1} ∈ Arg max FM ( X t , Y t )

(10)

Y ∈E .
m

Expression (10) is more convenient to obtain explicitly. For this, we substitute the expression of the
Lagrangian function FL in function FM (7). To maximize the function FM with respect to y, we perform
differentiation with respect to this variable and equate the result to zero:

 ∂FM 
k f (1 − τ ) [δ ]{ g ( x )} −

=
 ∂y 

T
T


 ∂g ( x )   ∂f ( x ) 
 ∂g ( x )   ∂g ( x ) 
Y
−0.5τ  2 [δ ] 
+
2
δ
δ
0.
 [ ]
 [ ]{ }   =
 
 


x
x
x
x
∂
∂
∂
∂
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Expand the brackets and simplify this expression:

k f (1 − τ ) [δ ]{ g ( x )} −
(11)
 ∂g ( x )   ∂f ( x ) 
 ∂g ( x )   ∂g ( x ) 
τ
δ
δ
Y
0.
−τ [δ ] 
−
=
{
}
[
]
[
]


 

 
 ∂x   ∂x 
 ∂x   ∂x 
T

Since the function
algebraic equations:

T

FM is quadratic, expression (11) is reduced to a symmetric system of linear

[W ]{Y } = {P} ,

(12)

where [W] is a matrix whose dimension is equal to the number of active constraints (m* × m*),
{Ῡ} is vector of dual variables reduced to dimension m*. Each element of this matrix is determined by the
product of vectors:
T

 ∂ g 
Wij =  i 
 ∂x 

 ∂ g j 

.
∂
x



(13)

In expression (13) а dash sign indicates that derivatives are taken only by active restrictions. Matrix
dimension

∂g 
  − nx×m*.
 ∂x 

The element i of the vector P is formed by the expression:

 ∂ g   ∂f  (1 − τ )
Pi =
gi .
−k f  i    +
τ
 ∂x   ∂x 
T

(14)


 ∂ gi 
  ∂f 
 ,   have dimension nx, where nx is the number of variable parameters
x
∂



  ∂x 

In (14) vectors 

that belong to an admissible region (xiL ≤ xi

≤ xiU).

A distinctive feature of the combined algorithm is that when solving a conditionally extremal problem
on its basis, there is no requirement for accuracy in the search for direct variables, i.e. their calculation at
the iteration may have an error, and reflect only a certain movement towards the optimum.
A mixed form of these algorithms is possible when, at the first iteration, if a good initial approximation
of the variables {X 0} is known and there are no recommendations for the assignment of dual variables, a
combined approach is used, and at subsequent iterations, the dual variables are recalculated using the
direct method.

3.2. Algorithm for solving conditional-extreme problems for NLP
using the combined method
The sequence of operations of the above algorithms differs only in the calculation of dual variables.
Since in the combined method this procedure is much more complicated, we present here a flowchart
of the algorithm of the combined method (Fig. 1).
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Figure 1. The flowchart of the algorithm for solving the conditional problem NLP.

3.3. Illustration of the proposed algorithm
Let us illustrate the operation of the algorithm by the example of the problem of optimal design of flat
web steel I-beam, working on bending (Fig. 2).

Figure 2. Calculation scheme of beam.
Initial data: L = 9 m; q = 0.08 MN/m.
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Physical characteristics of the beam material: the modulus of elasticity E = 2.06⋅105 MPa; the stress
restrictions Ru = 230 MPa; Rs = 133 MPa.
Problem statement
It is required to select the parameters of the beam section at a given interval by minimizing its volume,
provided that the regulatory requirements for strength and rigidity are met.
3 parameters of the cross section of the composite I-beam vary (Table 1).
Table 1. Variable parameters.
Parameter number

Designation

Description

X1
X2
X3

h

Web depth

B

Flange width

tf; tw

Flange and Web thickness

The initial value of the varied parameters and the limits of their change:

X1 = h = 0.50 m [0.20÷1.20 m]; X2 = B = 0.1 m [0.07÷0.60 m]; X3 = tf = tw = 0.03 m [0.0008÷0.08 m].
The objective function

f (x) represents the volume of the beam:

=
f ( x)

( X1 X 3 + 2 X 2 X 3 ) L.

The restrictions used in the task are checks for strength and stability, and are set in accordance with
the sections of Russian Construction Rules SP 16.13330.2001 "Steel structures". All restrictions reduced
to dimensionless form are listed below.
The condition that ensures the local stability of the wall, in accordance with paragraph 8.5.1. the
above Russian Construction Rules SP:

=
g1

h
3.5t f

Ru
− 1 ≤ 0,
E

where Ru is the calculated resistance by yield strength.
The check on the strength by normal stress:

=
g2

M
Wn,min Ru

− 1 ≤ 0,

where M and Wn,min are the calculated value of bending moment and the minimum moment of resistance.
The check on the strength by shear stress:

=
g3

QS
− 1 ≤ 0,
Jtf Rs

where Q and Rs are the calculated value of shear force and the calculated resistance by shear, J is moment
of inertia and S is the static moment of inertia.
The check by rigidity:

=
g4

∆ max
− 1 ≤ 0,
[∆]

where ∆max and [∆] are the maximum value of displacement in the beam and the maximum permissible
value of displacement ([∆] = L/500 = 0.018 m).
Thus, the number of variables is nx = 3, and the number of constraints is m = 4.
The parameters of the optimization algorithm in the direct method were adopted as follows:

•

minimum value of coefficient penalty (kmin)
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•

maximum value of shear (∆Zmax)

- 0.2;

•

normalization coefficient of the objective function (kf)

- 3·106;

•

normalization coefficient of constraint functions (kg)

- 50.

Since the beam is statically determinable, the calculated forces do not change during the variation
of the dimensions of the cross section.
For numerical solution, 2 iterative algorithms of modified Lagrangian function were applied – direct
and combined.
Here is the sequence of operations of the direct method with the notation used in the MathCAD
program:
1. Input of initial data:
1.1. Assignment of deterministic geometric (L) and physical (E, Ru, Rs) parameters of the problem,
the value of the intensity of the uniformly distributed load q, as well as the limiting value of the displacement
Δlim.
1.2. The purpose of the optimization algorithm parameters: the number of components of the
constraint vector m; normalization coefficients of the objective function and the constraint vector kf, kg; the
minimum value of the penalty coefficient kmin and the maximum value of the shift value outside the
permissible range ∆Zmax.
1.3. Assignment of initial parameters of variation (vector X) and range of variation (vectors Xmin and

Xmax).
yi (i

1.4. The appointment of the initial values of the components of the vector of dual variables
= 1…m).

2. Formalization of the objective function
through variable parameters:

f(X) and the vector of the constraint function g(X)

2.1. Formation of the objective function f(X) through variable parameters.
2.2. Writing a subroutine for calculating the moment of inertia of the I-section J(X).
2.3. Writing a subroutine for calculating the static moment of the I-section S(X).
2.4. Formation of expressions of constraints g1–g4 by substituting in them the calculated values of
the bending moment and shear force, which are expressed through variable parameters.
2.5. Formation of the constraint vector
normalization factor kg.

g(X), where its components g1–g4 are multiplied by the

3. Organization of a cycle where iterations of the search optimization algorithm are
performed:
3.1. Assigning an it iteration counter.

ki,i (i

3.2. Formation of a diagonal matrix of penalty coefficients by assigning its diagonal elements
= 1…m).
3.3. Formation of the elements of the shift vector of the admissible region of restrictions

∆Zi (I = 1..m).

3.4. Formation of a diagonal matrix is a matrix of Boolean variables by assigning its elements δi,i.
3.5. Formation of the Lagrange function FL(X), as well as the modified Lagrange function Fp(X).
3.6. Formation of the block for finding the minimum of the function Fp(X) by X on the interval Xmin
and Xmax, where 2 search methods of unconstrained minimization are included: Conjugate Gradient method
and Quasi-Newton method. When testing each of these, a practical coincidence of results was obtained.
3.7. Formation of the vector of values of the objective function at iterations F.
3.8. Identifying the maximum value in the vector of constraints on iterations it and entering it into the
vector G.
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3.9. Finding the ordinal number of the maximum element in the vector of constraints on iterations
and entering it into the vector kk.
3.10. Calculation of the elements of the vector of dual variables yi

it

(i = 1...m).

4. Output of results:
4.1. Numerical values of the vectors of change in the target and maximum values of the restrictive
functions at iterations.
4.2. The values of the optimal parameters of the section of the beam

X.

4.3. Values of residual constraints without taking into account the coefficient kg.
4.4. Graphs of changes in the target and maximum values of the restrictive functions at iterations.
4.5. Rounding of the beam section parameters to the required bit depth.
The solution was carried out in universal mathematical package MathCAD. MathCAD program
listings are shown in Fig. 3–13.
The results of comparative calculations for the two methods are given in Table 2.

Figure 3. Implementing of numerical methods in mathematical package MathCAD:
initial data of the task.

Figure 4. Subroutines used in the algorithm.
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Figure 5. Begin of optimization cycle.

Figure 6. Optimization results.

Figure 7. Optimal solutions with considering rounding.
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Figure 8. Graphs of changes in the objective function and maximum residuals
of constraints at iterations.
The combined method algorithm differs in the following paragraphs:
P.1.2, where the parameters of the optimization algorithm are assigned, the assignment of the
parameter τ is added, which is included in expression (14).
P.3.10, where the vector of dual variables {Y} is formed, includes the solution of the system of
equations (12). For this, the matrix [W] and the vector {P} are formed in the optimization cycle. This
requires writing subroutines: dr_ f (formation of the vector of derivatives of the objective function with
respect to the varied parameters X) and dr_ g (the formation of a matrix of derivatives of the functions of
constraints with respect to the varied parameters X). In these subroutines, the input parameter ∆ specifies
the step of the offset from the current point in the numerical determination of derivatives.

Figure 9. Subroutines used in the algorithm.
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Figure 10. Begin of optimization cycle.

Figure 11. Optimization results.

Figure 12. Optimal solutions with considering rounding.
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Figure 13. Graphs of changes in the objective function and maximum residuals
of constraints at iterations.
Table 2. Comparative results of calculations.
№

Name

1
2

Iteration number
Value of the objective
function, m3
Discrepancies in active
constraints

3

4
5
6

X1, m
X2, m
X3, m

Numerical methods
Direct method

Combined method

11

5

f (x) = 0.122791

f (x) = 0.123432

g1 = 0.431828·10-6
g2 = –0.627293·10-4
g4 = 0.136121·10-5

g1 = –0.499989·10-3
g2 = –0.499989·10-3

1.02705

1.03812

0.18175

0.1725

9.8051·10-3

9.91578·10-3

The combined method showed better convergence with lower accuracy in constraint residuals, which
does not change on subsequent iterations. It should be noted that the value of the objective function here
is 0.6% higher than in the direct method.
The conditions for achieving the optimal solution at iterations, according to expression (8), were as
follows:
а) equality of variable parameters at 2 adjacent iterations;
b) not exceeding the limits of the allowable area, taking into account the accepted errors for the
constraint functions.
Thus, the accuracy of the solution was consistent with the accuracy in the calculation of potentially
active constraints. The resulting solutions can be rounded to the required bit depth, which is reflected in the
program listings.

4.1 Testing the proposed algorithm
The ten-bar truss optimization design problem is presented as verification of the proposed
methodology. Let us consider a variant of this problem, set forth in the monograph [3] and article [40]. The
geometry and loading conditions of ten-bar truss are shown in Fig. 14.
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Figure 14. The geometry and applied loads for a ten-bar truss.
Initial data: d = 9.144 m (360 in); F = 444.822 kN (100 kips). All the members were constructed from
a material with the modulus of elastic E = 6.89476·107 kPa (104 ksi); the stress restrictions are
Ru = ± 1.72369·105 kPa (±25.0 ksi). The displacements for all nodes in all directions had to be less than
[∆] = ±0.0508 m (±2.00 in).
Problem statement. It is required to select the cross-sectional area of the truss at a given interval
by minimizing its volume, provided that regulatory requirements for strength and stiffness are met.
The range of the available cross-sectional areas for each member in the truss vary between

Amin = 6.4516·10 -5 m2 (0.1 in2) and Amax = 0.02258 m2 (35 in2). Initial areas values A0 = 3.2258·10-3 m2 (5
in2).
The objective function f

(x) represents the weight of the truss.

The constraints are as follows:
The check on the strength in i element of the truss:

=
gi

Ni
Ru Ai

− 1 ≤ 0, =
i 1, 2...10.

In the test examples given in various sources, the calculation is performed without taking into account
the buckling loss of compressed rods.
The constraint on vertical movement at joint 2:

gll=

∆2
− 1 ≤ 0.
[∆]

Thus, the number of variables is nx = 10 and the number of constraints is m = 11.
Were applied 2 iterative algorithms of modified Lagrangian function – direct and combined.
A feature of the implementation of the algorithms as applied to this problem was as follows:
1. Given that the truss is statically indeterminate, the analysis task was performed using the
algorithm of the finite element method in displacements (FEA subroutine).
2. The functions of constraints on strength and stiffness contain state parameters (stress and
displacement). Thus, the task of FE analysis, taking into account the changes in areas in the elements
of the truss in this task, was recounted at each iteration.
Here is the sequence of operations of the direct method with the notation used in the MathCAD
program:
1. Input of initial data:
11.1. Assignment of deterministic geometric (d) and physical (E, Ru) parameters of the problem, as
well as the limiting value of displacements of nodes Δ_lim.
11.2. Assignment of truss geometry:
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• setting the constants: ne (the number of members), np (the number of nodes), nop (the number of
support reactions);
• setting vectors xp, yp (coordinates of nodes along the x and y axes);
• setting an array ni, which lists the connections of jointes for each members;
• specifying the vector iop, which lists the ordinal numbers of zero degrees of freedom connected by
supports.
11.3. The purpose of the optimization algorithm parameters: the number of components of the
constraint vector m; normalization coefficients of the objective function and the constraint vector kf, kg; the
minimum value of the penalty coefficient kmin and the maximum value of the shift value outside the
permissible range ∆Zmax.
1.8. Assignment of initial parameters of variation (vector X) and range of variation (vectors Xmin and

Xmax).
1.9. The appointment of the initial values of the components of the vector of dual variables

yi (i = 1…m).
2. Formalization of the objective function
through variable parameters:

f(X) and the vector of the constraint function g(X)

2.1. Writing the FEA (X) subroutine that implements a finite element calculation of the truss. The
output parameters of this subroutine are contained in an array, which includes three vectors – Z (nodal
displacements), Nabs (values of the internal forces in absolute value), L (lengths of elements).
Thus, the indices 1, 2, 3 that occur when calling this subroutine indicate which of these three arrays
is being evaluated. Nodal displacements and internal forces are functions of variable parameters X (areas
of sections of elements), therefore, they are defined as Z(X) and Nabs(X). The length of the elements L
does not change in the course of optimization, therefore, it is calculated once.
2.6. Formation of the objective function f(X) through variable parameters.
2.7. Formation of the constraint vector g1 (X), which contains 10 strength checks for each truss
element, multiplied by the normalization factor kg.
2.8. Formation of the stiffness constraint g2 (X), which contains a check for the vertical displacement
of the truss node 2 (this displacement has index 4 in the general vector of nodal displacements Z). The
constraint is also multiplied by the normalization factor kg.
2.9. Formation of the complete constraint vector g

(X) by connecting the vectors g1 (X) and g2 (X).

This vector has 11 elements, where 10 corresponds to strength constraints and 11 corresponds to
stiffness constraints.
3. Organization of a cycle where iterations of the search optimization algorithm are
performed:
3.1. Assigning an it iteration counter.
3.2. Formation of a diagonal matrix of penalty coefficients by assigning its diagonal elements

ki, i (i = 1…m).
3.3. Formation of the elements of the shift vector of the admissible region of restrictions

∆Zi (I = 1..m).

3.4. Formation of a diagonal matrix is a matrix of Boolean variables by assigning its elements δi,i.
3.5. Formation of the Lagrange function FL

(X), as well as the modified Lagrange function Fp(X).

3.6. Formation of the block for finding the minimum of the function Fp(X) by X on the interval Xmin
and Xmax; The main difference in solving this problem is that each time the constraint function is accessed,
the internal forces and displacements in the elements are recalculated, since function call g (X) assumes
calling in subroutine FEA (X).
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3.7. Formation of the vector of values of the objective function at iterations F.
3.8. Identifying the maximum value in the vector of constraints on iterations it and entering it into the
vector Gi.
3.9. Finding the ordinal number of the maximum element in the vector of constraints on iterations
and entering it into the vector kk.
3.10. Calculation of the elements of the vector of dual variables yi

it

(i = 1...m).

4. Output of results:
4.1. Numerical values of the vectors of change in the target and maximum values of the restrictive
functions at iterations.
4.6. Values of optimal areas of the truss elements (vector X).
4.7. Values of residual constraints without taking into account the coefficient kg.
4.8. Graphs of changes in the target and maximum values of the restrictive functions at iterations.
The results of the calculations are shown in Fig. 15-20. A comparison of solutions from sources [3,
40] with solutions obtained by authors is given in Table 3.

Figure 15. Implementing of numerical methods in mathematical package MathCAD:
initial data of the task.
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Figure 16. Subroutine FEA.

Figure 17. Optimization results.
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Figure 18. Graphs of changes in the objective function and maximum residuals
of constraints at iterations.

Figure 19. Optimization results.

Figure 20. Graphs of changes in the objective function and maximum residuals
of constraints at iterations.
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Table 3. Comparative results of calculations.
Numerical methods
№

Name

Edward
J. Haug [3]

B. Farchi
[40]

1

Iteration number
Value of the objective
function, f (x), m3

15

–

6

5

0.8294574

0.8294187

0.82312

0.83641

Discrepancies in active
constraints, g5; g11

–0.322×10–4;
–0.425×10–4

–0.9067×10–4;
–0.4315×10–4

X1 (A1), m2
X2 (A2), m 2
X3 (A3), m 2
X4 (A4), m 2
X5 (A5), m 2
X6 (A6), m 2
X7 (A7), m 2
X8 (A8), m 2
X9 (A9), m 2
X10 (A10), m 2

0.19374·10–1

0.19691·10–1

0.19435·10–1

0.2044·10–1

0.64516·10–4

0.64516·10–4

0.64516·10–4

0.69724·10–4

0.15015·10–1

0.14970·10–1

0.14795·10–1

0.13870·10–1

0.98619·10–2

0.98212·10–2

0.99318·10–2

0.87102·10–2

0.64516·10–4

0.64516·10–4

0.64516·10–4

0.21881·10–3

0.35903·10–3

0.35612·10–3

0.64516·10–4

0.68764·10–4

0.13676·10–1

0.13570·10–1

0.13387·10–1

0.13730·10–1

0.48182·10–2

0.48174·10–2

0.47899·10–2

0.44921·10–2

0.64516·10–4

0.64516·10–4

0.64516·10–4

0.7439410–4

0.13947·10–1

0.13890·10–1

0.14046·10–1

0.15710·10–1

2
3
4
5
6
7
8
9
10
11
12
13

Direct
method

–0.1215×10–5;
0.6522×10–6

Combined
method

–0.4999×10–6;
–0.2×10–6

The solution of the problem by the direct and combined method gave close results in terms of the
number of iterations, the accuracy of the results and the nature of convergence, although in the combined
method an overestimated value of the objective function was obtained by 0.8 %. Solutions close to optimal,
were obtained already at the 3rd iteration with refinement at subsequent iterations to the required degree of
accuracy. When comparing with the results obtained in two other sources, it should also be noted that the
values in the areas are close with greater accuracy in the residuals of constraints (by 3-4 orders of
magnitude).
In general, the results shown in the table show the high efficiency of the proposed algorithms, which
give the best performance in almost all parameters compared with the results given in [3, 40].
The main difficulties in implementing the above examples were related to their adjustment to the
task, which was carried out by setting optimization parameters, such as normalization coefficients of the
target and restrictive functions, and the penalty coefficient. Guided by the experience of solving examples,
we can relate the influence of these parameters on the convergence of the algorithm with the structure of
the modified Lagrange function FP. In the allowable region, this function coincides with the target, and
outside the allowable values, the parameters kg and kmin affect its curvature. It is revealed that the algorithm
gives the most stable convergence if the values of the objective function are in the same order as the
penalty additives.

4. Conclusions
In conclusion, we give the following conclusions:
1. The solution of practical examples of optimization of flat rod systems showed the effectiveness of
the presented algorithms for searching for a constrain extremum. It was revealed that the solutions obtained
using 2 algorithms of a modified Lagrangian functions in the first example gave a complete match, and in
the second some discrepancy, which hindicates the presence in the tasks of this class of several extremes.
2. Some difficulties associated with tuning algorithms to stable convergence are noted. If the
objective function has a low order (volume in m3), and the constraints are normalized to unity, then it is
necessary to increase the values of the objective function and penalty additions in the FP function to a close
order.
For this, the corresponding penalty and normalizing coefficients are introduced.
3. It is shown that the combined method for solving a conditionally extremal problem, although it has
some complications in the definition of dual variables, can give better convergence. In addition, the
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problems of searching for direct and dual variables in this algorithm are not interconnected. This is important
when solving optimization problems of mechanics that have a complex formulation (for example, nonlinear
problems, dynamics problems, etc.), when the problem of a conditional extremum in direct variables often
becomes incompatible (especially in the initial iterations).
4. The study of the test problem of optimizing the ten-bar truss confirmed the efficiency of the
developed algorithm. The results were obtained, giving the best indicators for the speed of convergence
and accuracy compared with known solutions.
5. The optimization algorithm is presented in mathematical package MathCAD, which allows open
access to its teams, confirms its adequacy and allows you to implement this algorithm to solve similar
problems in design, scientific or educational activities.
6. In the software implementation of the practical problems of optimizing complex systems with a
large number of variation parameters, it is more expedient to search for the unconditioned extremum using
zero-order methods, such as the deformable polyhedron method, or based on metaheuristic algorithms.
7. Further research in the direction of optimization of planar and spatial rod systems can be effectively
implemented by constructing optimization models based on neural networks.
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Abstract. Cement concrete has always played an essential role in the general development of the
construction industry. Many studies improve the properties and durability of cement concrete by adding
chemical additives and mineral additives. One of them, fly ash, is one of the most preferred applied mineral
additives. Currently, the demand for fly ash is becoming an urgent problem, as it is also can reduce
environmental pollution from by-products of thermal power plants not only in Vietnam but also all around
the world. To evaluate the factors affecting compressive strength of concrete, such as fly ash, type of
cement used, date and designed concrete grade, we based our study on the design of experiment (DOE).
The influencing variables have different levels of investigation, which are based on previous studies. With
the useful statistical analysis tools, the number of experiments, and the results of the experimental analysis,
we can see the influence of each element and their interaction on the compressive strength of the concrete.
On that basis, it is possible to choose the option with reasonably selected ingredients to achieve the
expected optimal compressive strength.

1. Introduction
1.1. Overview of fly ash and fly ash concrete in the world
Thermoelectric fly ash was discovered to be active as a pozzolan additive in the early 20th century.
It was officially used as an additive in concrete production since the mid-20th century, beginning with the
study of fly ash applications in concrete of the University of California, Berkely, the USA in 1937. For more
than half a century, the application of fly ash as an additive for concrete production, especially in countries
with a large coal power output, increasingly popular and increasing volumes.
The scientific basis of mixing mineral additives into the mixed composition of concrete is based on
the following aspects. In the first phase, fly ash (FA) is almost inactive but acts as an inert material filling
the mixed voids [1–3]. Over time, the hydration process continues to increase the alkaline environment (the
concentration of OH- ions increases), thereby activating the potential hydraulic properties in fly ash to create
the pozzolanic reaction. The result of the process of the puzzolanic reaction has transformed the Ca(OH)2
component into stable C-S-H (C3S2H3, C4ASH12, C4AH13) products, which increase the ability to resist
waterproof, corrosion, temperature and adds strength to the concrete. So that many types of cement
concrete, when using reasonable fly ash, can improve the mechanical properties better than conventional
cement concrete. Due to the pozzolanic reaction, the fly ash particles lose their original spherical shape
and are gradually covered with a new product layer and, after six months, no longer determine the actual
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condition [4]. The cement hydration process consists of complex reaction chains, with the addition of fly
ash, the more complex the reaction processes. The only activity of fly ash particles affects the hydration of
the cement, but not all fly ash particles are involved. The micro-aggregates fill the space between the
cement particles, contribute to reducing the voids of the cement stone, while also helping to significantly
improve the structure of the transition zone between the cement stone and the aggregate. Besides, the
presence of mineral additives in the transition area together with the gradual increase of C-S-H products
from the pozzolanic reaction increasing the density of the hydration products, the formation of C-S-H takes
place in a narrow environment, solidifies the structure of the concrete, increasing the strength of the
concrete. The filling effect of mineral additives is highly dependent on their fineness.
There are many scientific works in the world that have partly demonstrated that the properties of
concrete are significantly improved when mineral additives are added.
According to ACI 232R [5], fly ash cement concrete (FC) is understood as Portland cement concrete
(PC), which uses fly ash with a specific content to partially binder replace the Portland cement binder.
According to Michael [6], in the history of development, fly ash is used in cement concrete with varying
levels, depending on the purpose of the use of the goal of projects. Typically, to meet the requirements of
structural strength, the fly ash ratio is from 15 % – 30 % of the volume of adhesive, at a higher concentration
of 30 % – 50 % used for hydropower and dams to control the temperature in mass concrete structures. In
recent years, the concrete with a very high fly ash content of more than 50 % has been developed for
structural works requiring high strength. Currently, for high-performance concrete (HPC), the use of fly ash
is 10 % – 30 % of the adhesive content. In the cement concrete, the amount of fly ash added is equal or
higher than the amount of cementless, because fly ash has a smaller density than cement. The studies of
Owen [7] by Jiang and associates [8] produce that with high-quality cement concrete depending on the fly
ash quality and the amount of cement to be replaced. The level of loss of fly ash cement concrete is usually
smaller, which is very suitable for high-temperature construction conditions in our country [9]. According to
Mehta [10], using fly ash in high-quality concrete also has the effect of reducing shrinkage, reducing heat
cracking, and increasing water resistance. The authors also have researched on the application of fly ash,
clearly seeing the advantages of this mineral additive [11–15]. According to research by Konstantin Sobolev
and colleagues [16], has obtained significant results on fly ash mortar and fly ash concrete strength at
different age dates with two types of class C and F fly ash. Photo The effect of fly ash type and quantity is
specifically assessed in the properties such as time and intensity. In particular, the effect of fly ash is
assessed specifically by the strength of the mortar at the age of 1, 7 and 28. It is found that the effect of
mineral additives is very clear and brings many benefits. Moreover, the results obtained concrete strength
of all types achieved results above the standard of 20 Mps at 7 days of age and best at 365 days up to
47.7 MPa when mixed 15 % simultaneously. In the study of Anjali Yadav and Nikhi Kumar Yadav [17] also
about the use of flying in concrete pavement, the amount of fly ash used ranged from 0 % to 60 %. The
compressive strength of concrete was determined at 7 and 28 days of age, showing that if the content
increases, the strength of the concrete decreases, it is safe to use fly ash up to 40 %, and more the strength
of the concrete is not satisfactory. Analysis and design of fly ash concrete used for road foundations,
research by A. Hilmi Lav et al [18] with the main reason for this research is to want to reduce costs and use
industrial waste. Level F fly ash content is added to make up 2 %, 4 %, 8 % and 10 % by total weight. Test
batches were performed to adjust the fly ash appropriately. The mechanical properties are then checked to
obtain the basic properties of the cement stabilizer, thereby analyzing the pavement texture. In the study
of Jin Huang, Huayou Su [19] used shows that the workability of fly ash concrete can significantly improve,
and the compressive strength is similar with ordinary concrete after 28 days. In research of Uma
Maguesvari Muthaiyan and Sundararajan Thirumalai [20], showed the result of some main characteristics
of fly ash concrete with differential level of class C fly ash ranging from 0 % to 20 %, their suggestion should
use minimum cement content 250 kg/m3 and with 10 and 20 % of replacement of cement by fly ash.
Besides, the increasing content of fly ash, the reducing compress strengthen of concrete.
The selection of the appropriate ratio of fly ash in concrete is based on the purpose of the survey to
fabricate concrete with a certain replacement flight content while still ensuring the necessary features for
the application of the concrete type. This concrete is in construction of high-grade road foundations,
pavement for traffic and for prefabricated structures. Therefore, in the research scope of the paper, some
concrete grades selected for specific survey are the following: C20, C30, C40. The ratio of fly ash/binder
has a great influence on the strength of concrete, depending on the purpose of the strength to be achieved
to choose the appropriate ratio. According to the recommendations of ACI 211.4R [21] for concrete with
strength greater than 35 MPa, the ratio of 15 % – 25 % (type F) and 20 % – 35 % (type C) should be used.
As recommended by EN206 [22] standard, use the ratio from 15 % – 33 % (type F) and 15 % – 35 %
(type C). In this paper, the authors' research only compressive the strengthen of fly ash concrete basing on
some key factors namely concrete of grade, percentage of fly ash in cementitious, and type of cement by
DOE approach.
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2. Materials and methods
2.1. Design of experiment
Experimental Design mathematical methodology is a branch of applied statistics, used to plan and
conduct experiments as well as to analyze and interpret data which is obtained from experiments. Over the
past two decades, the design of experiment (DOE) has expanded across a wide range of industries. It is a
handy tool often that is used to improve product quality and reliability [23]. Since the 1920s, Ronald A.
Fisher has conducted a study in agriculture to increase productivity growth in England. After giving an
experimental design and the official was the first to start using DOE. By 1935, his book about DOE was
written for the first time, which explains how valid conclusions can be drawn from experiments with nuisance
factors. In which he analyzed the presence of objective factors subject to the fluctuation of weather
conditions such as temperature, precipitation. Then, the experimental design process to optimize the
process, the Feedback Surface Method (RSM) was also mentioned by George Box, who is also from the
UK. In the 1550s, W. Edwards Deming was interested in experimental design as well as statistical methods.
Genichi Taguchi is a Japanese statistician interested in quality improvement methods, by introducing the
Loss function and extensive experiments with "external arrays" in DOE as an advanced approach in Six
SIGMA initiatives [24].
Suppose there are two factors A, B affect the output variable Y, then the relational equation is as
follows (equation 1):

Yijk = µ + τ i + δ j + (τδ )ij + ε ijk

(1)

where:

µ represents the overall mean effect;
τi is the effect of the ith level of factor A (i = 1, 2, …, na);
δj is the effect of the jth level of factor B (j = 1, 2, …, nb);
(τδ)ij represents the interaction effect between A and B;

∈ijk represents the random error terms (which are assumed to be normally distributed with a mean
of zero and variance of σ2) and the subscript k denotes the m replicates (k = 1, 2, …, m).
Since the effects τi , δj and (τδ)ij represent deviations from the overall mean, the following
constraints exist (equation 2):
na

nb

na

nb

=
(τδ )ij 0; ∑=
(τδ )ij 0
∑ τ i 0;=
∑ δ j 0; ∑=

=i 1 =j 1 =i 1

(2)

=j 1

Hypothesis Tests in General Factorial Experiments
Furthermore, in addition to the two factors A, B, and the interaction between them AB, after building
the relationship model (equation 1), it is necessary to check the hypotheses to evaluate their significance
in the following aspects.
1.

H0: τ1 = τ2 = … = τna = 0 (Main effect of A is absent)
H1: τI ≠ 0 for at least one i

2.

H0: δ1 = δ2 = … = δnb = 0 (Main effect of B is absent)
H1: δj ≠ 0 for at least one j

3.

H0: (τδ)11 = (τδ)12 = … = (τδ)nanb = 0 (Main effect of AB is absent)
H1: (τδ)Ij ≠ 0 for at least one ij

The sum of squares of the factors is as follows (equation 3):

SSTR = SS A + SS B + SS AB
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where SSTR represents the model sum of squares, SSA represents the sequential sum of squares due to
factor A, SSB represents the sequential sum of squares due to factor and SSAB represents the sequential
sum of squares due to the interaction AB. The mean squares are obtained by dividing the sum of squares
by the associated degrees of freedom. Once the mean squares are known the test statistics can be
calculated. For example, the test statistic to test the significance of factor A (or the hypothesis H0: τI = 0)
can then be obtained as (equation 4):

( F=
0)A

MS A SS A / dof ( SS A )
=
MS E SS E / dof ( SS E )

(4)

Similarly, the test statistic to test significance of factor B and the interaction AB can be respectively
obtained as (equation 5 and equation 6):

( F=
0 )B

( F=
0 ) AB

MS B SS B / dof ( SS B )
=
MS E SS E / dof ( SS E )
MS AB SS AB / dof ( SS AB )
=
MS E
SS E / dof ( SS E )

(5)

(6)

where MSA is the mean square for factor A and MSE is the error mean square, MSB is the mean square
for factor B and MSE is the error mean square, MSAB is the mean square for interaction AB and MSE is
the error mean square.
It is recommended to conduct the test for interactions before conducting the test for the main effects.
This is because, if an interaction is present, then the main effect of the factor depends on the level of the
other factors and looking at the main effect is of little value. However, if the interaction is absent then the
main effects become important.

2.2. Experimental materials
PC (Portland cement) is crushed from clinker with a certain amount of gypsum (accounting for
4 % – 5 %). Meanwhile, PCB (Portland blended cement) is a mixture of Portland cement produced from
grinding a mixture of clinker, gypsum, and additives (the amount of additives including gypsum does not
exceed 40 % of which the full additive does not exceed 20 %). PC40 (type 1) and PCB40 (type 2) is one of
the common types of cement, with the physical and chemical components that meet the requirements, and
both of them having equal strength of 40 Mpa at 28 days of age.
River sand: Natural sand has the largest nominal particle size of 2.5 mm with a density of 2.62 g/cm3.
Although natural sand has mechanical indicators meeting the requirements, but the modulus of size and
particle composition shows that this is fine sand leading to the amount of mixed water increasing, so it is
necessary to consider mixing with other sands to adjust the modulus of size and particle composition.
Crushed sand produced from rock originated from sedimentary rock. Crushed sand with particles
larger than 2.5 mm and 5.0 mm is quite large, with a density of 2.62 g/cm3, which needs to be mixed with
fine sand to have a mixture of small aggregates with large modulus and reasonable grain composition.
Coarse aggregate produced from andesite stone has a particle size of 5 mm – 20 mm, has the
largest nominal particle size of 20 mm with a density of 2.72 g/cm3. Fly ash taken from the silo, and the
physical-mechanical properties of fly ash Vung Ang I are in line with the technical requirements of fly ash
Type F as prescribed of ASTM C618 [25], which is qualified for use as construction materials.
Superplasticizer additive from O-Basf MasterGlenium® SKY 8735, with a composition consisting of
ether polycarboxylates (PCE).
Water meets the standards for concrete production.

2.3. Mix design
Select the percentage of the ratio of crushed sand and river sand is 40:60 used to make concrete to
optimizing the amount of binder used. The rate of mixing is commonly used at commercial concrete stations
in Vietnam. A small aggregate mixture of 40 % crushed sand and 60 % natural sand has physicalmechanical properties, size modulus, and particle composition suitable for use in the manufacture of
concrete.
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Research and design of concrete components have a level of strength from 20 MPa to 40 MPa with
the workability of 120 mm – 160 mm.
Designing the method of concrete mix, according to the ACI 211.4R [21]. The required average
strength is used to select the concrete composition. In the design of materials for the manufacture of
concrete mixes, the mineral additives have an essential role that is regulated to use as silica fume or fly
ash. Fly ash can be type F or type C. In which, the recommended fly ash content a substitute for cement is
class F fly ash about 15 % – 25 %, and fly ash type C about 20 % – 35 %. The amount of water in the
mixture is reduced by using a superplasticizer. The concrete mix composition is summarized, as shown in
Table 1.
Table 1. Component concrete mix.
No

Concrete
of Grade

FA
(%)

Type of
cement

Cement
(kg)

FA
(kg)

CA
(kg)

RS
(kg)

CS
(kg)

W
(lít)

SP
(lít)

W/B

1

20

0

1

260

0

1050

531

354

192

2.86

0.74

2

20

0

2

290

0

1045

531

342

191

3.19

0.66

3

20

5

1

247

13

1050

531

354

191

2.86

0.73

4

20

5

2

275.5

14.5

1045

513

342

191

3.15

0.66

5

20

10

1

234

26

1045

531

354

191

2.84

0.73

6

20

10

2

261

29

1040

513

342

190

3.12

0.66

7

20

15

1

221

39

1045

531

354

190

2.82

0.73

8

20

15

2

246.5

43.5

1040

513

342

190

3.07

0.66

9

20

20

1

208

52

1045

528

352

190

2.82

0.73

10

20

20

2

232.0

58

1040

510

340

189

3.02

0.65

11

30

0

1

360

0

1025

507

338

184

3.96

0.51

12

30

0

2

365

0

1025

498

332

183

4.02

0.50

13

30

5

1

342

18

1020

505

337

184

3.94

0.51

14

30

5

2

346.7

18.3

1020

498

332

183

4.00

0.50

15

30

10

1

324

36

1020

504

336

183

3.92

0.51

16

30

10

2

328.5

36.5

1020

497

331

182

3.98

0.50

17

30

15

1

306

54

1015

504

336

182

3.90

0.51

18

30

15

2

310.2

54.8

1015

497

331

182

3.95

0.50

19

30

20

1

288

72

1010

504

336

182

3.88

0.51

20

30

20

2

292.0

73

1015

495

330

181

3.92

0.50

21

40

0

1

440

0

1005

480

320

180

4.84

0.41

22

40

0

2

455

0

1005

470

313

177

5.01

0.39

23

40

5

1

418

22

1002

480

320

179

4.82

0.41

24

40

5

2

432.3

22.8

1000

470

313

177

4.00

0.39

25

40

10

1

396

44

1000

477

318

179

4.80

0.41

26

40

10

2

409.5

45.5

1000

468

312

176

3.98

0.39

27

40

15

1

374

66

1000

475

317

178

4.78

0.40

28

40

15

2

386.8

68.3

995

468

312

176

3.95

0.39

29

40

20

1

352

88

995

474

316

178

4.75

0.40

30

40

20

2

364

91

990

468

312

175

3.92

0.38

While: FA – Fly Ash; RS – River Sand; CS – Crush Sand; CA – Coarse Aggregate; W – Water; SP –
superplasticizer; B – Binder.

2.4. Experiment
The experiment is conducted at the sample ages, as shown in Table 2. The experiment method of
compressive strength of concrete was performed according to ASTM C39 [26]. For each concrete at a
certain age, an experiment was conducted with three cylindrical prototypes (diameter 150 mm, height
300 mm). The mixture was fabricated by the ASTM C192 [27] and the European standard [22]. The sample
is compacted on an automatic vibrator until all air bubbles are released, and the cement paste floats evenly,
using a flattened model.
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The samples are flattened the contact surface to ensure the compression plate is in contact with the
sample surface during the experiment. The compressive intensity experiments of concrete were performed
under ASTM C39 [26]. The cylindrical sample experiment with diameter D = 150 mm and height
H = 300 mm; Carry out the force load at a maximum velocity of 0.15 – 0.35 MPa/s until sample failure. With
each type of concrete conducting experiments, each group includes three compressed samples at the
required ages, shown in Fig. 1.

a) Concrete mixer

b) Sample

c) Moisturizing

d) Sample compressor

Figure 1. Some photos of the experiment.

3. Results and Discussion
Based on the Design of Experiments and statistical analysis with Minitab 19 software at 95 %
confidence level, significance level α = 5 %. The number of test samples: 3 samples/group ensure to detect
the difference within ± 3α. A general full factorial design was used to plan the experiment and analyze the
results achieved.

3.1. Experimental results
Using Minitab19 software to design General full factorial design and analyze the results. The input
variables of the experimental design: 3 variables
−

Concrete grade: There are 3 types: C20, C30, C40.

−

Date of age: There are 9 days: 1, 3, 7, 14, 28, 56, 90, 180, 360.

−

Fly ash: There are 5 ratios: 0 % (control); 5 %; 10 %; 15 %; 20 %.

−

Type of cement: There are 2 types of PC40 (type 1) and PCB40 (type 2).

−

Each mixture consists of three specimens.

The output results need statistical analysis of one criterion is the compressive strength Rn. Total
number of experiments: 3 × 9 × 5 × 2 × 3 = 810 (specimen), the results are summarized in Table 2.
Table 2. Results of compressive strength.
Concrete grade 20

Concrete grade 30

Concrete grade 40

1st

1st

1st

2nd

3rd

8

11

11.5

10.8

23.1

26.4

26.9

26.2

36.9

37

37

45.2

45.7

45

45.3

55.1

55.6

54.9

50.4

60.1

60

60

53.4

52.7

62.3

62.8

62.1

55.2

54.5

64.5

65

64.3

No

FA(%)

Type of
cement

Days

1

0

1

1

0

0

0

7.3

7.8

2

0

1

3

15.2

16

15.3

23.3

23.8

3

0

1

7

22

22.5

21.8

32.4

32.9

32.2

4

0

1

14

26

26.5

26.2

38.1

38.6

37.9

5

0

1

28

30.3

31

31

45.6

46

6

0

1

56

33.6

34.3

33.8

50.6

51.1

7

0

1

90

35.4

36.2

35.1

52.9

8

0

1

180

36.9

37.4

36.7

54.7

2nd

3rd

2nd

3rd

9

0

1

360

37

37.5

37.6

55.6

56.1

55.6

66.1

66.6

65.9

10

0

2

1

6.9

7.4

6.7

9

9

8.3

10.9

11.4

11

11

0

2

3

13.7

14.2

13.5

22.7

23.2

22.5

26.2

26.7

26

12

0

2

7

20.3

20.8

20.1

31.7

32.2

31.7

36.6

37.1

36.4

13

0

2

14

24.7

25.2

24.5

37.2

37.7

37

44.8

45

45
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Concrete grade 20

Concrete grade 30

Concrete grade 40

1st

2nd

3rd

1st

2nd

3rd

1st

2nd

3rd

28

29.8

30.3

30

44.6

45.1

44.4

54.6

55.1

54.4

2

56

32.2

32.7

32

49.1

49.6

48.9

59.5

60

59.3

2

90

33.1

33.6

33.3

51.3

51.8

51.1

61.7

62.2

61.5

0

2

180

34

34.5

33.8

53.5

54

54

63.9

64.4

63.7

0

2

360

35.2

35.7

35

55.3

55.8

55.1

65.5

66

65.3

19

5

1

1

0

0

0

6.4

6.9

6.2

10.8

11.3

10.6

20

5

1

3

13.2

13.7

13.2

22.1

22.6

21.9

25.8

26.3

25.6

21

5

1

7

20

20.5

19.8

31.4

31.9

32

36

36.5

36

22

5

1

14

24

24.5

23.8

36.8

36.1

37

44.1

44.6

43.9

23

5

1

28

28.9

29.4

28.7

44.1

44.6

45

53.8

54.3

53.6

24

5

1

56

32.2

32.7

32

49.4

49.9

49.2

59.2

59.7

59

25

5

1

90

33.8

34.3

33.8

51.8

52.3

52

61

61.5

61.8

26

5

1

180

35.6

36.1

35.4

53.8

54.3

53.6

63.2

63.7

63

27

5

1

360

36.2

36.7

36.5

54.4

54.9

54.2

65

65

64.6

28

5

2

1

6.6

7.1

6.4

8.3

8

8.5

10.6

11.1

10.4

29

5

2

3

13.7

14.2

13.5

22.2

22

21.8

25.5

26

25.3

30

5

2

7

19.4

19.9

19.2

30.9

31.4

30.7

35.6

36.1

35.4

31

5

2

14

23.7

24.2

23.5

36.3

36

36.5

43.2

44

43.5

32

5

2

28

28.5

29

28.3

43.5

44

43.5

53.1

53.6

52.9

33

5

2

56

31.1

31.6

30.9

47.9

48.4

47.7

58.4

58.4

59

34

5

2

90

31.9

32.4

31.7

50.2

50.7

51

60.5

61

60.3

35

5

2

180

31.4

32.1

31.9

52.2

52.7

52

62.4

62

62

36

5

2

360

31.9

32.4

31.7

54

54.5

53.8

64

64

63.7

37

10

1

1

0

0

0

5.5

6

5.3

10.4

10.9

10.2

38

10

1

3

10.2

10.7

10

21.6

22.1

21.4

24.9

25.4

25

39

10

1

7

18

18.5

17.8

30.2

30.7

30

34.8

34.5

35

40

10

1

14

22

22.5

21.8

35.4

35.9

35.2

42.6

43

43

41

10

1

28

26.8

27.3

26.6

42.4

42.9

42.2

51.9

52.4

51.7

42

10

1

56

30.2

30.7

30

47.5

48

47.3

58.2

58

57.9

43

10

1

90

31.9

32

32

50

50

49.3

59.9

60.4

59.7

44

10

1

180

33.4

33.9

33.2

52

52.5

51.8

61.8

62.3

61.6

45

10

1

360

34.9

35.4

34.7

52.5

53

52.3

63.3

63.8

63.1

46

10

2

1

6.3

7

6.5

7.6

8.1

7.4

10.4

10.9

10.2

47

10

2

3

12.6

13

12.3

21.4

21.9

21.2

24.9

25.4

24.7

48

10

2

7

18.6

19.1

18.5

30

30.5

29.8

34.7

35.2

35

49

10

2

14

22.7

23.2

22.5

35.2

35.7

35

42.5

43

42.3

50

10

2

28

27.3

27.8

27.1

42.1

42.6

41.9

51.8

52

52

51

10

2

56

29.9

30.4

29.7

46.3

46.8

46.1

57.7

58.2

57.5

52

10

2

90

30.8

31.3

30.6

48.7

49.2

48.5

59.8

60.3

59.6

53

10

2

180

31.7

32.2

31.5

50.5

51

50.3

61.6

62

61.6

54

10

2

360

32.8

33.3

32.6

52.3

52.8

52.1

63.2

63.7

63

55

15

1

1

0

0

0

4.6

5.1

4.4

10

10.5

9.8

56

15

1

3

8.5

9

8.3

20.8

21.3

20.6

24

24.5

23.8

57

15

1

7

16

16.5

15.8

29.2

29.7

29

33.5

34

33.3

58

15

1

14

20

20.5

19.8

34.3

34.8

34.1

41

41.5

40.8

59

15

1

28

24.5

25

24.3

41

41.5

40.8

50

50.5

49.8

60

15

1

56

28.4

28.9

28.2

46.1

46.6

47

56

56.5

56.6

61

15

1

90

30.2

30.7

30

48.8

49.3

49

58.3

58.5

59

62

15

1

180

31.8

32.3

31.6

50.3

50.8

51

60.5

61

60.3

No

FA(%)

Type of
cement

Days

14

0

2

15

0

16

0

17
18
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Concrete grade 20

Concrete grade 30

Concrete grade 40

1st

2nd

3rd

1st

2nd

3rd

1st

2nd

3rd

33

33.5

33.2

50.8

51.3

50.6

62.4

62

62.7

1

6

6.5

5.8

6.9

7.4

6.7

9.9

10.4

9.7

3

12

12

11.8

20.5

21

20.3

23.8

24.3

3.6

2

7

17.7

18.2

17.5

28.7

29.2

28.5

33.2

33.7

33

2

14

21.4

22

21.6

33.7

33.7

33

41

40.8

41

15

2

28

26

26.5

25.8

40.3

40.8

40.1

49.6

50

50

15

2

56

28.8

29.3

29

44.3

44.8

44.1

56

56.2

56.6

70

15

2

90

29.9

30.4

29.7

46.7

46.7

47

58.5

59

58.3

71

15

2

180

30.4

30.9

30.2

48.8

49.3

48.6

60.5

61

60.3

72

15

2

360

31.5

32

31.3

50.2

50.7

50

61.9

61.6

61

73

20

1

1

0

0

0

3.7

4.2

3.5

9.7

10

10

74

20

1

3

7

7.5

6.8

20.1

20.6

20

23.3

23.8

24

75

20

1

7

14

14.5

13.8

28.3

28.5

29

32.5

33

32.3

76

20

1

14

18

18.5

17.8

33.1

33

33.5

39.8

40

40

77

20

1

28

22.1

22.6

21.9

39.6

40.1

39.4

48.5

49

48.3

78

20

1

56

26.2

26.7

27

44.7

45.2

44.5

55

54.2

54.8

79

20

1

90

28.6

29.1

28.4

47.1

46.5

45.8

57.1

57.6

56.9

80

20

1

180

30.5

31

30.3

49

49

48.7

60

60.5

59.2

81

20

1

360

31.5

32

31.3

49.1

49

49.3

61.5

62

61.3

82

20

2

1

5.7

6.2

5.5

6.2

6.7

6

9.6

10.1

9.4

83

20

2

3

11.4

11.9

11.2

19.5

20

19.3

23

23.5

22.8

84

20

2

7

16.9

17.4

16.7

27.5

28

27.3

32.1

32.6

33

85

20

2

14

20.6

21.1

20.4

32.2

32.7

32

39.3

39.8

39.1

86

20

2

28

24.8

25.3

24.6

38.5

39

38.3

47.9

48.4

47.7

87

20

2

56

28

28.5

27.8

42.4

42.9

42.2

55

54.6

54.4

88

20

2

90

29

29.5

28.8

44.7

44

43.3

57

57.5

56.8

89

20

2

180

29.5

30

29.3

47

47.5

46.8

58.9

59.4

58.7

90

20

2

360

31

31.5

30.8

48.1

48.6

47.9

61

60.7

60.4

No

FA(%)

Type of
cement

Days

63

15

1

360

64

15

2

65

15

2

66

15

67

15

68
69

3.2. Discuss the results
The results of the analysis of all variables and interaction between each other affected the
compressive strength with statistical significance, shown in Fig. 2.

Figure 2. Residual Plots for Rn.
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From Fig. 3, The chart evaluating the residuals shows that the normal distribution graph is showing
the residuals very close to the normal distribution, and distributed on both sides via the "0" line so satisfying
conditions for applying experimental statistical methods.

Figure 3. Pareto chart of the factors influencing Rn.
The Pareto chart in Fig. 3 shows that all variables and interactions between variables affect Rn with
statistical significance. Cement type (C) has the least impact compared to other factors. Analysis of the
variance of factors affecting compressive strength, the relationship model between them is built from
Table 3 to Table 5 as follows:
Table 3. Analysis of variance factors and regression model.
Source

DF

Adj SS

Adj MS

F-Value

P-Value

Model

85

235257

2767.7

4597.05

0.000

Linear

15

226674

15111.6

25099.52

0.000

Concrete grade

2

65398

32698.8

54310.95

0.000

Fly ash

4

2543

635.8

1056.09

0.000

Type of cement

1

6

6.0

9.99

0.002

Age

8

158727

19840.9

32954.58

0.000

2-Way Interactions

70

8583

122.6

203.66

0.000

Concrete grade*Fly ash

8

17

2.1

3.53

0.001

Concrete grade*Type
of cement

2

50

25.2

41.84

0.000

Concrete grade*Age

16

8013

500.8

831.80

0.000

Fly ash*Type of cement

4

29

7.4

12.25

0.000

Fly ash*Age

32

193

6.0

10.04

0.000

Type of cement*Age

8

280

35.0

58.13

0.000

Error

724

436

0.6

Lack-of-Fit

184

370

2.0

16.56

0.000

Pure Error

540

66

0.1

Total

809

235693

Table 4. Model Summary.
S

R-sq

R-sq(adj)

R-sq(pred)

0.775930

99.82%

99.79%

99.77%
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Table 5. Regression Table.
Term

Coef

SE Coef

T-Value

P-Value

Constant

35.3156

0.0273

1295.35

0.000

VIF

20

–11.8611

0.0386

–307.63

0.000

1.33

30

1.9819

0.0386

51.40

0.000

1.33

0

2.4530

0.0545

44.99

0.000

1.60

Concrete grade

Fly ash
5

1.2807

0.0545

23.49

0.000

1.60

10

0.0715

0.0545

1.31

0.190

1.60

15

–1.2711

0.0545

–23.31

0.000

1.60

0.0862

0.0273

3.16

0.002

1.00

1

–28.5478

0.0771

–370.21

0.000

1.78

3

–15.8878

0.0771

–206.03

0.000

1.78

7

–7.5456

0.0771

–97.85

0.000

1.78

14

–1.9222

0.0771

–24.93

0.000

1.78

28

5.0533

0.0771

65.53

0.000

1.78

56

9.5933

0.0771

124.41

0.000

1.78

90

11.5311

0.0771

149.54

0.000

1.78

180

13.2644

0.0771

172.01

0.000

1.78

20 0

0.1759

0.0771

2.28

0.023

2.13

30 5

0.1904

0.0771

2.47

0.014

2.13

20 1

-0.3414

0.0386

-8.85

0.000

1.33

30 1

0.2475

0.0386

6.42

0.000

1.33

20 1

8.313

0.109

76.23

0.000

2.37

20 3

4.303

0.109

39.46

0.000

2.37

Type of cement
1
Age

Concrete grade*Fly
ash

Concrete grade*Type
of cement

Concrete grade*Age

20 7

2.484

0.109

22.78

0.000

2.37

20 14

0.908

0.109

8.32

0.000

2.37

20 28

–1.458

0.109

–13.37

0.000

2.37

20 56

–2.821

0.109

–25.87

0.000

2.37

20 90

–3.402

0.109

–31.20

0.000

2.37

20 180

–4.069

0.109

–37.31

0.000

2.37

30 1

–2.116

0.109

–19.41

0.000

2.37

30 7

0.431

0.109

3.96

0.000

2.37

30 90

0.365

0.109

3.35

0.001

2.37

30 180

0.751

0.109

6.89

0.000

2.37

0.2354

0.0545

4.32

0.000

1.60

Fly ash*Type of
cement
01
51

0.2274

0.0545

4.17

0.000

1.60

10 1

-0.1251

0.0545

–2.29

0.022

1.60

15 1

-0.1356

0.0545

–2.49

0.013

1.60

01

-1.610

0.154

–10.44

0.000

2.84

03

-0.497

0.154

–3.23

0.001

2.84

0 28

0.684

0.154

4.43

0.000

2.84

Fly ash*Age
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Term

Coef

SE Coef

T-Value

P-Value

VIF

0 180

0.356

0.154

2.31

0.021

2.84

51

–0.871

0.154

–5.65

0.000

2.84

5 28

0.506

0.154

3.28

0.001

2.84

5 90

0.317

0.154

2.06

0.040

2.84

15 28

–0.403

0.154

–2.62

0.009

2.84

11

–1.4673

0.0771

–19.03

0.000

1.78

Type of cement*Age
13

–0.2740

0.0771

–3.55

0.000

1.78

1 56

0.2849

0.0771

3.70

0.000

1.78

1 90

0.4294

0.0771

5.57

0.000

1.78

1 180

0.6272

0.0771

8.13

0.000

1.78

ANOVA analysis results adjusted determination coefficient R-sq(adj) = 99.79 %, all variables and
combinations have P-value coefficient < 0.05. The regression table shows the relationship between
compressive strength and factors. In which the model takes into account the interaction between the factors.
Values that guarantee a significance level with P-value < = 0.05 are retained, while effects that do not
guarantee statistical significance are removed in the regression table.

Figure 4. Factors that mainly influence Rn.
Fig. 4 shows the main factors that affect the compressive strength of concrete and their degree of
influence. The grade of concrete will affect the design of the components in concrete with the higher the
level, the correspondingly high strength. The impact of fly ash tends to the opposite. The more using fly
ash, the intensity tends to decrease, while the type of cement has no significant effect between two kinds
of cement PC and PCB at the same level. The most significant impact is the age of the concrete. The longer
the time, then increasing the intensity of the concrete, the most robust increase in the period from 1 day to
56 days (very steep graph). However, after this period, the uptrend gradually slows down, and from
180 days to 360 days, the level of increase is negligible, the intensity remains at a stable level.
Observed Fig. 5 shows the interaction between the factors affecting the compressive strength of the
concrete. The graphs related to the interaction effect between age and other factors have the most apparent
change.
The graph in Fig. 6 shows the strength development of fly ash concrete over time; similar to previous
studies [16–20], the compressive strength of concrete tends to decrease with increasing content used fly
ash. Especially when studying the effect of time on the compress strengthen of fly ash concrete, Tukey's
post-deterministic analysis shows very clear subgroups shown in Table 6 and Fig. 7.
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Figure 5. Interaction Plot for Rn.

Figure 6. Compression strength development over time.
Table 6. Tukey Pairwise Comparisons between age of fly ash concrete.
Grouping Information Using the Tukey Method and 95 % Confidence
Age N

Mean

360 90

49.78

A

180 90

48.58

AB

90 90

46.85

AB

56 90

44.91

B

28 90

40.37

14 90

33.393

7

90

27.770

3

90

19.428

1

90

6.768

Grouping

C
D
E
F
G

Means that do not share a letter are significantly different.
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Figure 7. Compression strength development over time.
The difference is most pronounced in the 1, 3, 7, 14, and 28 years old, when they are classified into
different groups, G, F, E, D, C, respectively. This marked difference partly reflects the cement's hydration
and the reaction of fly ash and the cement's hydration product in the concrete mix. That process
simultaneously increases the concrete's consistency, making the concrete's compressive strength increase
rapidly, especially after seven days of age. Whereas the 56,90 and 180,360 of the remaining days, the
difference between the age dates is classified into two groups A and B, meaning that the change in intensity
between the age dates is not significant. These partly explain the intensity stability after the reaction
equations occurred; in other words, the intensity developed slowly after 90 days and gradually stabilized at
the age of 360 when the increase was not significant.

3.3. Response optimization to determine the best possible combinations
for each grade of concrete
The most apparent difference between the methods using the experimental DOE planning and linear
regression is to give predictive options when there are input parameters and output requirements for the
problem.
To satisfy each concrete level has the best-guaranteed intensity at 28 days, the options are selected
as Table 7 and Fig.8 below.
Table 7. The optimal options for each concrete grade.
No
Solution

Concrete
grade

Fly Ash (%)

Type of
cement

Age

Rn Fit

Composite
Desirability

1

1

20

10

2

28

27.4690

0.412448

2

2

20

10

1

28

26.7006

0.400910

3

3

20

15

2

28

25.7110

0.386051

4

1

30

10

1

28

42.6328

0.640133

5

2

30

10

2

28

42.2235

0.633986

6

3

30

15

1

28

40.8149

0.612837

7

1

40

10

1

28

52.0047

0.780851

8

2

40

10

2

28

51.9027

0.779320

9

3

40

15

1

28

50.1868

0.753555
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a) Optimal D: 0.4124

b) Optimal D: 0.6401

c) Optimal D: 0.7809
Figure 8. The images show the optimal solutions for the respective concrete grades.
For each concrete grade, there are three options, which have been proposed with the amount of fly
ash and type of cement, based on ensuring the compressive strength of fly ash concrete at the best level
at 28 days. Furthermore, for all three grades of concrete with proposed options for the optimal solution, fly
ash content is usually selected at 10 % and 15 %, although in experimental planning, fly ash is considered
up to 5 levels ranging from 0 % to 20 %.

4. Conclusions
1. Fly ash cement concrete has been applied in many countries to take advantage of waste from
thermal power plants, which improves both the properties of concrete, such as workability, consistency,
strength, and increase the intensity remaining to solve problems of environmental pollution. There are many
factors to consider affecting the properties of concrete, especially the compressive strength, which is the
most fundamental parameter specific to each concrete grade. The covered factors in the paper include the
level of concrete, the type of used cement, the percentage of fly ash is used with the total amount of binder,
and the time factor.
2. Based on previous studies and the authors' group, fluctuation of selected elements, to meet the
current needs of reality. The results show that all factors have an apparent influence on the compressive
strength of the concrete, especially the time factor. Over time the vigorous development process is for the
first time (from 1 to 56 days). After this period, the process slows down and does not seem to change after
one-year-old. At the same time, the conventional and mixed PC cement does not show the difference in
the compressive strength of concrete.
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3. Besides, the most useful fly ash content for concrete grades to achieve the best compressive
strength at 28 days ranges from 10% to 15%. This research result is also consistent with some other studies
in the world. Thus, with the influencing factors, depending on the grade of concrete used, the most
appropriate coordination options can be selected.
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Abstract. In Eurocode EN1990 action effects in persistent and transient design situations for ULS checks
are derived according to three different alternative expressions for combinations of actions, to be chosen
in the National Annex for use in a country. The three formulations, ([6.10], or [6.10a] and [6.10b], or [6.10a
modified] and [6.10b]), which are substantially confirmed in the draft version of the new EN1990
(prEN1990:2019), are not completely equivalent in terms of structural reliability. In the present study, the
reliability levels associated with each of them are compared in some relevant examples considering
permanent and imposed loads for different buildings categories. In the analyses, the structural reliability
indexes derived using level 2 and 3 methods are discussed considering the influences of different
assumptions about statistical distributions and parameters of material resistances and action effects. The
results of the sensitivity analyses confirm that the reliability level for ULS checks is also strongly dependent
upon the statistical models adopted. The target reliability level recommended for use in EN 1990 (and in
prEN1990:2019) is commonly reached using expression [6.10], while the adoption of expressions [6.10a]
and [6.10b] can lead to lower values, especially when the coefficient of variation (COV) of the material
resistance is high. Expressions [6.10a modified] and [6.10b] generally lead to very significant reductions of
the reliability levels in all the investigated cases, especially when permanent loads dominate the structural
design.

1. Introduction
EN1990 is the head code in the Eurocode suite and establishes the principles and requirements for
safety and serviceability for all the Structural Eurocodes [1]. EN1990 provides the basis for structural design
and verifications, introducing the limit state design concept to be used in conjunction with the partial factor
method. In the limit state design, also known as load and resistance factor design [2], it should be verified
that the design load effect does not exceed the design resistance of the structure in ultimate limit states.
Design load effects are determined for each limit state considering a representative load combination
defined to take into account the probability of the simultaneous application of the various load types. Load
combination rules, with the associated partial and combination factors, should be defined with the final aim
to guarantee a minimum target reliability level for the designed structural members for all construction
materials. In this study, load combinations in the structural Eurocodes are discussed evaluating the
resulting reliability levels for different building structures and considering the relevant influences of different
assumptions about statistical distributions and parameters of material resistances and action effects.
Combination of actions, which are given in Section 6 of Eurocode EN 1990:2002 [3], are substantially
confirmed in Section 8 of new draft of prEN1990:2019 [4]. The choice of the format to be adopted in a
country is transferred to National authorities, according to clause 6.4.3.1(1) P of [1], which states that “for
Croce, P., Formichi, P., Landi, F. Target reliability of alternative fundamental combinations in Eurocode EN1990.
Magazine of Civil Engineering. 2022. 109(1). Article No. 10912. DOI: 10.34910/MCE.109.12
© Croce P., Formichi P., Landi F., 2022. Published by Peter the Great St. Petersburg Polytechnic University.
This work is licensed under a CC BY-NC 4.0

Magazine of Civil Engineering, 109(1), 2022

each critical load case, the design values of the effects of actions

( Ed ) shall be determined by combining

the values of actions that are considered to occur simultaneously”.
The Ultimate Limit States (ULS) verifications in EN1990 regard the loss of static equilibrium (EQU),
internal failure or excessive deformation of the structure (STR), failure or excessive deformation of the
ground (GEO) and fatigue failure (FAT). The occurrence of any ULS is prevented by checking the
fundamental inequality

Ed ≤ Rd ,
where

(1)

Ed is the design value of action effects and Rd the design value of the resistance.

Following clause §6.4.3.2 of EN 1990, design values of the action effects in persistent and transient
design situations can be derived adopting three alternative and mutually exclusive sets of fundamental
combinations of actions. These sets, given below, are formally identified by expression [6.10] of EN1990
(Eq. (2)); or by the most adverse between expressions [6.10a] (Eq. (3.a)) and [6.10b] (Eq. (3.b)); or by the
most adverse between expressions [6.10a modified] (Eq. (4)) and [6.10b] (Eq. (3.b)). Although in
prEN1990:2019, ULS are no more formally distinct in EQU, STR and GEO, the sets of mutually exclusive
combinations remain substantially unchanged: in fact, the “new” combination [8.12] corresponds to the “old”
combination [6.10]; the “new” combination [8.13.a] to the “old” [6.10.a], the “new” combination [8.13.b] to
the “old” [6.10.b] and, finally, the “new” combination [8.14] to the “old” combination [6.10.a modified]:

∑ γ G , j Gk , j "+ " γ P P "+ " γ Q,1Qk ,1 "+ " ∑ γ Q,i ψ 0,i Qk ,i ;

(2)

∑ γ G , j Gk , j "+ " γ P P "+ " γ Q,1ψ 0,1Qk ,1 "+ " ∑ γ Q,i ψ 0,i Qk ,i ;

(3a)

∑ ξγ G , j Gk , j "+ " γ P P "+ " γ Q,1Qk ,1 "+ " ∑ γ Q,i ψ 0,i Qk ,i ;

(3b)

j ≥1

i >1

j ≥1

i >1

j ≥1

i >1

∑ γ G , j Gk , j "+ " γ P P.

(4)

j ≥1

In expressions (2), (3.a), (3,b) and (4),

Gk , j is the nominal or characteristic values of the j-th

permanent actions, P is the relevant representative value of prestressing action, Qk ,1 is the characteristic
value of the leading variable action, ψ 0,i Qk ,i is the combination value of the i-th accompanying variable
action, acting simultaneously with the leading one, γ G , j , γ Q ,i and

γ P are the partial factors for permanent,

variable and prestressing actions, respectively, and ξ, considered as a combination factor, is a reduction
factor for permanent actions in expression [6.10b], or [8.13.b], for which the recommended value is 0.85.
Considering that combinations in EN1990:2002 and in prEN1990:2019 coincide, in the following
reference is made to the EN1990 nomenclature.
EN1990, the choice among the above formulations for use in a country is left to the National Annex,
prepared by the National Standard Body.
The rationale of the alternative sets is evident, In fact, in expression [6.10a] the unfavourable part of
permanent actions is assumed as leading action and all variable actions are considered as accompanying
actions; in expression [6.10b] unfavourable permanent actions are also considered as accompanying ones;
finally, in the third alternative, expression [6.10a modified] only includes permanent actions.
Typical argument in support of the alternative formulation [6.10a] and [6.10b] is that in this way it is
possible to weaken the dependence of the reliability index β on the parameter χ , better described in he
following, which is the ratio between the effects of variable actions and the total actions [1, 5], arriving to a
more uniform distribution of β values over χ . Truly, very sound arguments can be also claimed endorsing
adoption of the recommended formulation [6, 10]; among them, particularly relevant is the observation that
the fraction of the design life, during which the minimum reliability should be assured, depends on the
nature of the actions governing the design. In fact, the total duration of that fraction of the design life, which
is very significant in case the structural design is governed by permanent actions, when the required
minimum reliability is little varying over time, reduces as soon as the influence of variable actions increases.
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Evidently, in case the variable actions predominate, the minimum reliability is required only occasionally,
however, for a small amount of the life of the construction.
Finally, use of alternative [6.10a mod] and [6.10b] is supported only by merely economic arguments.
In the Authors opinion, these arguments are very week, since they lead, when permanent loads are
governing the design, i.e. χ is small, to inacceptable reduction of β.
Load combinations in the Eurocodes were first discussed in [1] to formulate general
recommendations for the BSI National Annex to EN1990. Simple examples for generic structural members
showed that expression [6.10] leads to the most reliable structures, expressions [6.10a] and [6.10b] provide
a lower but comparatively most uniform reliability level for all load ratios, while the use of modified
expression [6.10a] and expression [6.10b] is not recommended since leads to rather low reliability level.
In any case, till now there are no logical reasons strong enough to clearly identify the most
appropriate formulation, In fact, examining 24 National Annexes available to the Authors, it resulted that:
13 countries adopted expression [6.10]; 5 countries adopted expressions [6.10a] and [6.10b]; 5 countries
allowed the designer to choose between [6.10], or [6.10a] and [6.10b]; and only one country adopted
expressions [6.10a mod] and [6.10b].
An in deep evaluation about the Nationally Determined Parameter (NDPs) selected by each Member
State and the reliability of structural members designed accordingly can be found in [5].
In the recent years, a discussion about reliability levels of structural members designed according to
the partial factor method given in the Eurocodes has been initiated and it is currently ongoing also in view
of the second generation of Eurocodes [6, 7] The discussion is mainly focused on target reliability levels
[8–12] and the calibration of load factors to minimize variability of reliability levels [13, 14].
In this context, it is important to remind that the evaluation of reliability indexes and the calibration of
partial factors is characterized by several uncertainties concerning for example, the assumptions on the
distribution functions for loads and material resistances, the methods adopted to evaluate reliability
[15–17], and not least the combination rule adopted for structural design.
Since the three formulations given in EN1990 are not equivalent in terms of structural reliability [1],
aim of the present study is to compare the reliability levels associated with each expression in some
significant case studies. In the examples, residential, commercial and storage buildings are considered,
varying the representative parameters of the permanent and variable actions, as well as of the resistances
of building materials, assuming different statistical distributions.
In the investigation, the reliability indexes β [15–17] were initially calculated according to level 2
approach; successively, a supplementary level 3 sensitivity analysis was carried out. The latter allowed to
investigate the influence of different hypotheses, regarding statistical distributions of mechanical properties
for structural materials and actions, on the structural reliability index β and to compare the results with the
target reliability levels [9–12].

2. Methods
The study is articulated in three subsequent steps, increasing the level of deepening and complexity.
In a first phase (case 1) [18] the distribution of actions’ effect

( Ed ) is derived, in turn, as the result

of the combination of permanent and variable actions, according to one of the three alternative formulations,
so focusing on their influence on the reliability. Briefly, that preliminary study aims to assess the sensitivity
of the calculated reliability indexes on the adopted formulation.
In the second phase (case 2) [18], the actual distribution of effects of actions has been theoretically
derived, taking also into account the influence of model uncertainties.
The outcomes of these first two phases confirmed, once again, that the reliability index
measure of the structural safety, strongly dependent on the starting assumptions.

β is a relative

Also aiming to clarify whether and how much level 2 simplifications influence the results, a more
refined study (phase 3 – case 3) has been finally carried out, determining the actual probabilities of failure,
by means of direct numerical integration of the relevant limit state functions.
The investigated case studies are referred to structural steel and reinforced concrete members in
different building categories. Aiming to cover the most significant cases occurring in current design practice,
they were considered residential buildings (categories A and B of EN 1991-1-1 [19]), commercial buildings
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(categories C and D) and storage buildings (category E1). Besides the unfavourable permanent action

G,

only one unfavourable variable action Q, the imposed load, was considered, but the investigation could be
easily extended to a greater number of actions.
The relative effects of permanent and variable actions were taken into account by means of the
already cited parameter χ , defined as the ratio between the characteristic value of the variable action, Qk ,
and the characteristic value of the global action, sum of the characteristic value of permanent and variable
actions, Gk + Qk :

χ=

Qk
.
Gk + Qk

(5)

The 𝜒𝜒 values were assumed varying in the range 0 ≤ χ ≤ 0.67 , being the upper limit approximately

Qk Gk = 2.0. Evidently, smaller values of χ correspond to heavy structures,
where permanent load is governing the design, while χ ≥ 0.5 correspond to lighter structures, where

corresponding to a ratio
imposed load is leading.

Failure in reinforced concrete structures was associated, in turn, to concrete crushing, like in
compressed columns or in beams with high reinforcement ratio, or to yielding of reinforcing steel.
In each example, and for each given χ value, the structure was designed in the most economical
way, thus equalizing design effects and design resistance in Eq. (1), i.e. setting

E=
R=
Rk γ M , being
d
d

γ M the partial factor for resistance.
Design effects

Ed were calculated adopting recommended values of partial and combination factors

provided in EN1990:
buildings;

=
γ G 1.35;=
γ Q 1.50;
=
ξ 0.85; =
ψ 0 0.70 for residential and commercial

ψ0 =
1.00 for storage buildings, In must be remarked that, for storage buildings, the group

[6.10a modified+6.10b] is the unique alternative to [6.10], since in that case the group [6.10a +6.10b]
coincides with expression [6.10].
Of course, for a given value of χ , adoption of expression [6.10] leads to the maximum required
design strength, Rd max ( χ ) , Rd max
=
( χ ) Rd [6.10] ( χ ) . Adopting alternative expressions [6.10a+6.10b]

or [6.10a modified+6.10b], the required strength reduces to Rd [ 6.10 a +b ] ( χ ) or to Rd [ 6.10 a mod +b ] ( χ ) ,
where the index indicates the expressions used in designing the structures. With obvious symbolism [18,
19], the characteristic resistances required by the various alternative expressions can be easily obtained
as a function of Rd [ 6.10] ( χ ) , in the forms:

Rk [6.10] ( χ ) =γ M Rd [6.10] ( χ ) =γ M Rd max ( χ ) ;

(6.a)

Rk [6.10 a +b ] ( χ ) =γ M Rd [6.10 a +b ] ( χ ) =

χ
−1
−1 χ 
max 1 + γ Q γ G
; ξ + γQ γG
ψ0
1− χ
1 − χ 

;
=
γ M Rd [6.10] ( χ )
−1 χ
1 + γQ γG
1− χ

(6.b)

Rk [6.10 a mod +b ] ( χ ) =γ M Rd [6.10 a mod +b ] ( χ ) =

−1 χ 
max 1; ξ + γ Q γ G
1 − χ 

=
γ M Rd [6.10] ( χ )
.
−1 χ
1 + γQ γG
1− χ
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In the first two phases of the study, for the resistance and actions effects they were considered the
statistical parameters, mean, µ, and coefficient of variation (COV), V , summarized in Table 1, assuming
normal or log-normal probability density functions.
Table 1. Statistical properties of relevant actions and strengths.
Strength/Action

Symbol

Steel (yield stress)

R
R
R
R
G
G
Q
Q
Q

Rebars (yield stress)
Concrete compressive strength
Concrete compressive strength (1)
Permanent action (case 1)
Permanent action (case 2)
Imposed load (residential etc.)
Imposed load (shopping etc.)
Imposed load (storage etc.)
(1)

Mean

µ

Rk + 1.64 σR
Rk + 1.64 σR
Rk + 1.64 σR
Rk + 1.64 σR
Gk – 1.64 σG
Gk
~ 0.3 Qk
~ 0.6 Qk
~ 0.8 Qk

COV (V)

γM

0.07

1.00

0.07

1.15

0.15

1.50

0.20

1.50

0.10
0.10
1.42
0.35
0.15

Cast in situ, no special control

In the following sections, the reliability levels will be assessed for different categories of imposed
loads (residential, shopping and storage). Climatic actions can be easily added in the analysis; however,
the obtained reliability levels will be influenced also by the considered locations. For example, for snow
loads different climatic zones can be characterized by significantly different values of the coefficient of
variation [20]. The reliability of roof structures designed according to the Eurocodes and subjected to snow
loads have been already discussed in [21, 22] and by the authors in [23, 24] and [25] considering also
climate change influence. The results highlighted lower values than the target ones for lightweight roof
structures; however, it must be recalled that often additional safety margins are intentionally introduced in
codes, increasing the characteristic ground snow loads resulting from the statistical analysis of data in the
adopted snow load maps, as observed by the authors in [26].
Concerning wind loads, the evaluation of structural reliability levels involves a complete probabilistic
description of all the relevant parameters in the wind load chain (shape, roughness and gust factor, together
with the basic wind velocity). An example of reliability assessment is carried out with reference to the
benchmark two-storey steel frame defined in the example applications of the JCSS model code [27]. The
benchmark structure is subjected to permanent

(G ) ,

imposed

(Q )

and wind load

(W )

and designed

adopting the expression [6.10] in EN1990 [3]. Adopting the probabilistic models given by the JCSS [27],

=
χ
the variation of reliability levels with load ratio

Wk

( Gk + Qk )

is evaluated considering different

probability density function (pdf) for the wind velocity, Gumbel, Weibull and Generalized Pareto Distribution
(GPD). The results are shown in Fig. 1 and highlight the sensitivity of the reliability measure to the adopted
pdf for the wind velocity. The heavy tail of the GPD leads to significantly lower values of reliability than
those obtained adopting Gumbel and Weibull pdf. Beside the high sensitivity of the outcomes on the
adopted extreme value distribution, we can notice the relevant decrease of reliability when the COV of the
wind action is increased: in fact, looking at the Fig. 1, it clearly emerges that reliability indexes obtained
assuming COV = 0.1 (solid lines), are significantly higher than those pertaining to COV = 0.2 (dashed lines).
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Figure 1.

β – χ reliability curves for the benchmark two-storey steel frame described in [27].

Values in table 1 are consistent with those recommended by the Joint Committee on Structural Safety
(JCSS) [27] and currently adopted in literature [5, 28–33]. As better described in §3.1, in the first two phases
of the research, the statistical parameters of the imposed load where obtained fitting the upper tail of the
extreme values distribution with the upper tail of a normal distribution, according the JCSS
recommendations. Furthermore, in order to adequately cover the whole range of current design
applications, the coefficient of variation of imposed loads was selected close to its upper bound, is case of
residential buildings, and close to its lower bound, in the other cases.
The resistance
variables,

R was modelled as the product of three independent log-normally distributed

R = Azf ,

(7)

where A and z are suitable geometrical properties, for instance an area and an inner lever arm, and
appropriate strength, namely yield stress

f an

f y for steel, and compressive strength f c for concrete.

The COVs for the geometrical properties ( VA and

Vz ) were taken equal to 6 % for r.c. sections and

to 3 % for steel ones. Regarding the strength of building materials, the COVs were adopted according to
Table 1. More into detail, for concrete, beside the usual value V = 0.20 , it was also explored the reduced
value V = 0.15 , which is consistent with a more stringent quality control during execution. Whence,
recalling eq. (7), the COV of R results 17.3 % for high quality control concrete ( V = 0.15 ), 21.8 % for
concrete cast in situ with normal quality control
steel

(V = 0.20 ) , and 8.19 % for structural steel and reinforcing

(V = 0.07 ) .

It must be underlined that results pertaining to different materials or to different failure modes cannot
be directly compared, since the assessment formulae currently provided in Eurocodes, or in other structural
standards, frequently contain additional safety, although not explicitly declared.

2.1. Evaluation of statistical parameters for imposed loads
Live loads on building floors are induced by the weight of furniture, equipment, stored items and
occupants; they depend on building’s category and vary in time and space. In a first approximation, spatial
variations of live loads can be assumed to be homogeneous, while time variations can be represented by
two components, the sustained load and the intermittent load [27, 34, 35].
The sustained load includes the weight of furniture and heavy equipment; its short-term variations
are generally included in uncertainties. The intermittent load, characterized by usually short relative
Croce, P., Formichi, P., Landi, F.
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duration, represents all other kinds of live loads not covered by the sustained load, like gathering of people,
or stacking of furniture during maintenance, as well as, when load-structure interaction is negligible, the
dynamic magnification.
The equivalent uniformly distributed load q of the sustained load part is characterized by its overall
mean intensity,

µq , and by its standard deviation σ q , expressed by [27].
σq =

being

 A 
σ2y + k σu2 min 1; 0  ;
 A

(8)

σ y is the standard deviation of the effects of a zero mean normal variable Y ; σu the standard

deviation of the effects of a zero mean random field

U ( x, y ) with a specific skewness to the right; A the

A0 the reference area and 𝑘𝑘 an adjustment factor depending on
the shape of the influence surface. Generally, k varies in the range 1.0 – 2.4 [27, 35]. In the present study
it has been assumed k = 2.0 , which is a typical value for bending moments on beams or axial forces in
tributary area of the considered element,

columns.
If the time between load changes is exponentially distributed, the number of load changes is Poisson
distributed and the process is a Poisson pulse process. The cumulative distribution function (CDF) of the
arbitrary point in time value q of a rectangular pulse process is expressed by

Fq ( x ) =
(1 − d ) H ( x ) + dFq′ ( x ) ,
where

(9)

H ( x ) is the Heaviside unit step function, Fq ( x ) is the CDF of q′ and d is the fraction of time the

process is non-zero. For the sustained load, obviously, it is

d = 1.0.

From equation (9), the CDF of the life-time maximum value

Fq

max

qmax results

( x=) (1 − d ) H ( x ) + dFq′ ( x ) exp  −λT (1 − Fq′ ( x ) ) ,

(10)

λ the rate of the process,
i.e. the number of pulses in the time unit. For high values of x it is Fq′ ( x ) ≈ 1.0, therefore (10) reduces

where T is a suitable time interval linked with the expected life of the building and
to

Fq

max

( x ) ≈ (1 − d ) H ( x ) + d  exp  −λT (1 − Fq ' ( x ) ) .

(11)

p of the intermittent load part can be represented
by the same stochastic field as the sustained load, whose representative parameters, mean intensity, µ p ,
The equivalent uniformly distributed load (EUDL)

and standard deviation

σ p , depend on the building’s category. The intermittent load maxima occur as a

Poisson rectangular pulse process characterized by a mean occurrence rate v, and by an average duration

d p , depending on the imposed load classification.

of each pulse,

The extreme values of EUDL, p, in the reference time interval T are again expressed by equations
like (10) and (11).
Adopting input data parameters for live load distributions consistent with table 2.2.1 of JCSS Code
[27] and assuming that q and p are stochastically independent and described by appropriate gamma
distributions, the following parameters of the extreme value distributions of the maxima of imposed loads
can be found: µ q ,max ≈ 0.39 kN/m2, COV ≈ 1.30, Qk = 2.00 kN/m2 in residential buildings;

µ q ,max ≈ 2.19 kN/m2, COV ≈ 0.50, Qk = 5.00 kN/m2 in commercial buildings and µ q ,max ≈ 4.15 kN/m2,
COV ≈ 0.30,

Qk = 7.50 kN/m2 in storage buildings. Obviously, in storage buildings intermittent loads are

not significant.
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Since characteristic values of imposed loads are extremely sensitive to input data variations, the
parameters in Table 1 were adopted for the analyses, in order to appropriately cover the possible range of
variations.

3. Results and Discussion
In the following sub-sections, the results in terms of reliability curves are presented and discussed
for the three case studies described in the Introduction:
•
Case 1: effects of actions represented by alternative expressions of load combinations given in
EN1990;
•
Case 2: effects of actions represented by the theoretical combination, taking into account also
the influence of model uncertainties;
•
Case 3: Level 3 sensitivity analysis determining the actual probabilities of failure, by means of
direct numerical integration of the relevant limit state functions.

3.1. Case 1: distribution of effects represented by alternative load combinations
In the first phase of the analysis (case 1), effects of the actions were evaluated considering all the
three EN1990 alternative formulations, already recalled in §1, setting the characteristic value of permanent
actions as the 95 % fractile.
To make easier the analytical treatment, two limit state functions were analyzed: the safety margin,
S, in case of normal variables,

S= R − E
and the safety factor,

(12)

Z , for log-normal variables,
Z=

R
.
E

(13)

The probability of failure is then given by

Pf = P ( R − E ) < 0  = Φ ( −β )

(a)

or by

 R  
Pf = P   < 1 = Φ ( −β )
 E  

(b),

(14)

Φ the normal cumulative distribution function and β the associated reliability index. To estimate
(14.b), the right tail of the sum of two independent log-normal variables G and Q was fitted with a logbeing

normal tail using the Fenton and Wilkinson approximation [36, 37].
It must be underlined that, at the level 2, expressions (14.a) and (14,b) lead to different β values,
despite from the theoretical point of view they are absolutely equivalent. However, these different outcomes
can be easily explained, recalling that, in the aforementioned cases, the tails of the actual distributions of
R and E have been fitted with different pdfs: normal distributions referring to safety margin, Eq. (14.a), lognormal distributions referring to safety factor, Eq. (14.a). That is a further reason to emphasize that β
values cannot be directly compared, as their significance is largely conventional [38].
It is worth to note that in EN 1990 characteristic values of variable actions are defined as those
characterized by 2 % of exceedance on annual basis (roughly corresponding to 50 years return period),
and the target value of β for 50 years reference period is fixed to 3.8 for Consequence Class 2 structures
(i.e. “normal” consequences), corresponding to an accepted failure probability Pf ≈ 7.23 ⋅10

−5 in 50

years.

3.1.1. Evaluation of β reliability index for normal variables
If R and E are normally distributed, the reliability index

β=
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µR − µE
σ2R − 2ρ RE σ R σ E + σ2E

β is given by [1, 39, 40–42]:
;

(15)
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being

µ R and µ E the mean values of variables, σ R and σ E their standard deviations, and ρ RE the

correlation coefficient, which is zero for uncorrelated variables, like assumed in the present investigation.
As remarked in the introduction, the Eurocode does not give a unique expression to evaluate actions’
effects Ed , leaving the choice among the three alternatives (2–4) to the National Annex. Clearly, since the
intent of the fundamental combination is to represent, as close as possible, the design values of the actual
actions’ effects, none of the three alternatives is unanimously recognized as the one able to represent in
the most effective way the design load combination.
As better explained in the following §3.3, it is possible to directly compare alternative load
combination rules, in terms of structural reliability, only when the reliability is calculated with reference to
the effective joint probability distribution of actions, to which the structure will be subjected during its design
life.
Evidently, being at least

Rd = Ed (see Eqs. (6)), the design depends on the choice of the expression

for the fundamental combination. Once designed the structure, its reliability will be a function of the effective
distribution of actions’ effects. In the spirit of the sensitivity analysis, to investigate how different choices on
combination rules influence the structural reliability, each structural element was designed according to one
of the given expressions (e.g. [6.10]; or [6.10a] and [6.10b]; or [6.10a mod] and [6.10b]) and the β values,
associated to each set of the alternative load combinations, were calculated. Each combination rule is
assumed to be, in turn, the one best representing the actual situation, which is denoted with the prefix “act”
in the following: in that way, nine β − χ reliability curves are obtained, three for each set of expressions.
Each curve represents the reliability curve associated to a structural element designed using one of the
tree alternative sets of load combinations, depending on the load combination best representing the actual
situation.
Let Ξ the load combination used for the design, Ξ = ([6.10]; [6.10a+b]; [6.10a mod+b]). Manifestly,
for each value of χ , the reliability index β satisfies the following inequalities:

β ( χ, Ξ, [ act 6.10]) ≤ β ( χ, Ξ, [ act 6.10a + b ]) ≤ β ( χ, Ξ, [ act 6.10a mod + b ]) ,

(16)

where, as said, terms in square brackets indicate the combination of actions assumed to be the best
representation of the real situation.
Significant outcomes of the analysis are shown in Fig. 2 and 3. To make easier their interpretation,
and according to what previously said, in the legends the nine β − χ reliability curves are labelled in such
a way that the term in brackets indicates the expression better representing the actual situation and the first
term indicates the expression adopted to design the element.
The case illustrated in Fig. 2 refers to steel members’ failure in a commercial building. Reliability
curves are characterized by different trends:
− Let consider structures designed according to [6.10]:
i.if the actual combination is represented by [6.10], reliability increases in the interval

χ = 0 − 0.3, and decreases for χ > 0.3, when the quota of variable imposed loads becomes
more relevant;
ii. if the actual combination is represented by [6.10a+b] or by [6.10a mod+b], the calculated
reliability further increases, since designing with [6.10] introduces overstrength. Again, an
increasing trend is shown when permanent action predominates and χ is up to 0.3.
-

Let consider structures designed according to [6.10a+b]:
iii.if the actual combination is represented by [6.10a+b], the trend of the

β − χ curve is similar to

that described in the previous case I;
iv.if the actual combination is represented by [6.10] a decreasing reliability trend is observed
when [6.10a] governs the design, the trend is inverted when [6.10b] dominates;
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v.if the actual combination is represented by [6.10a mod+b] the structure results overdesigned
and the behavior of the

β − χ curve is similar to that described in previous case ii.

Let, finally, consider structures designed according to [6.10a mod+b]:

-

vi.if the actual combination is represented by [6.10a mod+b] an almost constant reliability is
observed as soon as [6.10a mod] governs;
vii.if the actual combination is represented by [6.10] the

β − χ curve is significantly decreasing

in the range where [6.10a mod] governs. A similar trend is observed if the actual combination
is represented by [6.10a+b].
Similar trends characterize curves in the following Fig. 3, 4 and 5.
6
6.10 (act 6.10)
6.10 (act 6.10a+b)
6.10 (act 6.10a mod+b)

5.7

6.10a+b (act 6.10)
6.10a+b (act 6.10a+b)
6.10a+b (act 6.10a mod+b)
6.10a mod+b (act 6.10)

5.4

6.10a mod+b (act 6.10a+b)
6.10a mod+b (act 6.10a mod+b)

5.1

β
4.8

4.5

4.2

3.9
0

Figure 2.

0.1

0.2

0.3

0.4

χ

0.5

0.6

0.7

β − χ reliability curves for steel member in commercial buildings – normal variables.

For the resistance of reinforced concrete structures, they are considered two relevant cases,
according as yielding of steel rebars or crushing of concrete governs. In the following cases indicated as
“rebars” correspond to yielding of steel reinforcement, cases indicated as “concrete” correspond to crushing
of concrete.
The diagrams in Fig. 3 refer to compressed concrete failure of reinforced concrete members in a
residential building.
The two complete sets of curves refer to different coefficient of variations of concrete strength:

V = 0.20, corresponding to “normal” quality control level, and V = 0.15, corresponding to improved quality
control level. The results are of particular interest, as they refer to an extreme case, where small variations
of input data are associated to relevant variations of the reliability index. The phenomenon is so evident
that the two sets of curves do not overlap.
In a previous work [18], similar results were reported more extensively, considering also the effects
of material over-strength, drawing the following conclusions:
− although, as explained later, reliability indexes calculated here are overestimated, since the
incidence of model uncertainties is disregarded, β values sems often smaller than the target value,
3.8, especially in r.c. residential buildings, when concrete crushing governs the failure and no special
quality control measures are adopted for the material itself ( V = 0.2);
− in case of over-strength [18], the reliability indexes increase; the increment is more relevant for
steel members than for reinforced concrete members;
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4.4

COV=0,15
4.2

4

β

6.10 (act 6.10)
6.10 (act 6.10a+b)
6.10 (act 6.10a mod+b)

6.10a mod+b (act 6.10)
6.10a mod+b (act 6.10a+b)
6.10a mod+b (act 6.10a mod+b)

6.10a+b (act 6.10)
6.10a+b (act 6.10a+b)
6.10a+b (act 6.10a mod+b)

3.8
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Figure 3.
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β − χ reliability curves for concrete failure of r.c. members in residential buildings
(different quality control level for concrete) – normal variables.

β values than those
designed using alternative expressions, with peaks in the range 0.1 < χ < 0.35 ; the gain is

− in all the investigated cases, structures designed using [6.10] exhibit higher

particularly relevant when the actual situation is best fitted by alternative expressions;
− values associated with [6.10a] and [6.10b] can be significantly smaller than those associated with
[6.10], mainly in vicinity of χ =0.35, which is quite often the case in current design; moreover, in
r.c. residential buildings β values are often below the target;
− expressions [6.10 a modified] and [6.10b] lead in all considered cases to significant reduction of
β, especially in the range 0 < χ < 0.25, where local minima of β − χ curves are very low; since
this range corresponds to heavy structures, like r.c. massive ones, this behaviour seems to be in
contrast with the inspiring criterion of such an expression, which is based on permanent loads
primacy;
− the lowest

β curve associated to [6.10] practically always envelopes alternative curves.

β values evaluated up to now
appear generally overestimated. Actually, the design value of the capacity demand Ed [1],
Since the influence of the model uncertainty factors is disregarded,

Ed =γ f γ Sd Ek =γ F Ek ,
is higher than that strictly required by reliability analysis. In equation (17)
the effect of the load combination,

(17)

Ek is the characteristic value of

γ f the partial factor for uncertainty in representative values of the effect,

γ Sd the model uncertainty factor and γ F the partial factor for actions.

β and regardless of the disturbance caused by the model
uncertainty factors, an accurate calculation requires to consider, instead of γ F , only its quota γ f . To
Hence, despite of the relative meaning of

β on model uncertainty factors, the above-mentioned commercial building were reexamined considering the contribution of the γ Sd factors on the action side, and updating the β − χ
reliability curves for steel members’ failure. The uncertainty factor γ Sd has been hypothesized only
check the sensitivity of

depending on the nature of the action, and, according to recommendations in EN1990, it has been assumed
1.06 for permanent loads and 1.15 for variable loads.
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Since the study aimed to compare different β − χ reliability curves, derived under homogeneous
hypotheses, model uncertainty factors were disregarded on the resistance side, leaving unchanged the
partial factors γ M , since they do not affect the comparison.
Diagrams in in Fig. 4, compared to the corresponding ones in Fig. 2, show the influence of
the evaluation of the reliability index

β.

γ Sd on

3.1.2. Evaluation of β reliability index for log-normal variables
In case of log-normal variables, the expression for the reliability index β is [39–41]

ln ( mR ) − ln ( mE )

β=
ln

(

1 + VR2

) + ln (

1 + VE2

) − 2ρ

RE

ln

(

1 + VR2

) ln (

1 + VE2

)

;

(18)

mR and mE are the medians of R and E , VR and VE are the corresponding coefficients of
variation and ρ RE is the correlation coefficient, which is again assumed to be zero under the hypothesis of
where

uncorrelated variables.
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Figure 4. β − χ reliability curves for steel members in commercial buildings – normal variables,
model uncertainty factors on actions considered.
Fig. 5 shows the outcomes of the analysis developed for the same case as in Fig. 2. Comparing
diagrams in Fig. 2 and 5, it is evident that the shape of the curves and their trends are similar, so that the
analysis of the diagram in Fig. 5 leads to analogous conclusions to those expressed in §3.1. At the same
time, it must be highlighted that β values evaluated considering safety factor Z and log-normal variables
are different, and in some cases rather significantly, than those calculated considering safety margin S
and normal variables. These discrepancies, due to the inaccuracies of level 2 approach and to the errors
of the Fenton and Wilkinson approximation, confirm once again that β is a relative measure of the
reliability. In other words, the reliability index β fully represents structural reliability only if it is calculated
exactly matching the assumptions adopted to evaluate the target values.

3.2. Case 2: effects of actions represented by the theoretical combination
When G and Q are both normal variables, their joint pdf can be derived theoretically. In this case,
the appropriateness of the three normative sets of load combinations can be directly checked, comparing
the design capacity associated with each of them with the effective design capacity derived by the
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theoretical joint pdf. This is the aim of the second phase of the present study (case 2) [18], where permanent
actions have been assumed not to significantly vary during the design working life of the structure.
To emphasize the comparison, the characteristic value of permanent actions has been set to
GK = µG (see table 1), assuming again COV = 0.1, which is upper limit justifying the assumption

GK = µG .
The design value of the effect E of a single normally distributed action, considered alone, is (17)

Ed = γ Sd ( µ E + α E βσ E ) = γ Sd ( µ E + 2.66βσ E ) = γ f γ Sd Ek = γ F Ek ;

(19)

µ E and σ E are the mean and the standard deviation of E , respectively, β =3.8 is the target
reliability index for a 50-year reference period and a CC2 structure [3], and α E =
0.7 is the FORM [16]

where

[42] sensitivity factor. Hence, from (19) it follows

γ E
γ Sd = F k
,
µ E + 2.66σ E
which, applied separately on

(20)

G and Q, gives partial factors γ g and γ q to be introduced in formulae (2),

(3.a), (3.b) and (4) to cut off the model uncertainties.
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Figure 5. β − χ reliability curves for steel members
in commercial buildings – log-normal variables.
Since
value

G and Q are assumed to be normally distributed, and GK = µG , the theoretical design

( G + Q )d

results

( G + Q )d
where


χ
1 + 1.645VQ
=
µG 1 +
 1− χ


(

)

−1

2

+ 2.66

VG2

 χ  2
+
 VQ 1 + 1.645VQ
 1− χ 

(

)

−2


 , (20)



VG and VQ are the coefficients of variation of G and Q, respectively, and χ is defined by (5).
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3.2.1. Evaluation of β reliability index
The influence of the model uncertainties
(4),

γ Sd can be easily evaluated adopting, in eqs. (2), (3) and

γ g and γ q instead of γ G and γ Q . For each case study, assuming G and Q normally distributed, it

is possible to evaluate the reliability index β by means of (15), excluding the effects of model uncertainty
factors

γ Sd . In accordance with §3.1.1, weighted values of γ Sd depend on the ratio χ .

Fig. 6 shows the results obtained for the case of commercial buildings, with reference to the
alternative sets of load combinations in case of structural steel, re-bars, and concrete with different levels
of quality control (V = 0.15 and V = 0.20).
Results for residential or storage building categories look similar, both in terms of curves’ shapes
and values, to those illustrated in Fig. 6, and the following remarks can be drawn:
−

Eq. [6.10] guarantees almost constant reliability, independently on structural material and on χ,
while alternative sets lead to considerable reduction of β; particularly when 0 <
is governed by steel (either re-bars or structural steel);

χ < 0.25 or failure

−

r.c. structures are particularly sensitive to the level of quality control measures adopted during
concrete preparation and casting; beside that, when yielding of steel re-bars govern the failure, they
are more reliable than the other structures examined in the present study;

−

β values seem to be above the target value only for steel reinforcement; nevertheless this
conclusion should be carefully considered: since β increases considerably whenever the material’s
strength increases or its coefficient of variation decreases, this phenomenon is consequence of the
adoption of γ M values for rebars ( γ M = 1.15) sensibly higher than for structural steel
( γ M = 1.00).
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Figure 6. β − χ reliability curves for commercial buildings –
In addition, the influence of the replacement of

0.6

0.7

GK = µG .

GK = µG , with GK =µG + 1.645 σG has been

investigated. An example of these analyses is illustrated in Fig. 7, which refers as well as Fig. 6, to building
categories C and D.
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Figure 7. β − χ reliability curves for commercial buildings –
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GK =µG + 1.645 σG

The curves in Fig. 7 demonstrate that β values strongly depend on the definition of

GK , in effect,

if compared with the previous ones (Fig. 6) all the curves are considerably up-shifted, in particular those
pertaining to structural steel and to concrete failure of r.c. elements subjected to strict quality controls.

3.3. Case 3: Level 3 sensitivity analysis
The results discussed above, and particularly the circumstance that β values depend on the initial
assumptions, suggested the need of more refined investigation to separate the intrinsic variations of β,
effectively influenced by the assumptions, from those pertinent to level 2 approximations. For that reason,
a more advanced sensitivity analysis (case 3), aiming to calculate the exact probability of failure, Pf , by
means of a level 3 reliability approach has been undertaken.
The present subsection illustrates the comparison between reliability levels reached by applying
expression [6.10] (Eq. (2)) and the reliability levels obtained with expressions [6.10a] and [6.10b] (Eqs. (3.a)
and (3.b)).
Owing the fact that, as remarked before, expression [6.10a modified] (Eq. (4)) leads to probably
excessive, reduction of the reliability index in a particularly relevant interval of the parameter χ , it will be
not further considered.
To investigate the influence on structural reliability of the variable action models, the extreme values
of imposed loads have been hypothesized described, in turn, by a normal, a log-normal, or a gamma
distribution, often adopted in current practice. Obviously, the parameters describing these three
distributions have been calibrated to attain the same characteristic values and similar upper tails.
Varying load combinations and building materials, the following cases were investigated:
−

variable (imposed) loads described by normal, log-normal or gamma distributions;

−

characteristic value of permanent load expressed by

−

partial factors for permanent and variable actions
model uncertainty factors

GK = µG or by GK =µG + 1.645 σG ;

γ G and γ Q or γ g and γ q , according if the

γ Sd is considered or not, as previously discussed in §3.1.2.

Assuming resistances R log-normally distributed, and permanent loads G normally distributed with
V = 0.1(see §2), once assigned the actual pdf of each random variable, the Pf associated to each case
Croce, P., Formichi, P., Landi, F.
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study was calculated, by means of a full probabilistic procedure, via numerical integration of the limit state
function. To make easier the interpretation of results, the probability of failure Pf was converted into the
corresponding β value, using the inverse of the

Φ function.

Fig. 8, 9, 1 and 11 summarize some particularly relevant results.
In Fig. 8 the plotted reliability curves refer to the concrete failure of r.c. members in storage buildings.
The curves are grouped into families, derived according to expression [6.10], consisting of three
curves each. The curves of each family are associated to different pdfs (normal, log-normal or gamma) for
imposed loads, as indicated in the figure.
Concerning concrete strength, in Fig. 8 three different families of curves are plotted for each
examined case, V = 0.15 and V = 0.20. These families correspond to the cases: GK = µG and partial

γ g and γ q , i.e. disregarding the model uncertainty factors γ Sd ; GK = µG and partial factors γG
and γ Q , i.e. including the model uncertainty factors γ Sd ; and GK =
µG + 1.645 σG ; and partial factors
factors

γ G and γ Q , respectively, characterized by increasing values of reliability index.
Investigating diagrams in Fig. 8, we can observe that:
− the level of quality controls influences considerably the reliability; in fact, the reduction of
scattering of concrete strength, associated with more stringent controls leads to significant
increases of β values, especially for lightweight structures ( χ > 0.5 );
− in the present example, the reliability is slightly influenced by the pdf of variable actions. That is
not surprising since the COVs of live loads in storage buildings are comparable with the COVs of
concrete strength and partial factor for concrete is relatively high

1.50 ) ;
( γC =

− the values of β are always well above the target value for all the considered cases; therefore, a
sufficient safety margin exists to cover also the model uncertainty on the resistance side.
Fig. 9, built up according to the same criteria followed for Fig. 8, refers to concrete failure of a r.c.
member in a residential building, which is the case study previously considered in Fig. 3.
For the sake of clarity, in the figure curves referred to expressions [6.10a] and [6.10b], which lead in
some cases to considerable reductions of the reliability index, are omitted.
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Figure 8. Sensitivity analysis of β − χ curves considering normal, lognormal, and gamma
distributions for imposed loads, expression [6.10]: concrete failure of r.c. members in storage
buildings (50 years ref. period): a) Case GK = μ G , including or disregarding the model
uncertainty factors

γ Sd ; b) Case GK =µG + 1.645 σG , disregarding the model uncertainty
factor γ Sd .

Examining curves in Fig. 9, we can highlight that:
−

influence of concrete quality controls is still relevant even if it decreases for lightweight structures
( χ > 0.45 );

−

the reliability significantly depends on the statistical distribution of actions. When gamma and
log-normal distributions are adopted, β value decreases as χ increases: this effect is more
pronounced in log-normal case, where, for χ > 0.3, β values are well below the target value.
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Figure 9. Sensitivity analysis of β − χ curves considering normal, lognormal, and gamma
distributions for imposed loads, expression [6.10]: concrete failure of r.c. members in residential
buildings (50 years ref. period): a) Case GK = μ G , including or disregarding the model
uncertainty factors

γ Sd . b) Case GK =µG + 1.645 σG , disregarding model uncertainty
factors γ Sd .

Since the imposed loads are highly scattered and the results are extremely sensitive on the pdfs, in
residential buildings level 2 approximations seems to be unacceptable, leading to questionable results.
Fig. 10, correlated with previous Fig. 2 and 5, concerns steel members in a commercial building.
Inspecting the curves pertaining to this example, the following remarks can be formulated:
−

β values depend on the statistical distribution, and they do not always reach the target value;

−

as the partial factor for steel resistance is small,

γ M = 1.0 , β

depends on model uncertainty

factors as well as on the definition of characteristic value of permanent loads;
−

expressions [6.10a+b] can lead, as already observed, to severe reductions of the reliability;

−

comparison with Fig. 2 and 5 shows that, adopting combination [6.10], level 2 analysis gives
acceptable estimates of the reliability indexes.
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Figure 10. Sensitivity analysis of β − χ curves considering normal, lognormal, and gamma
distributions for imposed loads, expressions [6.10] and [6.10a+b]: steel members in commercial
buildings (50 years ref. period): a) Case GK = μ G , including or disregarding the model
uncertainty factors

γ Sd ; b) Case GK =µG + 1.645 σG , disregarding model uncertainty
factors γ Sd .

Examining Fig. 11, which refers to steel members and rebar’s failure in r.c. members of storage
buildings, we can finally remark that:
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Figure 11. Sensitivity analysis of β − χ curves considering normal, lognormal, and gamma
distributions for imposed loads, expression [6.10]: steel members and reinforcement failure of r.c.
members in storage buildings (50 years ref. period): a) Case GK = μ G , including or disregarding
the model uncertainty factors

−

γ Sd ; b) Case GK =µG + 1.645 σG , disregarding model uncertainty
factors γ Sd .

since the strength distributions of structural steel and reinforcing steel are described by the same
statistical parameters, reliability index raises when the partial factor γ M increases from

γM =
1.0 , as for structural steel, to γ M =
1.15 , as for reinforcing steel.
−

heavier structures reveal smaller reliability indexes, while pdf of imposed loads influences the
results mainly for lightweight structures, where imposed loads predominate;

−

independently on 𝜒𝜒-value, structural steel members, affected by a smaller partial factor

γ M , exhibit

lower reliability than reinforcing steel members.

4. Conclusions
The present study discusses the reliability levels associated with the three mutually exclusive
expressions provided in EN1990:2002 [3] and in prEN1990:2019 [4] for ULS combination of actions, taking
into account the effect of the ratio χ between imposed loads and the total acting loads (permanent and
imposed loads), in some significant case studies.
In each example, resorting both to level 2 and level 3 approaches, the reliability index β pertaining to
each set of load combinations has been derived, assuming that extreme values of imposed loads are
described, in turn, by a normal, a log-normal, or a gamma distribution.
The following general conclusions can be drawn:
−

the reliability index β is extremely sensitive to the coefficient of variation of the strength’s
distribution, to partial factors and to the assumptions on the type and the relevant parameters of
the pdf adopted to model extreme values;

−

in principle, adoption of partial factors for actions and strengths adequately calibrated according to
the actual statistical distribution could allow to reduce the above variability, but the adoption of the
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appropriate distribution is a still open question, since the upper tails of the distributions of variable
actions are largely unknown, lacking sound enough data. Moreover, despite of its effectiveness,
this approach would significantly complicate the application of the code, since level 3 analyses
would be systematically required;
−

the study confirms that the reliability index is not an univocal property of the structure (or the
structural element), on the contrary, it is a function of the method adopted to evaluate the reliability
itself. For that reason, as already pointed out, the reliability index β is to be regarded as a relative
measure of safety, which strongly depends on the assumptions, and its use should be limited to
compare, adopting consistent approaches, the reliability of structures designed under the same
hypotheses, and built with the same material;

−

since a quota of the reliability index β is spent to cover model uncertainties, actual values of β
could result sensibly smaller than the calculated ones, in particular when the tails of the actual
distributions of actions deviate, or are not adequately fitted, by the assumed distributions;

−

the target reliability level indicated in the Eurocodes (EN1990) for a 50-year reference period and
for structures belonging to Consequence Class 2, i.e. “normal” consequences in case of failure, is
generally achieved using expression [6.10];

−

adoption of alternative expressions [6.10 a] and [6.10b] leads in some cases to reliability indexes
smaller than the target, while use of [6.10.a modified] plus [6.10.b] leads to reliability indexes often
unacceptably below the target for massive structures, whose design is governed by the self-weight.
Although not a direct consequence of the study, it should be also considered that, to cover failure
modes occurring without significant warnings, like in case of buckling in steel members or shear failure in
concrete, verification formulae provided in structural codes can intentionally include often not explicitly
declared additional safety. That aspect should be duly taken into account comparing reliability levels
pertaining to different limit state functions.
Further investigations are in progress, based on level 3 analyses, mainly focusing on the refinement
of the partial factors, avoiding the, often controversial, introduction of sensitivity factors α , required by
FORM or SORM [16][43][44], as well as and a more precise estimate of uncertainty factors for actions and
resistance.
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Abstract. The paper concentrates on the experimental research of basalt fibers presented at Russian
market with eight samples of fibers selected for this research. Five of them are chopped basalt roving
(manufactured by LUKE, Rusbazalt Inc, Kamenny Vek Ltd, Armastek), one of them is chopped polymerbasalt wire (manufactured by SK Ltd), two of them are basalt microfibers (manufactured by NTC of Applied
Nanotechnologies Inc.). Each of the fibers was added to fine-grained concrete at concentrations of 0.25
vol.-%, 0.5 vol.-%, and 1 vol.-%. Changes in density, compressive strength, and flexural strength were
investigated. The density of fine-grained concrete increased proportionally to the quantity of chopped basalt
roving. Concrete’s density decreased proportionally with the fiber percentage when using chopped polymerbasalt wire and basalt microfiber. The highest compression strength enhancement (9.8 %) of fine-grained
concrete was achieved when using fibers manufactured by SK Ltd and Kamenny Vek Ltd. The highest
flexural strength enhancement was achieved when using polymer-basalt fiber manufactured by SK LLC
(68.6 %) and modified basalt microfiber manufactured by NTC of Applied Nanotechnologies Inc (52.9 %).

1. Introduction
It is widely known that concrete perceives the compression load better than bending, and concrete
reinforcement is used to improve the load-bearing capacity of concrete for bending. Traditionally, the
reinforcement is steel bars and wire, depending on the type of structure. However, alternative methods of
reinforced concrete structures, as various types of fibers, are now used [1–4]. This is mainly used as
additional reinforcement. Also, fiber reinforcement is used as the main one in concrete 3D printing [5, 6].
Fibers in concrete have been widely used over the past decades [7, 8]. Even in antiquity, horsehair
was sometimes used in Roman concrete [9]. However, in modern construction, fibers returned in the form
of cut metal wire, as well as anchor fiber [10–12].
Initially, fibers were used in special concrete in unique buildings and structures, as well as in special
regions with extreme natural conditions, for example, in areas with increased seismic activity [13].
However, the development of fiber reinforced concrete industry has led to higher use of fibers in
various construction industries. Alternatives to steel fibers have also appeared, as steel fibers and steel
reinforcing bars do not have a long service life, as they can corrode fairly quickly [14, 15]. As a result, the
ability to increase the durability of reinforced concrete structures is not fully used. Therefore, various types
of non-metallic fibers have appeared on the construction market, specifically: mineral (basalt, glass, carbon,
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etc.) [16], polymer (polypropylene, polyvinyl alcohol, polyaramid, etc.), as well as organic (viscose, hemp,
bamboo, etc.) [17, 18].
Fibers are used to improve the characteristics of the liquid concrete mixture, for example, to prevent
separation, as well as to increase the mobility of the concrete mixture [19]. Also, it is possible to reduce the
amount of cement with the current mechanical and operational characteristics. Moreover, fibers more
significantly affect the properties of hardened concrete, specifically the flexural and compression strength
enhancement [20], freeze-thaw resistance [21], durability [22], abrasion resistance [23], crack resistance
[24], etc.
The comparative analyses of the different kinds of fibers are shown in Table 1 where the main
characteristics of some known kinds of fibers used for the disperse reinforcement of concrete structures
are provided [25–30].
Table 1. Comparative properties of different materials for fiber production.
Characteristic

Basalt

Polypropylene

Glass

Steel

Carbon

Polyaramid

Material

Basalt

Polypropylene

E-Glass/ SGlass

Steel

Carbon

Polyaramid

Tensile
strength, MPa
Modulus of
elasticity, GPa
Coefficient of
elongation, %
Temperature
resistance, OC
Resistance to
alkalis and to
acid corrosion
Density, g/cm³

3100–3500

150–600

1500–3500

600–1500

2000–7000

4500–5500

Not less than
75
3.1

16–35

51–88

190–210

200–800

140–180

20–150

4.5

3–4

2–3

2–3

–260 + 700

–10 + 160

–60 + 350

–40 + 450

–260 + 2000

–260 + 400

High

High

Only S-Glass

Low

High

High

2.60

0.91

2.60

7.80

1.7–1.9

1.4–1.5

Table 1 shows that basalt fibers are in the top three in terms of basic technical characteristics. At the
same time, from the economic point of view, they are several times cheaper. So low cost and high technical
characteristics of basalt fibers provide increased interest in this material for manufacturers of highperformance concrete [31].
The distinctive properties of basalt fiber are high mechanical strength, chemical resistance [32],
relative cheapness, as well as high-temperature resistance [33]. Basalt fibers are used in modern
construction in reinforced concrete structures, hollow concrete [34], cement floor screed [35], industrial
floors, small architectural forms [36], etc. Also, one of the upcoming sectors for the use of basalt fiber is 3D
printing [37–39]. With mechanical characteristics comparable to carbon fiber, the cost of basalt fiber is lower
several times, and sometimes tens of times.
Therefore, basalt fibers have been widely used in construction in Russia and there are a significant
number of companies manufacturing basalt fibers. Moreover, there is an almost unlimited amount of raw
materials for the production of basalt fibers, because they are produced from the melt of natural basalt
stone. The final fibers are produced by chopping of basalt roving for segments of the necessary length.
This makes basalt fiber one of the most promising fibers on the market. In turn, the study of the use
of basalt fiber in concrete is becoming a relevant research task.
Based on the above, the following research tasks have been set:
−

selection of the most available mass-produced basalt fibers on the Russian market;

−

manufacture and testing of concrete samples with different dosage of basalt fiber;

−

analysis of experimental data and conclusions.

2. Methods
For this research, eight fibers presented on the Russian market were selected. Five of them are
chopped basalt roving (LUKE, Rusbazalt Inc, Kamenny Vek Ltd, Armastek), one of them is chopped
polymer-basalt wire (SK Ltd), two of them are basalt microfibers (NTC of Applied Nanotechnologies Inc.
NTC of AN Inc).
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Two types of basalt microfibers produced by NTC of Applied Nanotechnologies Inc have indicated in
the following way: the actual row basalt microfibers have a MB index. And the modified basalt fibers which
contain carbon toroidal nanoparticles “Astralene” deposited on the surface of each filament have a MBM
index. In this case, short basalt fibers serve as carriers of carbon nanoparticles in concrete and are added
to the concrete using the known method of "successive dilution". This method allows to distribute of the
micro-quantity of any additives (in this case it is carbon nanoparticles) in a large volume (mass) of the
substance uniformly.

Figure 1. Basalt fibers produced by “Armplast” group (www.arm-plast.ru) – a;
modified basalt microfiber produced by “NTC of Applied Nanotechnologies Inc.”
(www. ntc-pn.ru) – b; basalt-polymer fiber produced by “SK Ltd.” – c.
Table 2 shows the properties of basalt fibers that have been declared by manufacturers in their
certificates.
Table 2. Basalt fiber properties claimed by manufacturers.
Properties

LUKE

Rusbazalt
Inc

Kamenny
Vek Ltd

Armastek

SK Ltd

MB and
MBM,
NTC “AN Inc”

City and country of
manufacture

Shandong,
China

Chelyabinsk,
Russia

Dubna,
Russia

Perm,
Russia

St.
Petersburg,
Russia

St.
Petersburg,
Russia

Density, (linear
density)

2.8 kg/m3

2.6 –
2.8 kg/m3

2.8 kg/m3

2.8 kg/m3

1.9 kg/m3

2.8 kg/m3

Young's modulus of
elasticity

93 –
110 GPa

~80 GPa

85 – 95 GPa

N/A

N/A

N/A

Tensile stress (force)
at break

2800 –
3800 MPa

~3100 GPa

2700 –
3200 Mpa

N/A

N/A

N/A

Elongation at break

≤ 3.1%

2.0 – 4.5%

3.1%

3.1%

3.1%

3.1%

Operating
temperature

–260+
400 °C

–260+700 °C

–260+460 °C

–260+600°C

–70+600°C

–250+530 °C

Alkali resistance

≥ 75%

N/A

≥ 93

High

High

High

Diameter of a filament

5 – 26 µm

13 – 17 µm

23 – 25 µm

17 – 19 µm

80 150 µm

10 – 14 µm

Fiber length

6 mm

6 mm

6 mm

6 mm

6 mm

1 – 6 mm

Fine-grained concrete cubes with dimensions of 100×100×100 mm in a quantity of 3 pieces, and
prisms of dimensions of 40×40×160 mm in a quantity of 3 pieces, were made from each batch according
to Russian State Standard GOST 10180-2012.
The control samples were prepared according to the following fine-grained concrete recipe with the
same water-cement ratio which was equal to 0.35:
1. Portland cement PP 500-D0-H produced by Oskolcement Inc…............................................29 %
2. Gabrodiabasic sand of fraction 0-5 mm …………………………………….………………...…23.5 %
3. River washed sand according to Russian State Standard GOST 8736-2014……………….37.3 %
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4. Water according to Russian State Standard GOST 23732-2011………………………………10.2 %
The concrete samples were prepared in moulds and removed from the moulds after 1-day curing at
room temperature. All the samples (and also the control samples) have been hardened in thermo-humidity
conditions for 28 days according to Russian State Standard GOST 10180-2012.
Fiber-reinforced fine-grained concrete cubes were made with a fiber dosage of 0.25 vol.-%,
0.5 vol.-%, and 1 vol.-%.
The density of fine-grained concrete was determined according to Russian State Standard GOST
10180-2012.
The compressive strength test of concrete cubes with dimensions of 100x100x100 mm and the
flexural strength tests (by the method of 3-point bending) of concrete prisms with dimensions of
40×40×160 mm was carried out on the hydraulic laboratory testing machine WK-18 ZARZAD SPRZETU
(Poland) according to Russian State Standard GOST 10180-2012.

3. Results and Discussion
During this research, experimental data have been obtained on the changes in density and strength
of concrete depending on the fiber's dosage. Experimental data are presented in Tables 3, 4 and Fig. 2–5.
Table 3. Density of concrete with basalt fiber of various manufacturers with different fiber
dosage.
Manufacturer of fibers
LUKE Inc.
Rusbazalt Inc.
Kamenny Vek Ltd.
NTC of Applied
Nanotechnologies Inc. (MB)
Armastek Inc.

Density of fiber-reinforced concrete, kg/dm³
without fiber
0.25 %
0.5 %

2.312

NTC of Applied
Nanotechnologies Inc. (MBM)
SК Ltd.
Armplast group

1%

2.319
2.329
2.315

2.338
2.342
2.327

2.354
2.362
2.351

2.294

2.271

2.254

2.322

2.341

2.349

2.303

2.291

2.272

2.309
2.314

2.302
2.317

2.293
2.321

Figure 2. Density of fiber-reinforced concrete, Kg/dm³.
Table 3 and Fig. 2 show concrete density depending on fibers dosage. Fibers that are made from
chopped basalt roving (manufactured by LUKE, Rusbazalt Inc, Kamenny Vek Ltd, Armastek) result in a
proportional increase in density as the fiber content increases. On one hand, this is since the fibers improve
the structure of concrete and reduce air entrainment. On the other hand, this because the density of the
fibers (2.6 – 2.8 kg/dm³) is higher than the density of fine-grained concrete (2.3 kg/dm³), as confirmed by
the results of other researchers [40].
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The density of concrete with chopped polymer-basalt wire fiber (manufactured by SK Ltd) decreases
proportionally as the amount of fiber increases. This is primarily due to the lower density of this fiber
(1.9 kg/dm³) relative to the density of fine-grained concrete (2.3 kg/dm³).
The density of microfibers (manufactured by NTC of AN Inc.) reinforced concrete decreases
proportionally with increasing fibers dosage. This is since microfibers involve additional air in the concrete.
However, in the case of the modified basalt microfiber (MBM), the density reduction is slower, which is most
likely because nanoparticles lead to the structuring of cement rock, which confirms the previously obtained
results [41].
Table 4. Strength of basalt fiber-reinforced fine-grained concrete.
Manufacturer of fibers

Compressive strength of fiber-reinforced
concrete after 28 days, MPa

Flexural strength of fiber-reinforced
concrete after 28 days, MPa

0.25 vol.-%

0.5 vol.-%

1 vol.-%

0.25 vol.-%

0.5 vol.-%

1 vol.-%

Without fibers
LUKE Inc.
Rusbazalt Inc.
Kamenny Vek Ltd.
NTC of Applied
Nanotechnologies Inc.
(MB)

51.7
52.7
53.3
52.9

51.7
53.9
54.6
55.4

51.7
54.8
55.7
56.7

5.1
5.9
6.0
6.2

5.1
6.8
7.1
7.0

5.1
7.3
7.6
7.7

52.5

53.1

54.3

5.4

6.3

7.1

Armastek Inc.

52.9

53.8

54.9

5.9

6.7

7.5

53.5

55.2

56.3

6.1

7.3

7.8

53.7
53.4

54.9
54.5

56.8
56.5

5.7
5.9

7.4
6.6

8.6
7.4

NTC of Applied
Nanotechnologies Inc.
(MBM)
SК Ltd.
Armplast group

Figure 3. Compressive strength of concrete reinforced
with basalt fibers of various manufacturers.
Table 4 and Fig. 3 show the effect of basalt fibers on fine-grained concrete properties. The
compressive strength enhancement when using each of the fibers occurs proportionally to the increase in
fibers dosage in concrete. Maximum strength enhancement was obtained for each type of fibers at the fiber
dosage of 1 vol.-%.
The maximum compressive strength enhancement (9.8%) was achieved using fibers manufactured
by SK Ltd (from 51.7 MPa to 56.8 MPa) and by Kamenny Vek Ltd (from 51.7 MPa to 56.7 MPa). It is worth
to remark that the fibers manufactured by Kamenny Vek Ltd are chopped basalt roving, and the fibers
manufactured by SK Ltd are cut polymer-basalt wire.
The minimum compressive strength enhancement (6%) from fibers from chopped basalt roving was
achieved using fibers manufactured by Luke Ink (China). This is most likely due to a lower quality raw
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Magazine of Civil Engineering, 109(1), 2022

material for the production of this fibers compared to other fibers or due to the difference in production
technology. Other fibers also made of chopped basalt roving gave the following compressive strength
enhancement values: maximum strength enhancement using basalt fibers of Rusbasalt Inc was 7.7% (from
51.7 MPa to 55.7 MPa), maximum strength enhancement using basalt fibers of Armastek Inc was 6.2%
(from 51.7 MPa to 54.9 MPa), maximum strength enhancement using basalt fibers of Armplast group was
9.3% (from 51.7 MPa to 56.5 MPa).
The compressive strength enhancement using basalt microfibers produced by NTC of AN Inc was
4.1% (from 51.7 MPa to 54.3 MPa), and using modified basalt fibers was 6.7% (from 51.7 MPa to
56.3 MPa) since carbon toroidal nanoparticles "Astralene" were used for medication of the basalt
microfibers. It led to the structuring of the concrete matrix, as well as to an increase in adhesion between
concrete and basalt microfibers. This can be seen in Fig. 5.
The obtained results are consistent with the results of other researchers. For example, these papers
also note an increase in the compression strength of concrete using basalt fiber [33], [37]. In this paper
[37], a 10% increase in the compressive strength of concrete was obtained using basalt fiber. In the paper
[42], it was also obtained a compression strength increase of 8–11%. However, this was achieved using a
dosage of 2-3 vol.-% of the fiber.

Figure 4. Flexural strength of concrete reinforced with basalt fiber of various manufacturers.
Table 3 and Fig. 4 show that all the used fibers result in a significant flexural strength enhancement.
The highest flexural strength enhancement was achieved using fiber manufactured by SK Ltd (68.6%, from
5.1 MPa to 8.6 MPa), NTC of AN Inc (52.9%, from 5.1 MPa to 7.8 MPa) and Kamenny Vek Ltd (50.9%,
from 5.1 MPa to 7.7 MPa).
The highest flexural strength enhancement of basalt fibers reinforced fine-grained concrete is due to
the fact that the fibers produced by SK Ltd are a chopped polymer-basalt wire, which allows large
agglomerates of basalt fibers to work together.
The other type of fiber also made of chopped basalt roving gave the following flexural strength
enhancement values: maximum strength enhancement using basalt fibers from Rusbasalt Inc was 49%
(from 5.1 MPa to 7.6 MPa), maximum strength enhancement using basalt fibers from Armastek Inc was
47.1% (from 5.1 MPa to 7.5 MPa), maximum strength enhancement using basalt fibers from Armplast
group was 45.1% (from 5.1 MPa to 7.4 MPa).
The difference between the increase in strength of concrete reinforced with basalt microfibers
(39.2%, from 5.1 MPa to 7.1 MPa) and modified basalt fibers is explained by the fact that carbon toroidal
nanoparticles "Astralene" were used to modify the basalt microfibers (52.9%, from 5.1 MPa to 7.8 MPa). It
led to the structuring of the concrete matrix and an increase in adhesion between concrete and basalt
microfiber. This can be seen in Fig. 5.
The results obtained differ for the better from the results obtained in the paper [42] where an increase
in strength of 2–26% was obtained depending on the dosage of the fiber. However, the results obtained
are quite well consistent with the results obtained in this paper [43]. Here, the increase in flexural strength
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was also about 30–40 %. It has also been found that the use of 6 mm long fiber results in a superior increase
in concrete strength than 12 mm long fiber.

Figure 5. Structure of the fiber-reinforced concrete with MFM at the maturity period of:
(a) – 1 day; (b) – 28 days; (c) – 6 months.
In Fig. 5 one can see the elongated outgrowths on the surface of basalt fibers, which were formed
during the maturation of concrete. During the maturing process, the elongated outgrowths formed on the
surface of basalt fibers are transformed into "druses" from the dicalcium silicate, and they increase thereby
the effect of dispersed reinforcement. This is an unexpected and important effect of using nanoparticles
“Astralene” for obtaining a new type of nano-modified high-strength concrete.

4. Conclusions
1. Each of the used fibers showed a significant compression and flexural strength enhancement of
fine-grained concrete.
2. The maximum compressive strength enhancement (9.8%) was achieved using fibers
manufactured by SK Ltd and Kamenny Vek Ltd. It is worth remarking that fibers manufactured by Kamenny
Vek Ltd are chopped basalt roving, and fibers manufactured by SK Ltd are a cut polymer-basalt wire. When
dispersing basalt fiber is used, the maximum strength values are slightly lower. This increase in strength
was about 7%.
3. The highest flexural strength enhancement was achieved using fibers manufactured by SK Ltd
(68.6%), NTC of AN Inc (52.9%) and Kamenny Vek Ltd (50.9%). The highest flexural strength enhancement
fine-grained concrete reinforced with basalt fibers was due to the fact that fibers produced by SK Ltd are a
cut polymer-basalt wire, which allows large agglomerates of basalt fibers to work together.
4. Basalt fiber improves the structure of concrete and reduces its porosity, which is one of the
reasons for the strength and operational properties enhancement of concrete.
5. Basalt microfiber manufactured by NTC of Applied Nanotechnologies Inc modified with carbon
toroidal nanoparticles "Astralene" leads to an additional strength enhancement compared to basalt
microfiber without modification due to the additional reinforcement with elongated outgrows that appeared
in the concrete during its maturation.
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Abstract. The cracks caused by desiccation induce rapid failures as rapid shallow landslides in stiff and
fragile clayey soils. Several environmental structures such as landfill liners and road embankments are
often constructed by compaction of a series of soil layers. These works suffered in many cases of disorders
due to desiccation. One of the potential valuable techniques to reduce these disorders is the short fibers
reinforcement. Fibers reduce the cracks propagation and the geometric cracks characteristics such as the
length, depth and opening. The paper presents an experimental characterization of the crack pattern
observed in compacted samples at optimum water content (OMC) with and without fibers reinforcement.
2D Image Analysis has been used to investigate the characteristics of the geometric cracks. Alfa natural
short fibers used to assure the reinforcement, reduced the carks' propagation by stopping the propagation
and reducing their 3D opening (surface opening and depth growth). The role of fibers to improve the tensile
strength and reduce the growth of the crack has been well-highlighted. At this stage, a simple model was
calibrated to predict the tensile strength for reinforced soil specimens with short fibers considering various
fibers contents and fiber's geometrical characteristics.

1. Introduction
The unsaturated soil mechanics offers a convenient framework for understanding several disorders
due to the collapse, swelling, and shrinkage by saturation changes. This paper focuses on the constrained
shrinkage role in developing cracks in soils. In order to reduce the developed cracks, micro-reinforcement
is often helpful. So, the use of short fibers is one of the recommended techniques. This paper investigates
this role and presents experimental evidence to prove fibers' role. It also presents a simple model to predict
the tensile strength as a key parameter governing the cracks' appearance and propagation.
Otherwise, several engineering works suffer from the disorders caused by the wetting-drying
environmental cycles. The long drying path affected the geotechnical works built in fine soils as
embankments, slopes, shallow foundations, and landfill liner cover, which causes cracks development.
Cracks reduce mechanical properties such as stiffness, cohesion, and shear resistance. It significantly
increases permeability, which permits a high seepage and infiltration of rainwater. Many disorders were
previously studied concerning seepage and cracks [1–3]. For example, in the case of landfill liners, [4]
affirmed that cracks deteriorate the liner containment function leading to accentuated leachate migration
into surrounding soils and groundwater. On the other hand, several researchers were concerned by the
behavior of compacted intact unsaturated clay samples and highlighted the role of the fabric on the
macroscopic behavior (see, for instance, [5]). For example, it was shown that the tensile resistance
depended on the fabric structure, which was conditioned by the compaction path. Depending on the fabric
structure, this behavior is responsible for the cracks pattern type and cracks growth. Moreover, the effect
of the wetting-drying cycles after compaction is crucial in the crack's development and cracks pattern
characteristics evolution [6]. The paper [7] has shown that the crack intensity factor for wet-dry cycles was
higher than those obtained for the compaction-dry cycle (samples were dried immediately after compaction
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and then submitted to wetting-dry cycles). Studying the impact of wetting-drying cycles on the crack's
development [6] showed that the growth of the cracks significantly affects both the unsaturated permeability
of the studied fine soil and the water retention property. Well recently, [8] provided an overview of the
desiccation process of fine soils, summarizing the experimental development in the laboratories and the
field to investigate and characterize the cracks and the main models proposed to follow the development
and propagation of the crack. The authors concluded that, although cracks in soils have been widely
studied, there are still some aspects, principally: the establishment of reliable relationships between the
cracking parameters and macroscopic engineering parameters; the investigation of the relation between
the microstructure of fine soils and cracking parameters and particularly with its dynamic process. The
engineering field's expectations of studying the geotechnical's stability investigate the cracked soils under
desiccation process considering the effect of wetting-drying cycles.
On the other hand, few studies were interested in using the micro-reinforcement technique to improve
the desiccated clays submitted to wetting-drying cycles (see, for instance, [9]). However, the use of short
fibers for intact soils to reinforce the shear strength was more studied [10, 11]. In addition, fibers
reinforcement concrete was well studied (see non-exhaustive works [12–14])
This paper presents the tensile feature and cracks development during the drying path of a typical
fine soil characterized by a high percentage of fines based on experimental tests using a new tensile device
with suction control. The data was required during the experience, and many sequential photos were taken
at a fixed time interval. These photos have been exploited separately by the image analysis. Added to this
first series of tests, samples were prepared by mixing the soil with natural Alfa short fibers. The mixing was
conducted in a completely dry state, and the water was added progressively until reaching the optimum
water content of the composite. In this paper, the role of the fibers on the cracks growing is investigated.
Since the tensile strength is the main resistance material that governs the development of the cracks, this
research determined water content variation by using a controlled-displacement direct tensile. A simple
analytical model was calibrated to predict the tensile strength. Predicting the growth and propagation of
cracks and the fiber's role in reducing and delaying the cracks is a challenge of this study.

2. Materials and Methods
2.1. Soil Properties
The selected soil was classified using Standard ASTM classification (USCS) as silty-clay soil with
high plasticity. The physical properties are summarized in Table 1. Moreover, the soil exhibits high
shrinkage potential [15]. The tested soils' physical and chemical propertiess are summarized in Table 1.
Table 1. Main physical characteristics of the studied soil.
Bulk Density
(gr/cm3)

LL (%)

PL (%)

PI (%)

SL (%)

VBS

2.65

60

35

25

13

7

The activity of the studied soil is defined by equation (1):

A=

0

PI
25
=
=0.77
0 of fines  2 µ m 32.5

(1)

The activity of used soil is classified as normal, and it appears in the range of the Illite clays.
However, as is shown in Figure 2, the smectite fraction is more dominant. A standard Proctor test
have been performed, which gave the compaction curve. The maximum dry density was
1.52 gr/cm3, and the optimum water content was 25 % (Figure1).
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Figure 1. Compaction curve of the used soil (Sr= degree of saturation).
The grain size distribution (GSD) as provided by the laser technique is also summarized in Table 2.
Since fine-grained soils are more susceptible to crack due to small pores [7], the compaction at the OMC
is more convenient to investigate the crack pattern growth and its consequences on the fundamental
hydromechanical properties of shear resistance and permeability. Figure 2 shows the XRD distribution,
which indicates the dominant smectite component (see table 2, in which the clay fractions are summarized).

Figure 2. XRD results for the undistributed sample.
Table2. Grain Size and XRD Analysis.
Fraction of soil

Sand (15%)

Silt (50%)

Clay (35%)

Mineral component

Smectite (62 %)

Illite (22 %)

Kaolinite (16%)

In the unsaturated state, the water retention curves linking the water content (or saturation degree)
to the suction are fundamental property. So, in this study, the water retention curves have been determined
(Figure 3) using different techniques as the osmotic technique, the salt solutions, and the psychrometer
[16]. The principal water retention curves were obtained for different paths. The first was obtained from
slurry samples submitted to the drying path (D) and the compacted drying path (CD). The compacted
samples are prepared at OMC state. A humidification path was applied from OMC to the saturation water
content of 30%. A drying path was applied from 30% (CD) water content. According to the experimental
results, the van-Genuchten model [17] was used to fit the experimental results (Eq. 2). As shown in Figure
3, the effect of the initial state of the soil has an essential effect on the water retention curve (WRC), where
Jamei, M., Alassaf, Y., Ahmed, A., Mabrouk, A.
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the WRC of slurry and dried soil is entirely different from WRC compacted and dried. This happened due
to the microstructure change by mechanical compaction compared to the evolution of the slurry one, which
is influenced by the only hydraulic drying path. It is evident that such hydraulic retention behavior affects
both the tensile strength and soil microstructure (see for instance [5]) and consequently the cracks network
growth and development.
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Figure 3. Principle Drying Water retention curves for compacted-drying (CD) and
slurry-drying (D) samples.

2.2. Fibers Properties
Alfa fibers were selected as natural fibers to assure the micro-improvement of tensile strength of soil
and then delay the rise and the growth of cracks and even affect their orientation and opening. Natural Alfa
fibers were selected due to their abundance in Tunisia (especially in the west). In this study, Alfa fibers
were treated using Sodium hydroxide. This chemical treatment was used to facilitate the extraction of fibers
from the plants' branches and was developed to have a less aggressive extraction. It consists of degrading
the non-cellulosic constituents of the plant, taking into account adequacy, rapidity, and preservation of the
properties of the fibers, and respecting environmental requirements, of course [9]. This extraction was
carried out by Alfa rods soaking in beakers with a soda solution (2N) and at a temperature of 100 °C. After
the time determined for soaking (2h), the fibers were removed from the beakers and rinsed several times
with distilled water to remove any trace of NaOH solution from the fibers. Figure 4 gives real and MEB
photos of Alfa fibers.
Regarding international research [10, 18–20], some studies have been conducted using different
natural fibers for tens of years. Among them, sisal fibers have equivalent physical, chemical, and
mechanical properties. Table 3 summarizes the properties of Alfa fibers compared to those of Sisal fibers
as also vegetal fibers mainly produced in Brazil and in some countries in the South of America.
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Table 3. Physical and mechanical properties of Alfa and Sisal fibers.
Properties

Sisal a

Alfab

Stiffness Ef (GPa)

11.8

13

σ t (MPa)

510

565

Breaking Deformation ɛf (%)

5.6

5.8

Density (gr/cm3)

0.94

0.89

Average Diameter (mm)

0.3

0.3

Acid and alkali resistance

Very

good

Dispersibility

Normal

Tensile Strength

a[18], b[21].

(a)

(b)

Figure 4. Alfa fibers (a) and the corresponding MEB observation (x150) (b).
Figure 5 gives the microscopic observation of Halfa fibers used as natural fibers to reduce the
propagation of desiccation cracks. The microscopic observation shows the adhesion between the soil and
the fibers, which contributes to developing more tensile deformation to composite soil during the developed
tensile by the constrained shrinkage.

Figure 5. MEB observation (x150) of the Alfa fiber embedded in the used
soil: a good adhesion between soil and fibers.

2.3. Tensile Experience
A new direct tensile device was developed based on the transformation of the shear box and using
a specific mold to prepare the sample for the tensile action (Figure 6). This required a specific methodology
to perform the compaction in the mold. In fact, firstly, the specimens were prepared by hand mixing to
assure the homogeneity of dry soil and distilled water content concerning the amount of water to reach the
Jamei, M., Alassaf, Y., Ahmed, A., Mabrouk, A.
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OMC value in each test. For the second set of reinforced specimens, a fixed volumetric rate ( η f ) of fibers
to dry soil and distilled water was added for each test. A test campaign was carried out with
=0.3% and

ηf

=0.1%;

ηf

=0.5%, as defined by Eq. 3.

ηf =
where

ηf

mf
msd

,

(3)

m f and msd are respectively the masses of fibers and dry soil used to prepare the specimen.

Figure 6. Photo of direct tensile test used in this study

2.4. Desiccation tests
Several authors recently studied desiccation-induced cracks using image analysis [22, 23]. New test
setups and methodologies were developed, except that few have studied the 3D cracks growth [24].
According to a fixed time step, the crack patterns were quantitively determined by image analysis basing
on the surface photos token progressively during the drying process. Different authors have used several
parameters to characterize the crack pattern (see [25, 26]): crack spacing and depth and average crack
width opening. This study characterized the cracks pattern principally by the Crack Intensity Factor (CIF).
CIF is the area of cracks for the total area. The image analysis involved the conversion of the digital image
from the original RGB (red‐green‐blue) color to gray-scale and then to a binary black and white image
obtained by the principle of 'threshold gray‐scale image.' After that, the binary image's black and white
pixels were quantified. The white pixels correspond to the undamaged zone, while the black pixels
correspond to the cracks. Each quantified number of pixels gave the corresponding density CIF [7, 25–27].

3. Results and Discussions
3.1. Tensile strength for nonreinforced soil: Effect of drying path
Figure 7 gives the tensile strength results against the compacted water content (more or less 6 tests
were conducted for each path: Standard Proctor compaction and compaction-drying paths). As shown in
this figure, the trend of the tensile strength against the water content depends on the followed path,
particularly the compaction trend of tensile strength-suction has a similar to the Proctor compaction one
[9–28]. The tensile strength of specimens prepared at a fixed initial water content of 80% OMC and dried
increases and reaches a constant value of 120 kPa for suction of 60MPa.
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Figure 7. Tensile strength against suction for different paths (C: Compacted; CD: compacted and
dried, M-CD modeled or fitted experimental results).

3.2. Experimental results of Tensile strength for reinforced soil
Figure 8 shows the typical tensile curves of specimens with different fibers rates ( η f = 0.1 %;

ηf

= 0.3 % and

ηf

= 0.5 %. The length of all used Alfa fibers was 30 mm). The specimens were

compacted in the tensile box, where the dry density was fixed at 1.5 gr/cm3. As expected, the tensile
strength (the pick corresponding to the maximum of tensile stress) increases with fiber rate η f and the
delayed cracks initiation. After the reached pick value, the tensile stress decreased suddenly. Probably, the
fibers played a weak role after they reached maximum tensile stress. Both phenomena were observed, the
fiber's slippage and breaking of the rest.

Figure 8. Tensile stress evolution with axial deformation for different fibers contents.
Several authors identified that the crack initiation is linked to the fact that the tensile stress developed
by shrinkage (under drying) exceeded or equaled the tensile strength. Locally the failure was developed,
and the crack growth is happened due to the tensile energy concentration [29–30]. In addition, when the
fibers content increases, cracks initiation is more delayed. Appeared the first crack, with the same opening,
by direct tensile force, was observed for 3.7% of tensile deformation with η f = 0.5 %. However, it appears
for 1.5 % of deformation for

ηf

= 0.1% (Figure 7). Consequently, the contribution of the fibers has been

mainly noted for both mechanical properties, the increase of tensile resistance, and the delay of the fissure
opening.

3.3. Modeling of the tensile strength of reinforced specimens
Because of the importance of developing modeling to predict the cracks, which first begins with
predicting the tensile strength, we propose a simple model that can be considered in this section. As follow
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the tensile strength

σ t (s)

which depends on the suction (s) can be upper-estimated using the Coulomb

criterion (Eq.4):

σ t ( suction
=
,η f ) σ=
t ( s,η f ) cot an(ϕ ( s,η f )).C ( s,η f )
where

ϕ ( s ,η f )

and

(4)

C ( s,η f ) are respectively the friction angle and cohesion of the unreinforced soil,

depending on both the suction (s) and fibers content ( η f ).
Then, using the water retention curve, corresponding to the compacted and dried path (CD), one
obtains the suction corresponding to the OMC (25 %), of 0.5MPa (Figure 3). Thus, the value of the
measured tensile strength corresponding to the suction of 0.5MPawas deduced from the results in Figure 7.
The tensile strength was of 8 kPa. However, from the direct compaction test (where) the compaction was
done in the tensile device followed by a tensile test gives a tensile strength of 14 kPa. This difference is
attributed to the compaction path with or without drying path. The 14 kPa value corresponds to the
compaction at Standard Optimum Proctor without drying, and the experimental strength value was obtained
from a direct test on the specimens at OMC (without a drying following the compaction).
Considering that determining the tensile strength using the model by equation (4) needs the triaxial
tests under suction control on reinforced specimens. Therefore, we propose a model based on the direct
tensile tests where the tensile strength σ ts ( s,η f ) for reinforced specimen is given as follow (Eq. 5):

σ ts ( s,η f )= σ ts ( s,η f= 0) + ∆σ ts ( s,η f )

(5)

Nf

απ D f ∑ (σ t (ε f ( s,η f ))(la )i )

i =1
∆σ ts ( s,η f ) =

where

(6)

A

θ

∫
α=

and

where Df is the diameter of the fiber,

σ t ( ε f ( s ,η f ) )

2
−

θ

( dθ )

2

(7)

2π

σ t ( ε f ( s ,η f ) )

is the tensile stress at the failure strain

which obviously depends on the suction and fibers content. A is the section of the interest

zone (20mmx30mm, see Figure 9).

(la )i is the active length of fiber (i) under tensile. In general, it was

assumed that this active length is in the range between L/4 and L/2. It is fixed in this model at L/4 for all the
fibers in the zone's interest. Also, because only a part of the set of fibers is submitted to tension, a coefficient
(α) defining an effective zone (see Figure 9), where fibers are submitted in tension, is introduced and
defined by α (Eq. 7).
The number of fibers Nf is deduced from the volumetric fibers content given as follow (Eq. 8):

Figure 9. Shema of the interest of the specimen in tensile box.

N f = N v .VzI
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where

VZI = volume of zone of interest =20 mm×30 mm×20 mm and NV is the number of fibers per unit

of volume.

NV is given as follow (Eq. 9), as it was shown in [10]:

=
Nv

With

γd

Cf
γ
=
where C f η f d
2
γf
(1 + C f ) Lπ r

is the maximum dry density of soil (at OMC) and

γf

(9)

is the density of Alfa fibers (see Table

3). The term corresponds to a coefficient indicating the part of a set of fibers assumed to be submitted to
tensile. The fibers under tensile are elastically deformed, and the tensile stress developed by each fiber is
as follow:

σ t (ε f ( s,η f )) = E f ε c ( s,η f )
where

(10)

E f is the stiffness of Alfa fiber (Table 3) and ε c ( s,η f ) is the strain at maximum tensile stress of

the reinforced specimen at given suction (s) and fiber content

(η f ) , (Figure 8).

Figure 9 gives the predicted tensile strength of the composite (reinforced soil) against measured
tensile strength. This figure highlights a good agreement between the model and the experience's results
(the correlation coefficient was 0.96).

Figure 9. Predicted Tensile strength against the measured tensile strength.

3.4. Role of fibers in Cracks development
The Cracks Influence Factor (CIF) has been defined as the following (Eq. 11). CIF has been
considered the main parameter to measure the cracks propagation by measuring the surface opening
considered as the area of total cracks captured by the vertical camera that took the images sequentially.
Figures 10.a, 10.b and 10.c give respectively the images of cracks patterns in three-time sequences
(t = 48 h, t = 60 h and t = 72 h), for non-reinforced and reinforced specimens ( η f = 0.3 % and η f =
0.5 %).

CIF (%) =

Fissure ' s Area
Total Area of the specimen

(11)

As shown in Figure 10.a, the opening of primary cracks reached its final state at 60 hours. However,
secondary cracks continue to appear without a significant effect on the value of the area of the total fissure.
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t = 48 h

t = 60 h

t = 72 h

Figure 10. a cracks pattern evolution by drying (nonreinforced specimen).

t = 48 h

t = 60 h

Figure 10. b cracks pattern evolution by drying (reinforced specimen

t=48h

t=60h

Figure 10.c cracks pattern evolution by drying (reinforced specimen

t = 72 h

ηf

= 0.3 %)

t=42h

ηf

= 0.5 %)

The formation and the morphology were well affected by the fibers. The same conclusion was given
by [31]. Without fibers (nonreinforced clay), the cells tend to be more significant. Large opening and
orthogonal and non-orthogonal carks have been observed. The orthogonal cracks were well-identified for
the nonreinforced specimen. However, the fiber affects either the crack intensity by reducing the opening
and the length of cracks and the morphology of patterns, which were developed with discontinues aspect
and not necessarily perpendicular.
Figure 11 gives the variation of CIF during drying. Although the effect of fibers in cracks opening is
well-demonstrated, where the role of fibers was to stop the opening, their growth was also well affected.
The first fissure was happened at 2hours and was well larger for the nonreinforced specimen. However,
with significantly smaller dimensions (width and length), the first one was better for the reinforced specimen
( η f = 0.5 %).
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Figure 11. CIF evolution during drying time: Effect of fibers content.
The CIF was reduced from 26 % (non-reinforced clay) to 14 %, 12 % and 6 % for respectively
η f = 0.1 %, η f = 0.3 % and η f = 0.5 %. The fibers not only influenced the intensity factor, but also the
formation and morphology of the cracks.
From the literature, the governing mechanism of desiccation of unreinforced soils (mainly silty soils)
has been analyzed based on the experiments and image analysis [32–36]. As stated, the cracks birth
arrived when strained shrinkage develops tensile stress that exceeds the tensile resistance of the material.
Now regarding the role of fibers to globally increases the tensile strength and locally to develop a tensile
force that opposes the forces developed by strained shrinkage, the fibers reduce the cracks growing and
development and modify their orientation.

4. Conclusions
In this paper, the cracking patterns and morphology have been studied in the laboratory using
rectangular specimens of plastic clayey-silty soil. The Digital Image Correlation (DIC) was used to quantify
the cracks patterns (Length and Opening) parameters. The CIF parameter as a dimensionless parameter
was retained in this study to quantify the cracks growing and development during the drying process. This
study leads to the following results:
1. The tensile strength and its relation with the suction were obtained for this soil using direct tensile
tests. The trends of tensile strength-suction were: (a) the same as the Proctor-compaction curve for the
compacted specimens. However, for the compacted and dried specimens (b), the tensile strength against
suction had a completely different trend. This indicated a monotonic increase of tensile strength with an
increase of suction.
2. From DIC, the morphology of the pattern of the cracks was well-investigated. For nonreinforced
specimens, the cells were large, and the opening of cracks was also significant. However, the cells vanished
progressively with the increase of fibers content. The morphology of the crack pattern was significantly
affected by the fibers. The presence of fibers omitted the perpendicular morphology.
3. Because the fibers improved the tensile strength, the cracks intensity (measured by CIF) was
significantly decreased by adding the fibers.
4. From an environmental point of view, the use of natural short fibers seems to be a promising
alternative for geotechnical works which suffer from desiccation by drying. In arid regions, such technical
solutions will be envisaged and encouraged.
5. Although experimental results have been obtained for many soils by research, mainly in
laboratories, the reinforced soils by fibers are still few studied. Some aspects still need more attention: (a)
The quantitative relations between the fibers content, the fibers length, the fibers sections, and separately
the tensile strength for soils with initial water contents and dry densities. (b) the same relations are still
needed with the cracks parameters characteristics. (c) the modeling of each relation helps to obtain an
efficiency model to predict the role of fibers by delaying the inevitable cracks and eventually stopping them
from growth, which should be paid more attention.
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Abstract. The development of 3D printing technology requires solving material science problems to ensure
the rheology of concrete mixtures with controlled mobility and high retention of volume after extrusion and
also the creation of favorable conditions for the hardening of the binder. This paper investigates lightweight
concretes on hollow microspheres. The rheological properties of concrete mixtures and the peculiarities of
the structure formation of cement stone in the presence of a superabsorbent polymer (SAP) have been
studied. The paper used standardized test methods following EN 1015-3-2007, EN 12390-1-2009, and
employing modern equipment and tools (K100 KRUSS processor tensiometer, comparator, calorimeter). It
was found that concrete mixtures on hollow microspheres with an average density of 1400 kg/m3 have a
high ability to retain volume (buildability) of more than 90 % after extrusion with mobility of not more than
135 mm of the spread diameter. It has been shown that the use of superabsorbent polymer solutions with
controlled polymerization is an effective solution to provide internal curing for the hydration of Portland
cement. Calorimetric analysis of cement stone showed a positive effect of SAP on the processes of
structure formation of cement stone. This is expressed by an increase in the amount of hydration products,
in particular portlandite. The number of SAP solution of 0.50–1.0 % of the mass of Portland cement in
lightweight concrete provides the least reduction in strength. It was found that the flexural strength varies
in the range of 5.5–5.8 MPa and the compressive strength – 45.3–47.8 MPa. An increase in the SAP
content of more than 1.5 % of the mass of Portland cement is characterized by a decrease in compressive
strength by 8.5 %. The permissible amount of SAP in concrete is limited to 1.0–1.5 % of the mass of
Portland cement. The possibility of providing internal curing for the hydration of Portland cement in
lightweight concrete through the use of SAP solution has been substantiated. The obtained results of the
study of lightweight concrete show high printability of concrete mixtures on hollow microspheres for 3D
printing. Moreover, the implemented soluble SAP composition instead of the granular SAP is capable of
providing the function of internal curing for the hydration of cement with no loss in strength.

1. Introduction
Interest in 3D printing technology in construction is constantly growing. It is evident from the many
publications [1–5]. World experience in the development of equipment for construction 3D printing shows
that the mobility of the concrete mix is selected in a wide range of rheological properties, depending on the
features of the extrusion nozzle of the printer [6–10]. The principal technological feature of the extrusion
process is the presence or absence of direct formation of the layer. In the first case, the concrete mixture
is supplied according to the principle of form-less molding (Fig. 1,a [6]) using a rectangular extrusion nozzle.
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In the second case, the mixture just is supplied from a nozzle, usually of circular cross-section, without the
formation of a layer (Fig. 1,b [6]). Requirements for the viscous-flow properties of the concrete mixture for
each of the methods are significantly different.

b)

a)

Figure 1. Extruded concrete layers produced using by forming (a)
and non-forming (b) nozzle of printer.
As the main criteria for concrete mixtures in 3D printing technology, formability or extrudability,
flowability, retention of volume (buildability), and retention of mobility (open time) are distinguished. The
variability of these properties should ensure the continuity of the layer formation through the printer nozzle.
And high mobility is necessary to ensure minimum deformation after extrusion of each layer and maximum
storage time to improve interlayer adhesion [8].
The specificity of these properties and their interdependence complicates the universalization of their
quantitative assessment using standard test methods. At the same time, various design features of 3D
printers (including feeding and extrusion systems) require an individual approach to the selection of the
"acceptable" suitability of the concrete mix for printing (printability).
Cement-based dispersion systems are usually considered to be thixotropic materials. That is, they
can liquefy under mechanical stress and thicken when the load is removed. In this case, the description of
the shear stress (τ) from the shear rate (γ) is carried out using the Herschel-Bulkley model:

τ  τ0  K  γ n ,

(1)

where τ0 is shear stress, K is consistency index, n is an indicator of non-Newtonian behavior.
In the process of 3D printing, the lower layers, in addition to their deformation, are subjected to
additional influence from the upper layers. Due to the thixotropic dilution of the mixture, these influences
can lead to plastic destruction of the structure (Fig. 2 [7, 11]). In this case, the limiting value depends on
the density of the concrete (ρ) and the height of the structure (H) [12]:

Atix 

gH
,
3

where g is gravitational constant.

Figure 2. Plastic failures of 3D printed constructions.
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Thus, it is natural to conclude that the use of lightweight concrete mixes is promising. Following (2)
the lower average density of such compositions in comparison with heavy concrete will allow to increase
the height of the extrusion layer with equal liquefaction or to increase this limit of liquefaction. Taking into
account the positive experience of obtaining lightweight concrete with high strength [13, 14] one of the tasks
can be formulated as the need to ensure the possibility of controlling the rheology of mixtures saturated by
the gas phase. The object of research is lightweight concrete on hollow microspheres.
At the same time, the construction of concrete layers by extrusion at the construction site is
associated with the emergence of a large open surface area of the finished product. The lack of external
care in such conditions creates unfavorable preconditions for the hydration of Portland cement. Intense
water loss due to evaporation leads to a lack of water for structure formation and a subsequent decrease
in concrete density, shrinkage, cracking, and loss of strength.
The indicated disadvantages are less pronounced when providing a reserve of water in the particles
of the porous aggregate, the so-called internal curing. This approach is known in the technology of
lightweight concrete [15, 16] when the preparation of lightweight concrete is preliminarily performed by
water saturation of the aggregate. A similar function can be performed by special polymer additives, the
so-called superabsorbent polymers (SAP) [18–20]. As a rule, these are micrometer-sized granules or fibers
capable of absorbing water up to 50 times the original volume. As a rule, these are micrometer-sized
granules or fibers capable of absorbing water in an amount more than 50 times the original volume.
Currently, experience in the use of SAP in cement systems has been accumulated. There is a
positive effect of SAP on reducing shrinkage and as a result, reducing the risk of cracking. However, there
are several disadvantages. One of them, SAP polymer granules, require adjusting the water consumption
in the mixtures to maintain their mobility [21, 22].
That is, the use of superabsorbent polymers in cement systems is characterized by both positive and
negative effects [18, 23, 24].
On the one hand, SAP in the cement composite is the carrier of the water reserve to ensure the
hydration of the binder. This has the positive effect of reducing shrinkage. On the other hand, the granular
polymer component not only requires preliminary water saturation (up to 30 minutes) to ensure sufficient
mobility of the mixture but also is a source of additional pores by reducing its volume, contributing to a
decrease in mechanical properties.
Previously, the authors proposed a solution [25] which consists of using solutions of acrylate
compositions with delayed polymerization for the internal curing of cement. Such solutions allow to form
the polymer films at the right time, starting the process of retaining water in the volume (absorption) after
extrusion of the mixtures. It is shown that the use of such a solution reduces the loss of strength of the
cement stone during hardening in unfavorable conditions.
Thus, research aimed at solving the cumulative problems of ensuring the required rheology of
concrete mixtures and proper care for the hydration of cement after molding is an actual direction for the
development of effective compositions for 3D printing technology in construction. To achieve this goal, it is
necessary to determine the mobility and buildability of the extruded volume of the concrete mixture of
lightweight concrete, to establish the effect of the superabsorbent polymer solution on the mobility, strength,
and shrinkage of the concretes, and to substantiate the effectiveness of such a solution to ensure the
internal curing of cement hydration.

2. Methods
The object of study is lightweight concrete on hollow microspheres with an average density of
1400 kg/m3. Concrete is made according to [26] using Portland cement CEM I 42.5 N Lipetskcement,
microsilica MK-85 (NLMK) with a density of 2200–2350 kg/m3, a particle size of 1...100 microns, and a SiO2
content of more than 97.8 %, quartz sand 0.16–0.63 mm fraction, quartz sand flour with a specific surface
of 700...800 m2/kg, water and plasticizer Melflux 1641F. Hollow glass microspheres "Foresphere 3000"
(average particle size 30 microns) were used as a lightweight aggregate to reduce the average concrete
density. The subject of research is the rheological and physical-mechanical properties of concrete
compositions on hollow microspheres with SAP solution. Acrylate composition “Renovir-hydrogel” [21] was
used as a SAP solution. The SAP solution is obtained by mixing water (W) with the three components of
the polymer part (ΣA = A1 + A2 + A3) and catalyst (B). The component “A1” is acrylic acid (propenoic acid –
CH2 = CH − COOH) or salt (sodium polyacrylate [–CH2 – CH(COONa)–]n). The component “A2” is a
crosslinking agent in which poly-saturated compounds are widely used. The component “A3” is an initiator
from peroxides, hydroperoxides, hydrogen peroxide, persulfates, azo compounds, or redox systems.
Varying the concentrations of each component allows to control the polymerization process and form a
different degree of crosslinking and polymerization speed (Table 1).
Inozemtcev, A.S., Korolev, E.V., Duong, T.Q.
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Table 1. Compositions of the studied concrete.
Variation of the plasticizer

Variation of the SAP

No

Name

CPlast, % by weight of

1
2
3
4
5

P/C-1.0
P/C-1.1
P/C-1.2
P/C-1.3
P/C-1.4

1.0
1.1
1.2
1.3
1.4

Notes:

cement

No

Name

CSAP, % by weight of cement

Ratio W/ΣA

6
7
8
9
10
11

A/C-0
A/C-0.4
A/C-0.8
A/C-1.5
A/C-2.3
A/C-3.9

–
0.4
0.8
1.5
2.3
3.9

–
95.0
47.0
23.0
15.0
8.5

СPlast is concentration of plasticizer; CSAP is the amount of acrylate part of SAP (ΣA); W is the amount of
water.

The mobility of the lightweight concrete mix with varying concentration of a plasticizer (1.0...1.4 % of
the mass of Portland cement (Table 1)) was determined by the diameter of the cone spread according to
EN 1015-3-2007. Retention of volume (buildability) was additionally evaluated. It was evaluated by the
change in the volume of the mixture extruded from a metal cylinder with a ratio of diameter to height
of 1: 2.
The evaluation of the compatibility of the superabsorbent polymer with the polycarboxylate plasticizer
was carried out by changing the surface tension of aqueous solutions using a K100 KRUSS processor
tensiometer.
The assessment of the degree of hydration was carried out using the calorimetric method by the total
thermal energy [27]. Calorimetric analysis of cement mixtures was carried out for compositions with W/Cratio 0.5 within 72 hours using an isothermal calorimeter. Cement compositions with SAP were prepared
with a polymer content of 0.5...1.5 % of the mass of Portland cement at a constant catalyst B/A1 = 0.003.
The compressive strength tests were carried using static loading by the servo-hydraulic press
“Advantest 9” according to EN 12390-1-2009. The shrinkage deformations were determined by the change
in the distance between the reference points during hardening in unfavorable conditions (temperature
25... 27 °C and humidity 50…60 %) using a comparator.

3. Results and Discussion
As shown earlier [28], the mobility of lightweight concrete on hollow microspheres substantially
depends on the polycarboxylate plasticizer. Varying its amount is one of the most effective prescription
methods for establishing a parity combination of mobility and buildability suitable for 3D printing.
After extrusion from a 3D printer nozzle, the concrete mix changes its original shape under its weight.
Ensuring minimal layer deformation is important for such mixtures. In this work, a study was carried out on
the preservation of the volume of the mixture after extrusion from the cylinder. Such deformations can be
quantified by the value of the vertical settlement of the layer. However, vertical deformation does not fully
reflect the volume change, since the layer also changes in the horizontal plane. It is also important for
3D-printing.
Since both the height and the diameter of the cylinder are subject to change than a parameter that
takes into account both these changes is taken as the criteria for the preservation of the volume of the
concrete mixture. In the initial state, the volume of the mixture takes the shape of a cylinder. In this case,
the largest and smallest diameters are D1 = D2. Therefore, the volume for each of them (at H = H0) is
equal to V1 = V2 (Fig. 3). Then the maximum preservation of the form expressed through the ratio V1/V2
will be equal to 1. After deformation, the volumes of the concrete mix specimens calculated with D1 and D2
will differ. The V1/V2 ratio will also bi changed. Thus, the ratio of the volumes V1/V2 and heights
H / H0 → 1 characterize the best preservation of the concrete mix shape (Fig. 4).
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Figure 3. Change in cylinder volume.

Figure 4. The nature of the slump
of the concrete mixture after extrusion
from the cylinder.

The study of the change in the mobility and buildability of concrete mixtures of lightweight concrete
on hollow microspheres on the amount of plasticizer was carried out in this work (Table 2).
Table 2. Rheotechnological properties of concrete mixes for 3D printing.
No

Name

Spread diameter, Dsp, mm

Buildability, V1/V2

1
2
3
4
5

P/C-1.0
P/C-1.1
P/C-1.2
P/C-1.3
P/C-1.4

129 ± 2
135 ± 3
160 ± 4
165 ± 3
182 ± 5

0.97 ± 0.02
0.94 ± 0.02
0.88 ± 0.03
0.83 ± 0.03
0.62 ± 0.02

Relative deformation,

H/H0

0.95 ± 0.02
0.93 ± 0.02
0.90 ± 0.03
0.84 ± 0.01
0.78 ± 0.02

Table 2 shows that an increase in the spread diameter of the concrete mixture due to the increase
in the plasticizer leads to a decrease in buildability. At the same time, more than 90 % of the cylinder shape
is retained with a plasticizer content of not more than 1.1 % of the mass of Portland cement. This
corresponds to the mobility of the mixture according to the standardized method of 135 mm.
Fig. 5 shows the effect of the rheological properties of the mixture on the geometry of the extruded
rectangular layers. It is seen that an increase in the amount of plasticizer, leading to an increase in the
mobility of the mixture, contributes to the deterioration of the retention of the shape of the layers.

Figure 5. An example of deformations of extruded lightweight concrete layers
in the horizontal (left) and vertical (right) planes.
Thus, it has been established that concrete mixtures on hollow microspheres with an average density
of 1400 kg/m3 can provide a high buildability of more than 90 % with mobility of up to 135 mm along the
spread diameter at the varying content of the plasticizing additive. That is, the cross-section of the layer
after extrusion will change within 10 %. In practice, it will ensure the stability of the technological process
of manufacturing a structure using the 3D printing method (from adjusting the stroke of the printer nozzle
to the consumption of materials).
For the studied compositions, the content of the plasticizer in an amount of no more than 1.1 % of
the cement mass makes it possible to provide variability in the intensity of liquefaction at the high
buildability. Thus, we can conclude that concrete mixes on hollow microspheres are highly suitable for 3D
printing in construction.
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Also, it can be concluded that it is necessary to develop a universal method for assessing the
suitability of concrete mixes for 3D printing by rheological criteria. And the existing standardized test
methods require the establishment of boundary ranges of properties for specific types of 3D printers.
Both the mobility of the mixture and its strength after extrusion are important for the development of
materials for 3D printing. As is known, an important condition of a controlled increase of design strength
values of concrete is the W/C-ratio. However, the large exposed surface of the extruded layers has a
significant impact on 3D printing technology. The evaporation of moisture leads to a decrease in the actual
value of the W/C-ratio and a deficiency of water for hydration of the binder and also shrinkage. The use of
a superabsorbent polymer in the solution form with a controlled polymerization process, in contrast to
granular analogs, should allow preserving the mechanical properties of concrete in unfavorable conditions.
The results of studying the effect of SAP solution on the properties of compositions for 3D printing are
presented in Table 3.
Table 3. Rheological properties of mixtures and physical and mechanical properties of
lightweight concrete with SAP solution.
No
1
2
3
4
5
6

Name
A/C-0
A/C-0.4
A/C-0.8
A/C-1.5
A/C-2.3
A/C-3.9

Dsp, mm
225 ± 2
212 ± 3
199 ± 2
181 ± 2
180 ± 1
170 ± 1

ρ, kg/m3

Rfl, MPa

1370 ± 30
1360 ± 20
1360 ± 35
1355 ± 30
1355 ± 30
1325 ± 25

Rcom, MPa
*

5.52 ± 0.12
5.59 ± 0.09
5.81 ± 0.14
6.83 ± 0.15
6.33 ± 0.14
6.02 ± 0.10

45.3 ± 1,1
45.2 ± 0,9
47.8 ± 1,0
47.6 ± 1,2
44.2 ± 1,0
37.1 ± 0,8

ε, mm/m
1.22 ± 0.05
1.16 ± 0.03
1.02 ± 0.05
1.00 ± 0.04
0.95 ± 0.04
0.89 ± 0.03

Notes: Dsp is spread diameter, ρ is average density, Rfl is flexural strength, Rcom is compressive strength,
ε is relative deformation, * is the compressive strength of lightweight concrete hardened under normal conditions
is 57.0 ± 1.4 MPa.

It was found that the mobility of lightweight concrete mixes on hollow microspheres decreases after
the introduction of SAP in contrast to cement pastes [27]. An increase in the content of polyacrylates to
2.3 % by weight of Portland cement leads to a decrease in the spread diameter of the mixture by 20 %.
This pattern can be associated with a significant contribution of the plasticizer to the provision of the
rheological properties of such compositions.
One of the possible reasons for the decrease in the mobility of the concrete mix may be the
unsatisfactory compatibility of the plasticizer solution and SAP components. However, an assessment of
the compatibility of the plasticizer solution and the components of the superabsorbent polymer indicates
that this assumption is not valid. The results of the study of changes in the surface tension of the solution
of the used plasticizer (0.04 %) from the amount of the acrylate part of SAP are presented in Table 4.
Table 4. Dependence between the surface tension of the plasticizer solution and the content
of the acrylate part of SAP.
The physical state
Before polymerization
After polymerization

SAP solution concentration, W/ΣA
0

95.0

47.0

23.0

15.0

8.5

47.5 ± 1.4

44.5 ± 1.4
45.2 ± 1.3

44.4 ± 1.6
45.0 ± 1.3

43.7 ± 1.3
44.6 ± 1.5

43.4 ± 1.4
44.5 ± 1.2

42.5 ± 1.3
43.0 ± 1.3

The obtained results show that each of the components of the studied solution (polycarboxylate
plasticizer and acrylate SAP) reduces the surface tension regardless of the polymerization degree of SAP.
This indicates the compatibility of the plasticizer and SAP. That is, it has been found that the used
polycarboxylate plasticizer and polyacrylate SAP can be combined to prepare a solution for producing
concrete mixtures and lightweight concrete products.
Thus, it has been shown that each of the concrete compositions under study has sufficient mobility
of the mixture to perform technological operations. The mobility of the mixtures Dsp > 150 mm ensures
sufficient formability during extrusion and buildability after extrusion of the next layer (Fig. 6). The rational
concentration of SAP in the developed concrete receipts should not exceed 1.5 % of the mass of Portland
cement.
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Figure 6. Example of extruded lightweight concrete layers with SAP.
As shown above, the use of granular SAP leads to a decrease in the strength properties of cement
composites. This is due to the formation of additional porosity in the structure of the material after desorption
of water from the polymer additive. Therefore, the use of SAP in the form of a solution to reduce shrinkage
deformations can be justified by the preservation of mechanical characteristics. Table 3 shows the
dependence of the flexural strength and compression of lightweight concrete on the number of SAP.
It has been established that the use of SAP solution in the amount of 0.50–1.0 % of the mass of
Portland cement provides the smallest decrease in concrete strength. The flexural strength of such
concretes varies in the range of 5.5–5.8 MPa, and the compressive strength – 45.3–47.8 MPa at the age
of 28 days of hardening in unfavorable conditions. The amount of acrylate part of not more than 2.3 % of
the mass of Portland cement in the composition of concrete provides an increase in flexural strength by
17 %. This may be due to the formation of polymer films or fibers that perform the function of a reinforcing
additive after desorption. At the same time, an increase in the SAP content of more than 1.5 % of the mass
of Portland cement is characterized by a decrease in compressive strength by 8.5 %. Then, the permissible
amount of SAP in concrete is limited to 1.0–1.5 % of the mass of Portland cement.
The study of the shrinkage showed the possibility of reducing the deformations of lightweight
concrete by 25 % due to the introduction of SAP. The use of SAP solution in small amounts (up to 0.25 %
of the mass of Portland cement) leads to a decrease in shrinkage deformation by 26.9 %. The maximum
reduction in shrinkage compared to the control composition is achieved with a SAP content of 2.3 %. Taking
into account the change in rheological and physical-mechanical properties, varying the SAP content in the
range of 0.8–1.5 % of the mass of Portland cement provides the best shrinkage value.
Since the use of SAP is justified by the possibility of providing internal care during the hydration of
Portland cement, an important condition for such compositions is the establishment of parity concentrations
of the polyacrylate solution, which do not lead to a decrease in the degree of hydration.
The integral thermograms of the total heat release of cement mixtures (Fig. 7) show that the range
of SAP concentrations less than 1.5 % provides a heat release level similar to the control composition
(without SAP). This indicates a similar degree of binder hydration. That is, the process of SAP
polymerization in the indicated concentrations is carried out during the period when the competition
between the sorption of polyacrylates and the hydration of Portland cement is the least. At the same time,
the presented data of calorimetric studies indicate some inhibition of the process of hydration of Portland
cement in the presence of a superabsorbent polymer. But, the effect of SAP is not limited to the first
72 hours of the hydration and hardening process. Assessment of the influence of SAP on the structure
formation of cement stone at a later date was carried out by the magnitude of the heat flow in the
temperature range of 470 ... 510 °C.
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Figure 7. Kinetics of heat energy during hydration of Portland cement with SAP.
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Figure 8. Thermogram of cement stone in the temperature range 470…510 °C.
The total area of the anomaly for the endothermic effect (S) (Fig. 8) of cement stone in the specified
temperature range is proportional to the amount of portlandite. This allows to conclude about the number
of hydration products or the degree of binder hydration. It is seen that an increase in the SAP content leads
to an increase in the area of the anomaly for the endothermic effect. The maximum is achieved when the
content of the superabsorbent polymer is 1.0 % by weight of Portland cement (Table 5). A further increase
in SAP leads to a decrease in enthalpy. However, the area of the anomaly for the endothermic effect at
1.5 % by weight of Portland cement is more than the S value for the control composition.
Table 5. The total area of the anomaly of the cement stone in the temperature range
470…510 °C.
Index

S, mJ· C/s
o

Ratio A/C, %
0

0.5

1.0

1.5

223.0

228.9

252.7

239.7

The study of the structure formation of cement stone samples after hardening for 28 days was carried
out. Differential thermal analysis shows an increase in the enthalpy of decomposition of portlandite in
cement stone, hardening in the presence of SAP. That is, it can be concluded that the degree of hydration
of Portland cement is increased. Thus, the hypothesis about the possibility of using SAP in the form of
solutions with controlled polymerization instead of granular additives for the internal curing of Portland
cement in the development of concretes for 3D printing technology was confirmed.
The obtained results of the study of lightweight concrete show the high suitability of concrete mixtures
on hollow microspheres for extrusion using a forming nozzle of a 3D printer [6]. Also, the implemented
solution of using SAP in the form of a solution instead of a granular form is capable of providing the function
of internal curing for the cement [18, 21] without loss of concrete strength.
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4. Conclusions
Based on this research the following conclusions were made:
1. Concrete mixtures on hollow microspheres with an average density of 1400 kg/m3 provide
buildability after extrusion of more than 90 % and mobility of up to 135 mm at varying content of the
plasticizing additive. The content of the plasticizer is not more than 1.2 % by weight of the cement allows
to vary the intensity of the dilution for the studied mixtures. The tested concrete mixtures are highly suitable
for 3D printing in construction. The tested concrete mixtures have high buildability for 3D printing in
construction.
2. The use of SAP solutions with controlled polymerization is an effective solution for providing
internal curing for the Portland cement in the production of concrete for 3D printing. The calorimetric
analysis shows the positive influence of SAP on the processes of structure formation of cement stone. The
SAP in an amount of not more than 1.0 % of the mass of Portland cement corresponds to the maximum
amount of Portlandite formed during the hydration of Portland cement.
3. The use of SAP solution in an amount of 0.50...1.0 % of the mass of Portland cement provides
the least reduction in the strength of lightweight concrete. The flexural strength varies in the range of
5.5...5.8 MPa and the compressive strength – 45.3...47.8 MPa. An increase in SAP content of more than
1.5 % of the mass of Portland cement is characterized by a decrease in the compressive strength by 8.5 %.
The optimal amount of SAP in the concrete composition is limited to the range of 1.0...1.5 % of the mass
of Portland cement.
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