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Abstract. Introduction. The assessment of the risk of early crack formation during hardening of massive 
monolithic reinforced concrete structures due to temperature gradients predetermines the relevance of 
studies aimed at increasing the reliability of methods for calculating temperature fields and stresses. When 
developing technological regulations for concreting, modeling methods are used to assess the risk of early 
crack formation, the implementation of which requires equations for changing the strength and deformation 
properties of concrete over time. Highly mobile and self-compacting concrete mixtures with modifiers, which 
are widely used in concreting the above structures, predetermine the relevance of clarifying known and 
identifying new patterns of change in the properties of concrete in the early period of hardening, in particular, 
obtaining equations for changing the E-modulus from prescription factors and temperature conditions. 
Purpose of the study: obtaining equations for changes in the early and subsequent periods of hardening of 
the E-modulus of concrete from highly mobile and self-compacting concrete mixtures depending on the 
prescription factors and temperature conditions during hardening. Methods. Analysis of known approaches 
to assessing changes in the E-modulus of concrete over time. Modeling using a three-component structural 
model "matrix – contact zone – aggregate." Experimental studies of the E-modulus depending on the 
compressive strength limit in the early and subsequent hardening periods of concrete from highly mobile 
and self-compacting concrete mixtures. Results: Equations are proposed that describe the change in time 
of the E-modulus of concretes from highly mobile and self-compacting concrete mixtures depending on the 
compressive strength limit, taking into account the maturity index. The possibility of using the equation EN 
1992-1-1 for the change in E-modulus from compressive strength limit for the specified concretes is shown. 
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1. Introduction 
When concreting massive monolithic structures, one of the important tasks is to prevent the risk of 

early crack formation due to temperature gradients in the early period of hardening caused by heat 
dissipation from the concrete. When concreting foundation slabs, Russian standard SP 70.13330.2012 
allows, in the case of using self-compacting concrete mixtures, laying "simultaneously over the entire site 
of the structure" without the installation of working joints. Such practice takes place within the concreting 
section and when erecting massive foundation slabs with a volume of hundreds and even thousands of 
cubic meters when using self-compacting concrete mixtures of grades S4, S5 in a relatively short period of 
time [1]. As a result, significant temperature gradients are formed in the hardening concrete mass [2, 3]. 
The review presented in [4] shows that, based on the results of field observations in the period 2016-2022, 
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in structures with a top modulus of 1.4...2.4 made of concrete classes B25...B45, there were temperature 
differences between the center and the top of more than 20 °C at an initial temperature of the concrete mix 
of 8...29 °C and an ambient temperature of 4...30 °C. The time to reach the maximum difference ranged 
from 24 to 62 hours. The modeling data presented there [5–8] showed temperature differences of up to 
30 °C and more, with a time to reach the maximum of 24...75 hours. 

Russian standard SP 435.1325800.2018 prescribes "measures to reduce the influence of 
temperature and humidity fields and stresses associated with heat dissipation during concrete hardening" 
during the construction of massive monolithic structures, in connection with which the assessment of 
temperature fields and stresses to prevent early crack formation is an urgent task [8, 9], the solution of 
which, when developing technological regulations for concreting, is implemented by methods of modeling 
temperature fields and stresses [7, 10], including using numerical methods [5–7, 11]. As shown, for 
example, in [11], the most dangerous period is 1 ... 5 days, due to significant temperature changes. In [12], 
the effect of temperature conditions of hardening, different from normal, on the E-modulus of concrete is 
considered, and in [13], detailed studies of the effect of loading rate on the deformation diagram and the E-
modulus of concrete under sulfate aggression are carried out. It is obvious that the study of the patterns of 
change in the E-modulus of concrete depending not only on the prescription factors but also on the 
temperature conditions during hardening, especially in the early period, and operation, and loading 
parameters, is a pressing task. 

When studying crack formation processes in the early period of hardening of massive structures, 
methods of fracture mechanics are used, taking into account changes in heat dissipation and deformation 
properties of concrete over time [14]. 

Positive experience in constructing massive structures using prescription regulation of temperature 
fields [1] confirms the relevance of theoretical and experimental studies of the stress-strain state of 
structures in the early period of concrete hardening. When modeling, certain assumptions are often made 
regarding the kinetics of strength and E-modulus [11]. The authors [11] come to the conclusion that "the 
minimum thickness of a slab structure made of concrete classes B20...B50, above which it can be 
considered massive concrete, is about 0.6 m." A similar opinion is contained in [15]. 

Most software packages, including ANSYS, Abaqus, Lira-SAPR, SCAD, and a number of others, do 
not allow by default to specify the change in the E-modulus of concrete over time [16]. This problem is 
partially solved by developing and implementing user subroutines in FORTRAN and Python [17, 18], which 
requires a highly qualified programmer, as well as a deep understanding of the principles of operation of 
software packages. In the Midas Civil software package, the E-modulus of concrete can only be specified 
explicitly as a function of time [19], which predetermines the relevance of studies of dependencies 

( )28 .E f Eτ =  A thorough analysis of various equations describing the dependence of the E-modulus of 
concrete, including with mineral admixtures, on the ultimate strength is presented in [20]. 

In this regard, the purpose of this work is: obtaining equations for changes in the early and 
subsequent periods of hardening of the E-modulus of concrete from highly mobile and self-compacting 
concrete mixtures depending on the prescription factors and temperature conditions during hardening. 

2. Methods 
The assessment of the level of thermal stress state in the early period of hardening of concrete of a 

massive structure involves determining the magnitude of tensile stresses over time at each step of the 
calculations: 

( ) ( ) ( ) ( )( ),
,

1 cr
E z t

z T z z∆σ = ⋅ ∆ε −α ⋅∆ −∆ε
− υ

                                            (1) 

where ∆ε  is the average increment of total deformation over the slab thickness; ( )T z∆  is the difference 

between the temperature at the point at the current and previous time step; ( )cr z∆ε  is the increment of 
creep deformation; υ  is the Poisson's ratio of concrete; α  is the coefficient of linear thermal expansion of 
concrete; ( ),E z t  is the E-modulus of concrete over time. The multiplier ( )1− υ  in the denominator in Eq. 

(1) takes into account the work of concrete under biaxial tension (compression) ( )x yσ = σ = σ  [10]. 

In special cases, equations of the form [4, 21] are used: 
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( )1
r

T
k E T⋅ ⋅α ⋅∆

σ =
+ϕ

                                                                 (2) 

or [12]: 

( ) ,1
T

ПТ cp П
E T Tα ⋅

σ = ⋅ −
− υ

                                                         (3) 

where ,Tσ  ПТσ  – tensile stress from temperature gradients, MPa; rk  takes into account the degree of 

restriction on the upper top of the slab (0.83 [16]); E  – E-modulus of concrete, MPa; ( )cp ПT T T∆ −  – 

temperature difference between the center and the upper top of the slab at any time ,t  ºC; ϕ  – creep 
coefficient of concrete. 

In any case, to determine the magnitude of tensile stresses, data on the kinetics of elasticity of 
hardening concrete are needed, taking into account the effect of changing temperature. Numerous 
dependences of the E-modulus of concrete on the compressive strength limit are known [20, 23]. In general, 
some of them can be presented as: 

( )
0 .

a b R c
E k

d e R
⋅ ⋅ +

= ⋅
+ ⋅

                                                                 (4) 

The coefficients of some Eqs. (4) are given in Table 1. 

Table 1. Coefficients of Eqs. (4). 

Year Author 
Curve No. 

(Fig. 1) 
Coefficients 

𝒌𝒌 𝒂𝒂 𝒃𝒃 𝒄𝒄 𝒅𝒅 𝒆𝒆 
1919 Uoker 6 [27] 53500 1 1 0 20 1 
1937 Roš 5 [26] 55000 1 1 0 15 1 
1988 Chistyakov 3 [27] 54000 1 1 0 20 1 
1996 Karpenko 2 [28] 52000 1 1 0 18 1 
1996 Nesvetaev 7 56700 1 1 0 22.5 1 

 

Another group of equations has the general form: 

0 .aE k cb
d R

= ⋅
+

+

                                                                     (5) 

The coefficients of some Eqs. (5) are given in Table 2. 

Table 2. Coefficients of Eqs. (5). 

Year Author Curve No. 
(Fig. 1) 

Coefficients 
𝒌𝒌 𝒂𝒂 𝒃𝒃 𝒄𝒄 𝒅𝒅 

1990 Kvirikadze 9 1000 60 
1 29 3.8 

1996 Nesvetaev 1 456·Ea/67 + 544 0.05R + 57 
Ea [GPa] – E-modulus of coarse aggregate. 
 

According to EN 1992-1-1 and ACI 318-08, IS:456 (India), CSA (Canada), the relationship between 
the E-modulus and the compressive strength of concrete ( ),cm cf f  is given by the equations: 

0.3
EN : 22000 ;

10
cm

cm
fE  = ⋅ 

 
                                                         (6) 

ACI : .cE k f= ⋅                                                                      (7) 
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In Eq. (7), k  = 4700 (ACI), 5000 (IS), 4500 (CSA), the value f  is taken to be cf  (ACI, CSA) ckf  
(IS). 

All the above-considered dependencies are proposed for concretes at the design age; the possibility 
of their application for describing the dependence of the E-modulus on the compressive strength limit at an 
early age requires confirmation. In any case, the question of the patterns of change in the E-modulus of 
concrete over time is relevant. 

3. Research Methodology 
Modeling. There are two options for taking into account the change in the E-modulus of concrete 

over time. In the first option, the dependence of the E-modulus on time is determined as: 

28,tE E= β⋅                                                                          (8) 

for example, according to equations similar to [29–31]: 

0.4

28 28,
2.3 0.92t t

tE E E
t

 = ⋅ = β ⋅ + ⋅ 
                                                  (9) 

according to EN 1992-1-1: 

( ) ( ) 0.3
cm

cm cm
cm

f t
E t E

f
 

= ⋅ 
 

       or       
0.3

28
28

.t
t

RE E
R

 
= ⋅ 
 

                               (10) 

In the first case, the values of the coefficient β  depend only on time, in connection with which, for 
concretes with different kinetics of compressive strength, it may be necessary to clarify the coefficients in 
Eq. (9). Eq. (10) is free of this drawback, but its applicability for temperature conditions other than normal 
may require correction of the numerical values of the coefficients. 

In the second variant, the dependence of the E-modulus of concrete is determined at any moment 
of the given time as a function of the compressive strength limit. 

The E-modulus of concrete depends on the E-modulus of the coarse aggregate ,CAE  the solution 

component (matrix) and the E-modulus of the contact zone (transition zone) .tzE  Obviously ,CAE  unlike 

mE  and ,tzE  does not change over time, while it can change in a wide range of 40 ... 120 GPa. The use 
of structural models for the analysis of the E-modulus of concrete as a two-component system "matrix – 
aggregate" has been used for at least more than half a century [22]. In [23], various two-component models 
are analyzed and their applicability for determining the E-modulus of concrete under compression and 
tension is shown, and it is shown that at the age of 1 ... 3 days, there is a sharp increase in the E-modulus. 
In [24], a four-component model "coarse aggregate – contact zone – matrix – structural defects" is analyzed. 
The influence of porosity parameters on the E-modulus is considered in [25, 31]. 

In our studies, we used a three-component model of "matrix – contact zone – aggregate." The E-
modulus of concrete during modeling was determined depending on the concentration ,mV  ,aV  tzV  and 

elastic properties ,mE  ,CAE  tzE  of the matrix, coarse aggregate and the contact zone between them, the 
influence of which on the result at a loading level of up to 0.4 is small, according to the equation: 

2 .1H
a m tz

a a m m tz tz a m tz

E V V V
E V E V E V E E E

=
+ + +

⋅ + ⋅ + ⋅

                                        (11) 

By modeling the change in the E-modulus of the matrix over time, for example, using Eq. (10), it is 
possible to obtain the dependence of the E-modulus of concrete on time using Eq. (11). Modeling the 
dependence of the E-modulus on time using Eq. (11) is implemented using the following algorithm: 

− according to the equation: 



Magazine of Civil Engineering, 18(8), 2025 

28
28exp 1 ,

m i
R R sτ

  
= ⋅ ⋅ −    τ − τ  

                                                        (12) 

at values of s  0.2, 0.25, 0.38, respectively, for fast ( ) ,R  normal ( ) ,M  and slow-hardening concrete ( ) ,S  

the values Rτ  at iτ  0.125 are determined. The values of ,mτ  days, at a concrete curing temperature 
different from normal (increased when cured in massifs) are determined by the concrete degree of maturity 

bM  [10]: 

480
b

m
M

τ = ;                                                                       (13) 

− the values of the coefficient ENβ  in the equation 28ENE Eτ = β ⋅  are determined by equation 
(10); 

− the values of the coefficient τβ  are determined by Eq. (9); 

− for concrete of class, for example, B30 (C25/30), the value of the ultimate strength of the matrix 
at the design age is 40 MPa, the E-modulus mE  of the matrix is 28000 MPa, the values of the 
matrix at the age from 1 to 28 days are determined by Eq. (12); 

− the value of the E-modulus mE  of the matrix at the age from 1 to 28 days is determined by Eq. 
(10); 

− according to Eq. (11), the values of the E-modulus of concrete ,HE τ  with the specified matrix 

were determined with the E-modulus of coarse aggregate CAE  = 40 (120) GPa and a volume 
concentration of coarse aggregate of 0.4, a volume concentration of the matrix of 0.6 (the volume 
concentration of the contact zone, due to the smallness of its effect on the deformation modulus 
at a loading level of up to 0.4, was taken to be equal to 0) at an age from 1 to 28 days; 

− based on the obtained values , ,HE τ   the values were determined ,
,28

.H
H

H

E
E

τβ =  

Experimental studies 

Experimental studies of changes in the E-modulus of concrete were performed using three Portland 
cements of class C42.5, one of which was admixtures-free (CEM I), two with different mineral admixture 
(CEM II). Concrete mixtures contained superplasticizing admixture PCE (L) or NF (C), or did not contain 
admixtures. Concrete curing conditions were normal, indoors in the laboratory, in the massif at a peak 
temperature of 39...42 °C. The compressive strength of concrete was determined at the age of 1, 2, 3, 28 
days. For samples hardened in the massif, the reduced age was determined mτ  by the concrete degree 

of maturity .bM  The E-modulus of concrete was determined through the dynamic E-modulus. More than 
65 years ago, it was shown that determining the dynamic E-modulus gives practically equal results 
regardless of the use of longitudinal or transverse vibrations, and the dimensions of the samples do not 
affect the result [32, 33]. Determination of the dynamic E-modulus allows obtaining results both at an early 
age and under various impacts on concrete on the same samples, which increases the reliability of the 
results [34]. Research in the field of improving the methodology for determining the dynamic E-modulus of 
concrete on various samples confirms the effectiveness of the method [35]. In this regard, in the work to 
determine the E-modulus of concrete on samples of 100×100×100 mm aged from 1 to 28 days, a method 
based on the use of longitudinal vibrations was used. 

A total of 65 pairs of values " E R− " were obtained with a range of compressive strength of 
9.3...69.2 MPa and E-modulus of 21.41...37.75 GPa. 

4. Results and Discussion 
Fig. 1 shows the dependence of the E-modulus of concrete on the compressive strength limit 

according to the equations in Tables 1 and 2. 
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Figure 1. Dependence of the E-modulus of concrete on the compressive strength:  

 1–3, 5–7, 9 are indicated in Tables 1 and 2; 4 – according to Eq. (7); 8 – according to Eq. (6). 
It is obvious that all dependencies in Table 1, except for Curve No. 5, provide relatively close values; 

at a strength value of more than 15 MPa, the difference does not exceed 5 %. At lower strength values, the 
difference increases and at a strength of 3 MPa, it reaches 2.5 times along Curves Nos. 2 and 8. 
Dependence EN 1992-1-1 (Curve No. 8) shows maximum values of the E-modulus at low values of the 
compressive strength, which can be considered as the early period of concrete hardening. As shown below, 
this is due to the influence of a constant value of the E-modulus of coarse aggregate over time. 

Fig. 2 shows the calculated values of the coefficient β  in Eq. (8). 
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Figure 2. Dependence of the coefficient β on time. 

Curves R, M, S – respectively, when determining the strength according to Eq. (12) for rapidly, 
normally and slowly hardening concrete β  according to Eq. (10); Curves ACI R, M – respectively, when 
determining the strength according to Eq. (12) for rapidly and normally hardening concrete, the E-modulus 
according to Eq. (6), Curve K – β  according to Eq. (9); Curve HS – when determining the modulus of the 
matrix according to Eq. (10), the E-modulus of concrete according to Eq. (11) with the E-modulus of coarse 
aggregate of 40 GPa; Curve a – is the average of all calculated values ;β  Curve exp – are the authors' 
experimental data. 

At the age of one day, the difference in the calculated values β  is 38 %, at the age of two days – 
21 %, at the age of three days – 15 %. The dependence of the average calculated value of the coefficient 
β  on time is described by the equation: 

28exp 0.095 1 .
  

β = ⋅ −    τ  
                                                            (14) 

The coefficients closest to the average value β  are those according to Eq. (9) [29], as well as for 
quickly hardening concrete according to the ACI equation – Eq. (7). 
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The experimental values of the coefficient according to the authors' data ,β  obtained during tests of 
concrete with a fairly low E-modulus of coarse aggregate (siliceous sandstone with a E-modulus of 
41.8...43.6 GPa) in principle fit into the overall picture. 

Fig. 3 shows the dependence of the E-modulus on the compressive strength limit according to the 
authors' experimental data and some calculated dependencies. The calculated strength at the daily age of 
the studied concretes ranged from 5.1 MPa for slowly hardening concrete with a design strength from 27.1 
to 29.3 MPa for quickly hardening concrete with a design strength of 69.2 MPa. The actual strength at the 
daily age ranged from 9.3 MPa with a design strength from 27.1 to 16.4 MPa with a design strength of 
34.5 MPa (some samples were tested at the age of 2 days instead of 1 day). The E-modulus at the daily 
age ranged from 21140 to 24220 MPa, at the design age from 30515 to 37750 MPa. 

 

 
Figure 3. Dependence of the E-modulus on the compressive strength: 2, 5, 6 – cements;  

P – PCE superplasticizer; N – NF superplasticizer; 0 – without admixtures;  
Curves 1, 2 – curves in Fig. 1; e(6), e(7), e(8) – according to Eqs. (6), (7), (8). 
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It is obvious that Eq. (7) and Curves Nos. 1, 2 in Fig. 1, obtained for concrete of the design age, are 
not suitable for describing the dependence of the E-modulus of hardening concrete at an early age. 

The dependence of the E-modulus of the concretes studied by the authors on the compressive 
strength limit is described by the equation: 

0.2811685 ,E R= ⋅                                                                        (15) 

with an approximation reliability index of 2R  = 0,923, which indicates good convergence and the possibility 
of using the equation for practical purposes. 

Eq. (15), reduced to the form EN 1992-1-1, has the form: 

0.28
22265 ,

10
t

t
RE  = ⋅ 

 
                                                                 (16) 

the difference in values when calculating according to Eqs. (6) and (16) is less than 1 % in the range of 
compressive strength limits of 10…70 MPa. 

Theoretical prerequisites for constructing a calculation method 

The first option is the dependence of the E-modulus on the time of hardening of concrete at an early 
age is determined by Eq. (14) with the duration of the induction period in most cases being 0.15–0.25 days. 

The second option is the dependence of the E-modulus on the time of hardening of concrete at an 
early age is determined by Eq. (16), while the strength value Rτ  is determined at the given age mτ  

depending on the degree of maturity of the concrete .bM  

5. Conclusions 
1. Some dependencies have been analyzed ( )28 ,E f Eτ =  it has been shown that the closest to the 

average value for all analyzed dependencies is provided by Eq. (9). 

2. The dependence of the change in time of the E-modulus has been obtained taking into account the 
degree of maturity of hardening concrete with superplasticizing admixtures. 

3. When calculating the time-varying values of the E-modulus of concrete based on the value of the 
compressive strength limit ( )E f Rτ τ=  it is advisable to use the dependence EN 1992-1-1. 
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Abstract. The objects of study were specimens of various shapes and aspect ratios made of high-strength 
modified concrete B90–B100 with a modified elastic modulus of 55,000 MPa. This modulus significantly 
exceeds the normative values specified in the building code SP 63.13330 when the concrete is loaded 
beyond its ultimate state. The need for this study stems from insufficient research on the deformation 
characteristics of high-strength concretes in extreme states (after reaching the ultimate load – with or 
without subsequent unloading), as well as the inapplicability of classical microcracking theories (Berg, 
Winter) to describe their behavior, which requires the development of new evaluation methods. Since high-
strength concretes fail brittly, the research methods included two approaches to loading specimens – 
loading by stresses (standard method) and additionally by deformations up to the peak failure load with 
subsequent unloading and holding (from 1 hour to 8 days); the elastic modulus was determined according 
to GOST 24452 before and after loading, while microcrack development was monitored using ultrasonic 
testing methods (through-transmission and surface sounding). Based on the research results, it was 
established that during short-term holding (1 hour), the elastic modulus increased by 40–71 % (reaching 
73,602–101,192 MPa) – this is explained by crack closure during specimen compression and the inertia of 
the stress relaxation process, while strength decreased by 20 %. After holding ≥1 day, the elastic modulus 
(49,684–57,683 MPa) and strength approached the initial values (±6 %), despite visible damage to 
specimens after initial peak load attainment. At the same time, the ultrasonic wave travel time and Poisson’s 
ratio (0.21–0.26) remained practically unchanged up to 90 % of the failure load, which does not correspond 
to classical microcracking development models. The main conclusions of the work: high-strength concretes 
retain nearly linear deformation behavior even after reaching the ultimate state. These results cast doubt 
on existing theoretical models describing crack formation processes and emphasize the importance of 
accounting for stress relaxation in structural assessments, as well as the necessity for comprehensive 
research on high-strength concretes. 

Citation: Arleninov, P.D. High-strength concrete behavior in post-limit conditions. Magazine of Civil 
Engineering. 2025. 18(8). Article no. 14002. DOI: 10.34910/MCE.140.2 

1. Introduction 
This study investigated the behavior of modern high-strength heavy concrete under extreme 

conditions. The objects of research were prism specimens in accordance with GOST 24452-2023 currently 
in force in the territory of the Russian Federation with an aspect ratio of 1:4, and cylinder specimens with 
an aspect ratio of 1:2. 

High-strength concretes are currently widely used in both civil and industrial construction, including 
in reinforced concrete [1, 3] and steel-reinforced concrete structures [4–5]. While the strength 
characteristics of high-strength concretes themselves and the influence of various factors on them have 
been studied to some extent, albeit insufficiently well, their deformation characteristics are significantly less 

https://creativecommons.org/licenses/by-nc/4.0/
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studied, as noted by many authors [6–8]; as for research on the extreme states of high-strength concrete 
behavior, such studies either do not exist at all or are isolated [9]. 

In which building structure operation scenarios is it necessary to know how concrete behaves in an 
extreme state? Several definitions of the extreme state of concrete behavior have been proposed by various 
authors [10–12]. First, let us define what we call an extreme state for this study. We will consider as extreme 
a state where a specimen is uniformly loaded to the maximum load it can withstand under a given loading 
method (the maximum load may differ under different loading methods), but is not brought to failure – 
unloading is performed, after which we study how such high stress levels in the specimen affected its main 
strength and deformation characteristics. 

The relevance of the work lies in the fact that in certain scenarios, it is necessary to know the elastic 
modulus characteristics of non-uniform concrete already having internal structural defects – microcracks; 
and these are not necessarily structures operating at stress levels close to ultimate. In certain cases, 
microcracks can appear in a structural element during the concrete hardening stage – these can be 
shrinkage processes in reinforced concrete and especially steel-reinforced concrete structures, as well as 
thermal deformations during the hardening of concrete in massive structures accompanied by significant 
heat release and consequently the presence of a temperature gradient across the element's cross-section. 

The use of a theoretical framework based on the fundamental research of Berg et al. [13], both in its 
original form (с 1) and based on modified theories [14–16], does not yield reliable results – Formulas (2), 
(3) respectively. Study [17] only processes previously obtained experimental data [18–20] without 
proposing its own expression for predicting microcracking processes. 

release and consequently the presence of a temperature gradient across the element's cross-
section. 

The use of a theoretical framework based on the fundamental research of Berg et al. [13], both in its 
original form (с 1) and based on modified theories [14–16], does not yield reliable results – Formulas (2), 
(3) respectively. Study [17] only processes previously obtained experimental data [18–20] without 
proposing its own expression for predicting microcracking processes. 
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where 0
T ,R  T

vR  are the parametric points of the conditional lower and upper levels of cracking relative to 

the prismatic strength ;bR  crcK  – empirical coefficient equal to 1 for heavy concrete. 

In this regard, the A.A. Gvozdev Research Institute of Concrete and Reinforced Concrete (NIIZhB) 
set the goal of conducting extensive experimental-theoretical studies aimed at developing a standardized 
methodology for experimentally determining crack formation limits in high-strength concretes, as well as 
options for physical modeling of microcracks with assessment of their influence on the strength and 
deformation characteristics of concrete specimens. In other words, sometimes it is necessary to understand 
how a structure or structural element will behave after being subjected to loads exceeding design resistance 
for some time and having potentially sustained damage in the form of microstructural failures. 

As for normal-strength concretes, according to the classical theory of Berg (which, incidentally, does 
not contradict research by American specialists from Cornell University under the guidance of Professor 
Winter [18–20] conducted in the 1960–1970s – most subsequent theoretical studies are based on these 
experiments), microcracks in concrete begin to develop approximately after reaching 0.4–0.5 of the failure 
load (which to some extent corresponds to the level of design concrete resistance), and closer to stress 
levels of 0.7–0.8 of the failure load, the intensity of microdamages increases significantly. The different 
levels of microcrack formation according to Berg and Winter can be graphically represented in Figs. 1 and 2. 
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a                                                                         b                                                 c                        d 
Figure 1. a) The dependence of the total length of microcracks on the stress level (Winter);  

b, c, d) the dependence of volumetric deformations, ultrasound transmission time,  
and Poisson’s ratio on the stress level, respectively (Berg): grey – decompression  

of the least stable structures; green – compaction of the material; yellow – development  
of micro–fractures; orange – Intensive development of micro-fractures; red – a sharp increase  

in the length of microcracks. 
The research presented in this article is a part of the extensive work described above. The impact of 

micro-fractures of the concrete structure on the modulus of elasticity at stress levels close to the destructive 
load was evaluated. 

2. Materials and Methods 
2.1. Materials Employed 

Experimental studies were conducted on high-strength self-sealing heavy concrete B90-B100 on 
standard materials used in the Russian Federation (Portland cement, sand, crushed stone, active mineral 
additives, complex additives). The initial modulus of elasticity of concrete was 55,000 MPa. This particular 
composition with a modified modulus of elasticity was chosen relative to the one given in SP 63.13330 
(43,000 MPa), since concretes of classes higher than B80 are usually used in high-rise construction and 
there an increase in the modulus of elasticity is almost always critical and the use of concretes of such 
classes with a conventional modulus of elasticity is not entirely rational [21, 22]. Sika additives were used 
directly in this composition, but concrete with the same characteristics can also be obtained with analog 
additives. 

2.2. Test Methodology 
From the prepared mixtures, specimens were molded: cubes with dimensions 100×100×100 mm, 

150×150×150 mm for determining cube compressive strength according to GOST 10180 and GOST 31914; 
prisms 100×100×400 mm, prisms 150×150×600 mm, and cylinders Ø150×600 mm. Fig. 2 shows the types 
of tested specimens (the research discussed in this article was conducted only on the specified specimens, 
but in a larger comprehensive study, specimens with greater variability of geometric dimensions were tested 
– in addition to the above-mentioned prisms and cylinders, studies were performed on cylinders of all 
diameters 70, 100, and 150 mm, as well as on specimens with various cross-section to height ratios from 
1:2 to 1:4). The measurement base included tensometry, dial indicators, portable deformometer, ultrasonic 
devices of surface and through action. Mechanical and digital dial indicators were used when determining 
the modulus of elasticity in accordance with GOST 24452, at 70 % of the destructive load they were 
removed and measurements were performed using tensometry and removable deformometers based on 
the Demec principle. 



Magazine of Civil Engineering, 19(1), 2026 

 
Figure 2. Description of the test mode for determining the modulus of elasticity  

after operation in an extreme state in the axes stress level – test time. 
Testing was conducted on 5 reference specimens (of each standard size), on which the modulus of 

elasticity and destructive load (R1) were determined in accordance with GOST 24452, 5 specimens that 
were loaded with deformations and used to obtain the descending branch and determine the peak load 
value sustained by the specimen (R2) – typically this load is somewhat less than that obtained in standard 
testing according to GOST 24452, and 4 specimens of various standard sizes, which were first loaded with 
deformations up to the peak value of destructive load, then unloaded, held for a certain time, and 
subsequently tested for modulus of elasticity and then to failure (R3). The obtained results were compared 
with the values of modulus of elasticity obtained on these same specimens at the beginning of the 
experiment. The general testing scheme is shown in Fig. 3. 

 

 
Figure 3. Description of the test mode for determining the modulus of elasticity  

after operation in an extreme state in the axes stress level – test time. 
Loading by deformations was performed because high-strength concretes behave elastically almost 

up to failure, which occurs instantaneously and is accompanied by a sharp crack – essentially an explosion. 
Determining the peak load without specimen failure and consequently obtaining the descending branch in 
the 𝜎𝜎 − 𝜀𝜀 graph is a rather complex task, and solving it by trivial methods is far from always possible [23, 
24]. 

The determination of the microcrack initiation level in concrete was carried out according to the 
classical method of Professor Berg (Fig. 1b, c, d). For this purpose, at each loading stage, the specimens 
in the press were subjected to ultrasonic testing using ultrasonic testing devices. Both surface and through 
sounding were performed (see Fig. 4a) using UK-1401 and Pulsar 1.0 devices, respectively. During through 
sounding, a wet contact was used, so to ensure experimental purity, the device was rigidly fixed to the 
specimen, not removed, and measurements were taken in one section at the center of the specimen. 

For surface sounding, 12 control points were marked on the lateral surface for conducting 6 
measurements (using the UK-1401 device) – 3 vertically and 3 diagonally at angles from 45 to 70° to the 
horizontal. Fig. 4b shows a specimen brought to peak destructive load (immediately unloaded after 
reaching it) for subsequent elastic modulus testing. As can be seen from the figure, the specimen retained 
its shape but sustained several damages (chips and cracks) visible to the naked eye. On different 
specimens, these damages varied in appearance but were mostly concentrated at the edges, although 
some specimens exhibited vertically oriented cracks extending almost the full height of the specimen. 

Fig. 3 indicates various holding intervals for the specimens to allow stress relaxation to occur. 
According to the results presented in the following section, the significant influence of stress relaxation is 
evident. The destructive load R3 also differs from loads R1 and R2, as shown below. 
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Figure 4. a) A cylinder sample brought to a destructive load during testing, but not destroyed;  

b) Ultrasonic sounding systems for the sample. 

3. Results and Discussion 
During the testing, ultrasonic monitoring could be conducted right up to specimen failure (up to 0.98–

0.99 of the destructive load). However, through-transmission testing using the specified equipment yielded 
no results – the ultrasonic wave transit time remained virtually unchanged until specimen failure, possibly 
due to the orientation of microcracks in the specimen. 

The pattern of changes in the ultrasonic transit time graph during measurements from one side up 
to stress levels of 0.6 of the destructive load closely resembles classical research (referring only to the 
qualitative behavior of the curve). Beyond the 0.6 stress level, the curve does not change direction, and up 
to loads approaching 0.9 of the destructive load, the ultrasonic wave transit time remains unchanged (see 
Fig. 5b). 

Even at stress levels from 0.9 up to failure, there was no sharp decrease in ultrasonic transit time 
that would indicate a rapid increase in micro-failure volume. All this suggests qualitatively different behavior 
of high-strength concrete under loads entering the nonlinear region. 

In Fig. 5a, using one of the specimens as an example, the development of volumetric deformations 
under load is shown – here the differences from classical theories are even more pronounced, as the curve 
never reached a plateau. The Poisson’s ratio was recorded to vary from 0.21 to 0.26 (the graph of Poisson’s 
ratio variation versus stress level is shown in Fig. 5c). 

As previously mentioned, attempts to use formulas from both Berg’s classical theory [13] and 
modified versions [14–15] for predicting microcrack development processes in concrete failed to yield 
positive results. Below are the results of determining microcrack formation boundaries using Formulas (1) 
and (2); other tested expressions showed even greater discrepancies with experimental results. 

According to Formula (1): 
0

0.537; 0.862.
v

crc crc

b b

R R
R R

= =  

According to Formula (2): 
0

0.857; 1.107.
v

crc crc

b b

R R
R R

= =  

Berg’s formula, as can be seen, gives too low values for the parametric points 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐0  and 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣 , although 
the proposed theory’s description indicates its applicability to high-strength concretes with strength classes 
up to 100 MPa. Formula (2) shows a lower microcrack formation boundary much closer to the experimental 
results, but when determining the upper boundary, a mathematical error occurs (value greater than 1). 

a b 



Magazine of Civil Engineering, 19(1), 2026 

 
Figure 5. a) The dependence of volumetric deformations on the stress level; b) the dependence  

of the transit time on the stress level; c) the dependence of the Poisson’s ratio on the stress level. 
According to the test results, the following values of the modulus of elasticity were recorded after the 

concrete reached its ultimate load and various holding periods after unloading before reloading, compared 
with the initial modulus of elasticity determined directly on the same specimen. 

Eb = 53,000 MPa – average initial modulus of elasticity for the group of specimens. 

Eb1 = 59,141 MPa, E1 = 1.71 Eb (101,192 MPa) – modulus of elasticity determined almost 
immediately after reaching the failure load followed by unloading (stress relaxation holding period was 
about 1 hour). Specimen: cylinder Ø150×300 mm. 

Eb2 = 52,335 MPa, E2 = 1.41 Eb (73,602 MPa) – modulus of elasticity determined almost immediately 
after reaching the failure load followed by unloading (stress relaxation holding period was about 1 hour). 
Specimen: cylinder Ø150×300 mm. 

Eb3 = 54,314 MPa, E3 = 1.06 Eb (57,683 MPa) – modulus of elasticity determined on an unloaded 
specimen after a free-state holding period of 8 days. Specimen: cylinder Ø150×300 mm. 

Eb4 = 57,778 MPa, E4 = 1.00 Eb (57,967 MPa) – modulus of elasticity determined on an unloaded 
specimen after a free-state holding period of 3 days. Specimen: prism 150×150×600 mm. 

Eb5 = 52,042 MPa, E5 = 1.00 Eb (51,994 MPa) – modulus of elasticity determined on an unloaded 
specimen after a free-state holding period of 1 day. Specimen: prism 150×150×600 mm. 

Analysis of these results shows that with short holding periods after reaching the failure load, despite 
accumulated damage, the concrete’s modulus of elasticity significantly increased by 1.4 to 1.7 times. This 
may be related to the deformation mechanics of high-strength concrete under extreme loads – nearly linear 
deformation until failure, minimal accumulation of internal defects (microcracks) and their closure at even 
higher stress levels, and certain inertia in the relaxation process of internal stresses after removing 
compressive load. These results are new and previously unpublished. 

With holding periods of one day or more, significant relaxation of internal stresses occurs in the 
specimen, and the obtained modulus of elasticity values become close to the initial modulus (±6 %). Such 
results are also extremely unusual since the already failed specimen retained its basic initial deformation 
characteristics. 

A crucial aspect in this case is the duration of the holding period sufficient for the residual post-
unloading stresses to relax. Its exact value depends on many factors, primarily the concrete mix 
composition; thus, it may differ for each concrete type. In this experiment, several scenarios of post-loading 
holding periods were considered, and one day can be taken as an averaged, sufficient period for the 
relaxation of all internal stresses. 

If we compare the already destructive loads, in particular R1, R2, R3, the generally expected results 
were recorded in qualitative perception, but the quantitative figures are somewhat unusual: 

R1 = 88.2–99.5 MPa is the average destructive load during testing according to GOST 24452, 
depending on the type of sample; 

R21 = 92.3 MPa, R31 = 72.7 MPa – cylinder Ø150×300 mm; exposure time is 1 hour; 
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R22 = 92.5 MPa, R32 = 80.6 MPa – cylinder Ø150×300 mm; exposure time is 1 hour; 

R23 = 96.4 MPa, R33 = 94.7 MPa – cylinder Ø150×300 mm; exposure for 8 days; 

R24 = 85.3 MPa, R34 = 83.3 MPa – prism 150×150×600 mm; exposure for 1 day; 

R25 = 89.0 MPa, R35 = 87.0 MPa – prism 150×150×600 mm; exposure for 3 days. 

Analyzing these results, it can be seen that all tested samples show a decrease in load R2 relative 
to load R1 by 6 %, and load R3 relative to load R2 by 20 % for short exposures of an hour, and only 2 % 
for exposures of more than a day. To summarize, with short exposures, there was a significant increase in 
the modulus of elasticity but at the same time a significant decrease in the strength of concrete. At 
exposures of more than a day, all data stabilized, approaching the initial results. These results are of great 
interest and confirm one of the most important roles of the stress relaxation process in concrete. Research 
needs to be continued on different types under different test scenarios. 

4. Conclusions 
A series of experimental studies were conducted to determine the main deformation characteristics 

of high-strength concretes after their operation in the post-peak state, where creating such conditions for 
concrete itself represents a separate complex engineering task that was incidentally solved during this 
work. The research was performed on concrete specimens with compressive strength class B90-B100 and 
modified modulus of elasticity of 55,000 MPa. Based on the results of this work, several important 
conclusions can be drawn. Firstly, it allows for an assessment of the applicability of established approaches 
used to describe the deformation process of concretes. 

− Classical theories for determining the level of microcrack formation and their derivatives 
describing the behavior of high-strength concretes are not fully applicable to high-strength 
concretes (more detailed studies on microcrack appearance in high-strength concretes will be 
presented in a separate article). 

− Secondly, new results were obtained for the investigated mix composition, which can, however, 
be extrapolated to other modern modified high-strength concretes: 

− High-strength concretes can demonstrate nearly linear behavior not only up to high stress levels 
close to failure but also after reaching their failure load (exceeding the limit state). 

− No significant reduction was observed in the modulus of elasticity measured on unloaded 
specimens after they reached their limit state. 

− The duration of concrete specimen holding after reaching their ultimate failure load significantly 
affects the modulus of elasticity determined on unloaded specimens. Moreover, with short 
holding times, a sharp increase in the modulus of elasticity was recorded. 

− These results are of great interest and confirm one of the most important roles of the stress 
relaxation process in concrete. Research needs to be continued on different types under different 
test scenarios. 
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Abstract. This study analyzed the behavior of Ultra-high performance concrete (UHPC) with two different 
pozzolans: silica fume and rice husk ash. The use of UHPC as a structural repair material has become 
common, making it necessary to evaluate its behavior in these situations. The study was conducted by 
determining compressive strength, assessing permeability and porosity, and assessing its behavior against 
sulfate attack and exposure to high temperatures. The compressive strength of the concretes was greater 
than 130 MPa. Regarding porosity and permeability, the concrete composed of silica fume exhibits 
approximately 20 % lower water absorption than those molded with rice husk ash. Analyzing sulfate attack, 
the concrete composed of rice husk ash exhibited approximately 50 % lower sulfate penetration than the 
silica fume composites. The performance of the materials, when subjected to temperatures of 200 and 
300 °C, showed reductions in mechanical strength of approximately 26 and 36 %, respectively. At a 
temperature of 400 °C, the spalling phenomenon occurred. Therefore, there is potential for the use of such 
a composite due to its high mechanical strength and good performance in relevant characteristics, related 
to low permeability and high durability. 
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1. Introduction 
Ultra high-performance concrete (UHPC) is a concrete that has high cement content, aggregates of 

reduced dimensions, high mechanical strength, and low permeability, has been gaining prominence, with 
the increased use of mineral admixtures such as silica fume (SF) and rice husk ash (RHA). SF is a product 
from the production process of the ferrosilicon and iron metallic industries and RHA is considered a residue 
from the controlled burning of rice husks during the processing of this cereal. Both additions, due to the 
high silica content in their composition, become materials with high pozzolanic activity, improving the 
microstructure and mechanical resistance of UHPC [1]. 

Several studies have been carried out to disseminate the use of UHPC as a structural recovery 
material in reinforced concrete buildings that present damage that could compromise the safety of the 
building and users, increasing its durability and restoring its useful life [2–4]. 
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With the interest in spreading the use of UHPC as a material for the rehabilitation of structures, 
understanding its behavior in terms of durability becomes relevant because it presents itself as a material 
of very low permeability, preventing the entry of aggressive agents and improving mechanical 
resistance [2]. 

The alternative application of UHPC as a recovery material has been studied because it presents 
better performance against aggressive environmental actions, as shown by the works of Chen et al. [5], 
Bajaber and Hakeem [6], and Li et al. [7] and high velocity impact [8]. Also, according to Tayeh et al. [2], 
UHPC require less working time to carry out their application when they exhibit self-compacting behavior, 
increase the durability and life expectancy of repaired structures, and require fewer preventive actions. 

Its mechanical characteristics for UHPC, and its resistance values obtained within the interval of 28 
and 90 days are likely to measure the growth gain for this material [9]. Due to its low permeability, UHPC 
in situations prone to attack by sulfates has a lower deterioration rate than conventional concretes [6,  
10–12]. 

Due to its dense microstructure, when UHPC is subjected to high temperatures, it exhibits explosive 
behavior. However, this type of sudden shattering phenomenon is controlled with the use of mineral 
additions and fiber incorporation in cementitious composites [13, 14]. 

Given the various variations in the availability of pozzolanic materials, this work aims to contribute to 
the study of UHPCs composed of pozzolans available in Brazil to encourage research and application of 
this type of product. 

2. Materials and Methods 
2.1. Materials 

The concretes were made with Portland cement CP V – ARI. The cement was characterized and 
had a specific mass of 3.07 g/cm3 and a specific surface area of 379.0 m2/kg. 

The RHA used has a specific mass of 2.16 g/cm3 and a specific surface area of 345.8 m2/kg obtained 
by the BETTERSIZE/S3 PLUS laser particle analyzer with an analysis range of 0.01 to 3500 μm by wet 
method using distilled water. 

The quartz powder (QP) used in this research, according to the manufacturer, has a specific mass 
of 2500 kg/m3. 

For the granulometry of SF, the results of D(10), D(50), and D(90) are 4.92, 14.0, and 32.72 μm, 
respectively. With this, it was identified that the average diameter of the material is greater than that 
addressed in the literature – in the order of 0.2 μm – this occurs for other authors such as Romano et al. 
[15] and Fraga et al. [16], where, according to them, in situations where the SF presents particle 
agglomeration, the diameters are not congruent with those specified by the manufacturer, as the grains of 
the material agglomerate resulting in a grain of greater diameter, and do not undergo full use and reactive 
potential in the mixtures, affecting the formation of C-S-H gel through the consumption of free calcium 
hydroxide in the mixtures. 

The particle size composition of this research is shown in Fig. 1. 

 
Figure 1. Granulometry of powdery materials. 
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According to X-ray diffractometry, cementitious and pozzolanic materials demonstrate different 
structures, as shown in Fig. 2 and Table 1. The test detected that for QP, there is a crystalline structure 
since it is possible to identify an intense peak. As for the materials CP-V ARI cement, SF and RHA, these 
have graphs with low intensities, this representation indicates that the products have an amorphous 
structure. 

 
Figure 2. X-ray diffraction (XRD) results for CP V ARI cement, SF, RHA, and QP. 

Table 1. XRD results for cement, QP, SF, and RHA. 

Mineral Chemical formula Acronym Cement QP SF RHA 

Quartz SiO2 Q/M – 100 100 – 
Cristobalite SiO2 Cr – – – 100 

Calcite CaCO3 C 20 – – – 
C3S Ca3SiO5 H 67 – – – 

Brownmillerita Ca2FeAlO5 B 7 – – – 
Gypsum CaSO4.2H2O G 6 – – – 

 
The packaging of two grains of sand with different granulometries was prepared, where they were 

dosed according to the packaging based on the Equation Andreasen and Andersen modified adopting q = 
= 0.37, and the granulometric curve obtained shown in Fig. 3. 

 
Figure 3. Particle packing according to the modified Andreasen and Andersen model. 

A superplasticizer based on polycarboxylate ether with a specific mass of 1.120 g/cm3 was used 4 % 
of the mass of the cement. The mix design is showed in Table 2. 



Magazine of Civil Engineering, 18(8), 2025 

Table 2. Concrete mix design. 

Material Cement Fine 
sand 

Medium 
sand QP SF RHA Water Superplasticizer 

Mix 1 (kg/m3) 855 204 578 239 195 – 197 42 
Mix 2 (kg/m3) 861 204 578 230 – 189 197 42 

2.2. Methods 
2.2.1. Compression tests 

The UHPCs were tested according to NBR 5739 – Concrete – Compression tests of cylindrical 
specimens [17] to determine the resistance to compression, using six samples submitted to the axial 
compression test in a press with a capacity of 200 kN with a test speed of 0.45 MPa/s, performing tests at 
ages of 28 and 90 days. 

2.2.2. Water absorption capacity 
To analyze the water absorption capacity and determine the void ratio, the methodology described 

by NBR 9778 – Hardened mortar and concrete – Determination of water absorption, void ratio, and specific 
mass [18] was adopted. in which, for each mixture with different pozzolanic materials, six samples were 
manufactured and submitted to the test at the age of 90 days. 

The test started with the drying of the specimens in an oven at 105 °C for 24 hours. Subsequently, 
successive weighings were carried out until the difference in mass between two weighings was less than 
1 %. After that, the dry mass ( )ms  of each sample was determined and then submerged in water for 72 
hours. After this time, the specimens were submerged in another container where the temperature was 
raised to boiling point for 5 hours and after cooling down completely, the submerged mass was determined 
using the hydrostatic balance ( ).mi  At the end of the test, the saturated mass was also measured in the 

dry surface condition ( ).msat  

At the end, the water absorption ( )A  was determined using Equation 1: 

100.msat msA
ms
−

= ∗                                                                      (1) 

We obtained the void ratio ( )VR  according to Equation 2: 

100.msat msVR
msat mi

−
= ∗

−
                                                                   (2) 

The specific mass was determined by Equation 3: 

100.mspr
ms mi

= ∗
−

                                                                      (3) 

2.2.3. Absorption of water by capillarity 
Initially, the samples were dried in an oven at 105 °C until constant mass, and the dry mass of the 

samples ( )ms  was determined. Then, the sides of the specimens were sealed with epoxy paint, and the 
samples were placed on a rack in a container of water until the water level covered a height of 5 mm from 
the samples. According to the procedures of NBR 9779 [19], the samples were weighed after 3, 6, 24, 48, 
and 72 h, at which point the saturated mass ( )msast  was determined. After the last weighing, the 
specimens were broken diametrically to measure the capillary rise in each sample. 

The final result of water absorption is calculated according to Equation 4, where S  means the cross-
sectional area of the sample in contact with water, and a visual analysis of the water percolation profile 
inside the concrete is carried out as required by NBR 9779 [19]: 

.msast msC
S
−

=                                                                        (4) 
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2.2.4. Attacks of sulfates – magnesium 
The methodology for determining the attack of sulfates in concrete is based on measuring the 

expansion of prismatic specimens subjected to an environment saturated with sulfates over a period at high 
temperatures, however, this technique requires approximately two years to obtain results [20]. 

The concrete portions of each specimen were dried in an oven for 8 hours at 100 °C and after 
removing from the oven and reaching room temperature, each sample was ground in a pan mill until the 
particles reached a diameter less than 150 μm, which are used to determine the amount of sulfates in each 
sample. 

The sulfate content of the samples is determined according to Equation 5, described by NBR16937-
6 – Aggressive waters – Durability of concrete – Part 6: Determination of sulfate soluble in water [21]: 

2
4

Mcalcined 0.4116SO 100,
Mcollected

− ×
= ×                                                         (5) 

where 0.4116 = is the conversion factor of barium sulfate to sulfate ion ( )2
4SO .−  

2.2.5. Influence of temperature increase on axial compressive strength 

NBR 14432 – Fire resistance requirements for building construction elements – Procedure [22] 
describes the required fire resistance time of a maximum of 120 minutes, therefore, for this test, 18 
specimens were prepared, of which divided into three groups for three different temperatures. The test 
specimens underwent submerged curing and at the age of 28 days they were removed from the water and 
kept in a chamber for 10 days so that the moisture content was reduced until reaching hygroscopic 
equilibrium with the environment [23]. 

To carry out the tests at temperatures of 200, 300, and 400 °C, the concretes of each analysis group 
were subjected to heating at a rate of 10 °C/min in a muffle furnace until the temperature established for 
each set analyzed, which were then maintained for 120 continuous minutes under the action of high 
temperature, and, after heating, the samples were naturally cooled inside the muffle until they reached 
room temperature. 

Representing the standard fire curve, Fig. 4 shows that during the heating period, there is a 
continuous rise and temperature uniformity (T) within 120 minutes, between t1 and t2, as determined by 
NBR 14432 [22]. 

 
Figure 4. Heating scheme for the temperature influence test. 

To characterize the effect of high temperatures on UHPC, axial compression tests were carried out 
to identify the influence on the mechanical properties of the material [24–26]. 

2.2.6. X-Ray diffraction test 
X-ray diffraction is a test where it is possible to characterize the crystalline structure of materials 

using Shimadzu's XRD 7000 equipment. The equipment software detects the intensity at the peak position, 
the interplanar distance, and the peak width. 
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3. Results and Dicussion 
3.1. Compression Tests 

The axial compression results were obtained according to the methodology determined by NBR 5739 
[17] and the method of statistical refinement of Peirce's treatment was used to determine the final values 
of resistance to compression, presented in Fig. 5. 

 
Figure 5. Comparison between strengths at different test ages. 

With the results obtained, it is possible to identify that for concretes composed of RHA, the resistance 
to axial compression was about 8 % higher than in comparison to concretes with SF. Given the results, 
between the ages of 28 to 90 days, the strength gain for SF concretes was 8 % and approximately 3 % for 
concretes with RHA. The results shown in Fig. 5 show that after 90 days, there was a strength gain of 
around 7 and 3 % for concrete cast with SF and with RHA, respectively, as also shown in Table 3. 

Table 3. Axial compression results for UHPC. 
Specimen SF RHA SF RHA 

Age 28 days 90 days 
Average (MPa) 131.39 147.62 140.41 151.73 

Standard deviation (MPa) 10.39 5.05 15.85 3.66 
Coefficient of variation (%) 7.91 3.42 11.29 2.41 

 

Based on the methodology for the statistical analysis of UHPC using the analysis of variance for 
different sample sizes, at the 95 % confidence interval, it is possible to observe the compressive strength 
of the concretes composed of SF at 28 days is equal to the results obtained at 90 days and equal to the 
compressive strength of the samples with RHA at 28 days. 

The compressive strength with SF at 28 days is equal to 90 days and is also equal to the compressive 
strength with RHA at 28 days. In both concrete, even with the variation of its pozzolanic addition, it was not 
possible to observe a significant difference in the compressive strength gain between the ages of 28 and 
90 days, in addition to that, there was no difference between the strengths with different mineral additions 
for a same age. The values obtained are higher than the values observed by Bulgakov et al. [27] and by 
Lesovik et al. [28], who used SF. 

3.2. Water Absorption Capacity and Void Index 
For the test described by NBR 9778 [18], each group composed of six specimens was submitted to 

the water absorption test at the age of 90 days. The results of absorption by immersion and the voids index 
are shown in Table 4. 

Table 4. Results of the absorption test by immersion of the voids index. 
Specimen SF RHA 

Test Absorption Voids index Absorption Voids index 
Average (%) 2.02 4.53 1.98 4.39 

Standard deviation (%) 0.13 0.33 0.19 0.41 
Coefficient of variation (%) 6.39 7.39 9.58 9.28 



Magazine of Civil Engineering, 18(8), 2025 

 

Through statistical analysis, for concretes molded with SF, the average water absorption was 2.02 %, 
and for concretes with RHA, it was 1.98 %, as shown in Table 3, indicating that both results equal a 95 % 
confidence index. As for the voids index, with the average result obtained for SF of 4.53 % and for concretes 
consisting of RHA of 4.39 %, both are statistically equal to a confidence index of 95 % according to the 
analysis of variance. 

According to Dinakar et al. [29] and Medeiros-Junior et al. [30], concretes with levels of water 
absorption by immersion after 72 hours below 3 % are considered good in the aspect of low infiltration 
capacity, thus being able to state that for concretes molded we have a low absorption rate, with values 
slightly lower than those observed by [27]. 

3.3. Absorption of Water by Capillarity 
The test described by NBR 9779 [18] was performed on six concrete samples for each pozzolan 

analyzed to determine the average values of capillary absorption at the age of 90 days. The results are 
shown in Table 5. 

Table 5. Results of the capillary absorption test. 
Specimen SF RHA 

Average (%) 0.065 0.082 
Standard deviation (%) 0.005 0.003 

 

Graphically, Fig. 6 shows the correlation between absorption over test times. 

 
Figure 6. Absorption by capillarity as determined by NBR 9779 [18]. 

It is possible to identify in Fig. 6 that the water content absorbed by capillarity increased as the test 
time elapsed in both mixtures. Note that there is a tendency for absorption to stabilize due to the maximum 
absorption rate of the material. 

It is possible to identify that concretes made with RHA tend to have an absorption rate of 
approximately 20 % more than those molded with SF, demonstrating that this pozzolan has a more porous 
matrix that allows greater water flow through the composite, such effect is corroborated with the analysis 
of variance at a confidence index of 95 %, which demonstrates a statistical difference in the permeability 
content for concretes with different pozzolanic additions. 

This analysis had already been described previously since the criterion that the pores are connected 
and have different dimensions for each type of material, influencing the effective capacity to resist the 
penetration of water in the cementitious matrix. 

3.4. Attacks of Sulfates – Magnesium 
To measure the attack content of sulfates in UHPC made with SF, after the test, the results are 

presented in Table 6. 

Table 6. Results obtained for the sulfate content test. 
Specimen SF RHA 

Average (%) 1.417 0.942 
Standard deviation (%) 0.297 0.088 
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Table 6 presents the result of the average value of sulfate attack content for concretes with SF being 
1.417 % and for concretes with RHA of 0.942 %. Due to the lack of parameters for this material, Mazer et 
al. [20] indicate that for concrete, contents above the 0.46 % limit already indicate the existence of 
significant penetration of sulfates in the structure, whereas Sun et al. [31], in solutions with 50 g/l, the sulfate 
content was 0.329 % due to the normalization of the concentration due to the rapid formation of gypsum 
and ettringite in the pores, which prevented a greater penetration of ions inside the concrete. With this, it is 
possible to state that in concrete composed of SF, there is a propensity of approximately 50 % of this type 
of material to suffer from the penetration of sulfates in its structure. 

To correlate the results of the penetration of sulfates with the permeability of the materials, Fig. 7 
demonstrates that for concrete made with SF, the tendency for penetration of sulfate ions is lower than for 
composite concrete by RHA. 

 
Figure 7. Correlation between sulfate absorption and penetration levels. 

According to Sun et. al. [31] and Zou et al. [32] at a higher solution concentration, more sulfate ions 
penetrate the concrete for the same immersion time, with this, the correlation between the absorption rate 
of the material and the lowest. The value of penetration of sulfate ions into concrete is because in the initial 
stage of the attack, the expansive products fill the pores of the materials and prevent the transport of sulfate 
ions. 

Regarding the mechanical resistance of the specimens submitted to the sulfate attack test, Table 7 
presents the results obtained in the axial compression test of the specimens after 90 days of testing. 

Table 7. Compression results of UHPC after sulfate attack. 
Specimen SF RHA 

Average (MPa) 85.55 85.34 
Standard deviation (MPa) 12.19 15.32 
Coefficient of variation (%) 14.25 17.96 

 

According to the results of Table 7, it is possible to identify the influence of sulfate attack on the 
concrete structure in terms of mechanical strength since, compared to the results obtained in Table 1, there 
was a decrease in the resistance to axial compression of 60 % for the UHPC molded with SF and of 56 % 
for the specimens constituted of RHA. 

Such results corroborate the difference in the sulfate content penetrated in the samples since the 
ratio between the sulfate penetration content and the axial compression strength for concretes with SF is 
0.016 and for concretes with RHA is 0.011, indicating a greater propensity to occur with the first pozzolan 
analyzed, statistically confirmed by the analysis of variance with 95 % confidence where for concretes with 
RHA they have less penetration of sulfates. 

Using the analysis of variance criterion to determine the resistance to sulfate attack, the compressive 
strengths of concrete submitted to the sulfate attack test, regardless of the type of addition used, present 
statistically equal values with 95 % confidence, that there is a reduction in resistance about the reference 
concretes of the same age since they are statistically different. This factor can be explained by the reactions 
that occur in the cementitious matrix of UHPC molded with RHA, in which the sulfates reacted in the most 
superficial pores, preventing the progression of the action into the material. 
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3.5. Influence of Temperature Increase on Axial Compressive Strength 
The first group of samples was subjected to heating at a temperature of 200 °C and after cooling, 

they were subjected to the axial compression test to determine the mechanical resistance of the UHPC, as 
shown in Table 8. 

Table 8. Compression results of the heating test up to 200 °C. 
Specimen SF RHA 

Average (MPa) 89.83 109.44 
Standard deviation (MPa) 29.72 8.13 
Coefficient of variation (%) 33.10 7.43 

 

For the samples subjected to 300 °C, the specimens with SF did not show visible signs of degradation 
or chipping, however, two samples of the concrete molded with RHA suffered from the spalling 
phenomenon. Its compressive strength results are shown in Table 9. 

Table 9. Compression results of the heating test up to 300°C. 
Specimen SF RHA 

Average (MPa) 79.95 105.17 
Standard deviation (MPa) 14.21 13.37 
Coefficient of variation (%) 17.77 8.99 

 

The samples subjected to heating up to 400 °C had the spalling phenomenon evident and already 
described by Abid et al. [13], it was not possible to perform the mechanical resistance test on the specimens. 

According to Tables 8 and 9, the compressive strength of UHPC composed of SF elevated at 200 
and 300 °C are statistically different from the reference compressive strength, indicating a loss of strength 
of 31.6 and 39.2 %, respectively, but the resistances at 200 and 300 °C are equal. 

The compressive strength, heated to 200 and 300 °C, with RHA, are statistically different from the 
reference compressive strength, indicating a loss of strength of 25.9 and 28.7 %, respectively, but the 
strengths at 200 and 300 °C are equal. 

Changing the type of addition shows a difference in the compressive strength between them for the 
same temperature, that is, concretes with SF show a greater loss of strength than in comparison with UHPC 
that use RHA. Two RHA samples exhibited spalling at a temperature of 300 °C, likely because they have 
a higher capillary absorption coefficient than the SF samples, indicating finer pores, which resulted in a 
greater capillary height. Additionally, the RHA samples also have a lower void ratio, hindering water escape 
from their interior. The combination of these effects may have caused spalling in both samples. However, 
the remaining intact samples showed less strength loss compared to the reference samples, when 
compared to the strength loss of the SF samples. 

3.6. X-Ray Diffraction Test 
The results of changes in the microstructures of concretes made of SF pozzolan are shown in Fig. 8. 

 
Figure 8. XRD results for reference concrete with SF compared  

to concrete subjected to sulfate attack. 
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As seen in Fig. 8, the peaks for the UHPC with reference SF (SF Ref) in comparison with the SF 
concrete subjected to sulfate attack (SF Sulph) are similar, and their mineralogical percentages are shown 
in Table 10. 

Table 10. XRD result for reference concretes with SF compared to concretes subjected to 
sulfate attack. 

Mineral Chemical formula Acronym SF Ref SF Sulph 

Quartz SiO2 Q 56 53 
Tobermorite Ca5Si6O16(OH)2.4H2O T 30 38 
Portlandite Ca(OH)2 P 0 0 
Ettringite 3CaO.Al2O3.3CaSO4.32H2O E 11 1 
Gypsum CaSO4.2H2O G 3 8 

 

According to Table 10, the presence of sulfate ions resulted in an increase in the gypsum content of 
concrete subjected to this type of exposure, as described by Zou et al. [32]. Despite the samples being 
subjected to Mg sulfate attack, the exposure time, the low void content and the low water/binder ratio did 
not allow the material to decompose to a chemically identifiable degree. 

Fig. 9 together with Table 11 shows the results of the XRD test for the concretes using SF Ref and 
when molded with the same pozzolan but submitted to 200, 300, and 400 °C, being represented by SF 
200°C, SF 300 °C, and SF 400 °C, respectively. 

 
Figure 9. XRD results for reference concrete with SF compared  

to concretes subjected to different temperature rises. 
Table 11. XRD results for reference concretes with SF compared to concretes subjected to 

different temperature rises. 

Mineral Chemical formula Acronym SF Ref SF 200° SF 
300° 

SF 
400° 

Quartz SiO2 Q 56 57 64 61 
Tobermorite Ca5Si6O16(OH)2.4H2O T 30 23 16 14 
Portlandite Ca(OH)2 P 0 0 1 1 
Ettringite 3CaO.Al2O3.3CaSO4.32H2O E 11 18 16 23 
Gypsum CaSO4.2H2O G 3 2 2 1 

 

Concretes subjected to different temperature gradients show some changes in the final chemical 
composition about the reference, and for samples subjected to temperatures above 200 °C, it is possible 
to identify that there is a reduction in the Van Der Walls forces and the C-S-H of material. From 200 °C, the 
water chemically linked to the C-S-H (tobermorite) is lost, which can be identified by the increase in the free 
SiO2 content in the structure, the decrease in the tobermorite content and the decomposition of the gypsum. 
With this, the mechanical strength of the material was compromised as shown in the results of resistance 
to axial compression previously. 
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For concrete made of RHA, the results of the XRD test are presented in Fig. 10 and the mineralogical 
percentages are described in Table 12, where it is possible to identify that the peaks of greater intensities 
coincide both between the reference concrete (RHA Ref) for this pozzolan as well as for concrete subjected 
to sulfate attack (RHA Sulph). 

 
Figure 10. XRD results for the reference concretes with RHA compared  

to the concrete subjected to sulfate attack. 
Table 12. XRD test results for concretes with RHA after sulfate test. 

Mineral Chemical formula Acronym RHA Ref RHA Sulph 

Quartz SiO2 Q 46 50 
Tobermorite Ca5Si6O16(OH)2.4H2O T 32 31 
Portlandite Ca(OH)2 P 1 1 
Ettringite 3CaO.Al2O3.3CaSO4.32H2O E 15 13 
Gypsum CaSO4.2H2O G 6 5 

Table 12 presents the minerals formed based on Fig. 10, where the highest mineral percentage is 
silica in both analyzed samples. For the RHA Sulph and RHA Ref samples, the low rate of change in the 
ettringite content may be a consequence of hydration reactions due to the heat treatment to which the 
samples were subjected, preventing chemical changes in the UHPC compounds. 

Concrete molded with RHA pozzolan (RHA Ref) together with concrete of the same pozzolan 
subjected to 200, 300, and 400 °C have the values shown in Fig. 11 as XRD test results and in Table 13, 
with the samples RHA 200 °C, RHA 300 °C, and RHA 400 °C abbreviations referring to each temperature 
to which the samples were submitted. 

 
Figure 11. XRD results for reference concretes with RHA compared  

to concretes submitted to different temperature rises. 
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Table 13. XRD results for the reference concrete with RHA compared to concretes subjected 
to different temperature rises. 

Mineral Chemical formula Acronym RHA 
Ref 

RHA 
200° 

RHA 
300° 

RHA 
400° 

Quartz SiO2 Q 46 56 66 55 
Tobermorite Ca5Si6O16(OH)2.4H2O T 32 35 18 18 
Portlandite Ca(OH)2 P 1 1 0 0 
Ettringite 3CaO.Al2O3.3CaSO4.32H2O E 15 7 14 12 
Gypsum CaSO4.2H2O G 6 2 2 15 

 

According to Table 13, the hydrated calcium silicate (tobermorite) decomposed right after the 
temperature of 200 °C due to the loss of water from the structure, generating the release of silica oxide due 
to the dehydration of the CH [33]. The degradation of portlandite is observed in concretes shortly after 
exposure above 300 °C, as well as the degradation of gypsum after its exposure to temperatures greater 
than 200 °C. 

Both the analyses for concrete molded with SF and for those composed of RHA show the 
decomposition of hydrated calcium silicate, which is the main compound responsible for the mechanical 
strength of concrete in general, in addition to the formation of other oxides that do not contribute to the gain 
on the load capacity of UHPC. 

4. Conclusions 
This work aimed to analyze the behavior of UHPC using two types of pozzolanic materials – SF and 

RHA. 

For the mechanical performance, both had similar resistance capacities even after the analysis of 
age progression, being the difference in axial resistance between the materials being about 10 % greater 
for the concretes composed of RHA. This result for the sample group and due to the curing methodology 
applied to the specimens presents equal performance between the materials. 

Analyzing permeability, this factor becomes important to determine the performance of products 
against the durability of UHPC. It was identified that even with the variation of the results between the 
concretes molded with SF and with RHA in the capillary permeability test, this factor depends on the 
structure of the pores of the materials, because the different concretes present water absorption levels and 
indices of analogous voids. As a repair material, the choice of a matrix composed of SF would be the most 
indicated since the propensity for fluid penetration due to permeability is lower than that of concrete made 
of RHA. 

To analyze the behavior of the material in aggressive environments, after subjecting the concrete to 
sulfate attack, it was possible to observe a significant difference in the behavior when the samples were 
molded with SF and when they were made of RHA since the first pozzolan allowed a greater penetration 
of ions than compared to RHA, about 50 % higher. This may be due to the pore structure of this type of 
cementitious matrix, which, according to the results obtained by the XRD analysis, influenced the chemical 
composition of the material because of the more significant attack in concrete composed of SF. If thinking 
of an application as a repair material for structural recovery, concrete composed of RHA would be more 
indicated because of the lower propensity to suffer from this phenomenon in aggressive environments. 

From the point of view of the mechanical behavior of concretes in situations where they undergo a 
significant temperature rise, for both analyzed compositions, the performance of concretes is presented the 
same. According to the analysis of variance adopted, the mechanical resistances of the different 
cementitious matrices are equivalent, and the microscopic evaluation using XRD demonstrates the 
chemical decomposition of the agents responsible for the mechanical resistance of the materials for both 
pozzolans. 

Taking the analysis carried out in this work, the replacement of SF by RHA does not interfere with 
the mechanical performance of UHPC. Therefore, with the results obtained in this work, the application of 
any of the two pozzolans to produce concrete should be determined based on the aggressiveness class or 
the environment in which the material is expected to be used. 
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Effect of de-sanding (recycling system) process  
on the piles bearing capacity 
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Abstract. The technique adopted in this study includes an innovative and unconventional method, which 
plays an important role in enhancing the bearing capacity of piles, called a recycling system. Full-scale 
models were conducted on two groups of piles: the first group was constructed without using this system, 
and the second group was constructed using it. All piles were tested by static load test. 3D finite element 
in the PLAXIS program was adopted to understand the load-carrying response of piled, several parameters 
were studied such as the thickness of the filter cake, type of soil, L/D ratio, and separation between the 
friction and end bearing. The results revealed that using the recycling system significantly increased the 
pile-bearing capacity, reaching 50 %. The effectiveness of the recycling system in cohesionless soils is 
more efficient than in cohesive soils. Pile’s bearing capacity improvement ratio reaches 65 and 38 % for 
sandy and clayey soils, respectively. In addition, the thickness of the filter cake significantly reduces the 
pile-bearing capacity, which may exceed 40 % if this system is not used. Using the recycling system, the 
pile bearing capacity was improved by 60–64 % and 85–98 % for friction and end bearing, respectively. 
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1. Introduction 
Bored piles are increasingly used to effectively transfer the loads of the superstructure to the sub-

soil when the soil conditions at the site and certain other functional requirements cannot support the shallow 
foundations [1, 2]. The construction of bored piles is accompanied by the presence of drilling residues and 
sludge in the body of the pile; these residues and sludge significantly reduce the bearing capacity of the 
bored piles [3, 4]. The traditional methods of cleaning the pile from these residues and sludge are cleaning 
pocket [5] and airlifting [6], which are widely used methods. In this study, the cleaning pocket method, and 
a new method (recycling system) were used to clean the piles to determine their effect on the bearing 
capacity of the piles. The cleaning pocket method includes lowering a pocket with smooth ends to collect 
the drilling residues from the pile body after the drilling is completed. 

The authors found that studies related to the recycling system are almost non-existent, as previous 
researchers did not deal with this process. Hence, the lack of research on this topic made the results of this 
study independent, and there is no possibility of comparing it with any previously published results. The 
recycling system (de-sanding) is a non-traditional method that relies on pumping fresh bentonite from the 
top of the pile and withdrawing it from the bottom of the pile by an integrated system to obtain an impurity-
free pile body before starting the concrete casting process [7], as shown in Fig. 1. 

https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-7703-0756
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The aim of this investigation was to assess the influence of the recycling system on improving the 
bearing capacity of bored piles. The impact of the thickness of the filter cake, soil type, L/D and the 
separation between the friction and end-bearing pile capacity on the behavior of the bored piles when using 
this technique were evaluated. 

 
Figure 1. The recycling system used in situ. 

2. Methods 
The proposed site lies on area number (173/23 m 30) within Al-Muthana airport land in Baghdad. 

From a geological point of view, the investigated area is located on the Mesopotamian plain zone within 
the unstable shelf region according to the tectonic division of Iraq [8]. The field test showed that the soil 
profile consists mainly of the following layers: the uppermost layer (0–8.5 m) is classified as cohesive soil, 
and the second layer below the top layer consists of cohesionless soil. This layer consists mainly of brown 
to Gray-black sand/silty sand with fine gravel and/or gravel with sand. Table 1 shows the in-situ soil 
properties obtained using the standard penetration test (SPT). 

Table 1. The soil parameters. 

Geotechnical parameters 
1st Layer 
(0–8.5 m) 

2nd Layer 
(8.5–14 m) 

3rd Layer 
(14–17 m) 

4th Layer 
(17–35 m) 

Cohesion (C) (kPa) 39 0 110 0 
Angle of internal friction (Ø) 1.5 31.5 4.5 40 

γ dry (kN/m3) 15 15.5 16 16.5 
γ sat (kN/m3) 19.2 18.8 20.0 19.8 

eo 0.75 0.5 0.7 0.5 
Soil classification CL – CH SC – SM CH SM – SW 

μ0.3 0.4 0.3 0.4 ٭ 
E (kN/m2) × 12480 25500 21440 48500 
G (kN/m2) × 4457.14 9807.69 7657.14 18653.85 

LL 53 – 49 – 
PL 28 – 26 – 

 .Poisson’s ratio is extracted based on [9, 10] ٭
× The elastic and shear modulus calculated by SPT N-values, based on [9, 11]. 

 

Full-scale models were conducted on two groups of piles. The first group was constructed without 
using the recycling system, and the second group was constructed using it. In addition to the construction 
of full-scale models in the field, forty-one models were modeled in the PLAXIS-3D program, which is a finite 
element package specifically developed for the analysis of deformation, stability, and flows in geotechnical 
engineering projects [12]. Construction of bored piles with bentonite liquid reduces the bearing capacity of 
the piles because it forms a layer called (filter cake), this layer leads to a decrease in the adhesion between 
the soil and the pile [13]. Therefore, the research methodology can be divided into two main parts: field 
study and theoretical study, as shown in Fig. 2. 
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Figure 2. The flowchart of field and theoretical study. 

2.1. Field Study 
Many methods are used to construct bored piles. One of these methods is to use the casing to 

support the soil close to the surface and prevent it from collapsing [14]. Depending on the soil investigation, 
the casing method was used to construct the piles in this study. Six piles were identified for this study; the 
first group of piles was B1, B2, and B3 with a diameter of 1.2 m and the length of the piles was 25, 30, and 
30 m, respectively, and were carried out for a period ranging from 5.5 to 8 h, and the piles were cleaned 
from the residues and drilling sludge by the cleaning pocket method [5]. The working load was 400 tons for 
the first pile B1 and 360 tons for the second and third piles B2 and B3. The second group of piles was 
selected using the recycling system B4, B5, and B6 with a diameter of 1.2 m and a working load of 360 
tons. The length of the piles was 25, 30, and 30 m, respectively, which were carried out for a period ranging 
from 8 to 9 h. The six piles were constructed in the same zone, so the groundwater level at the time of 
construction was 2.8–3 m. 

The control of the properties of the bentonite liquid is one of the most important factors that help to 
complete its tasks correctly [15], so the six piles were drilled with the same type of bentonite (sodium 
bentonite) and its properties were kept close during the construction. Table 2 shows the dimensions, 
working conditions, and properties of the bentonite used for each pile.  

Table 2. The dimensions, working, and properties of the bentonite used for each pile. 

Pile 
No. 

Pile 
diameter 

(m) 

Pile 
length 

(m) 
Working 
load (ton) 

Density 
(mg./ml) 

Viscosity 
(sec.) pH Sand content 

(%) 
In (during boring) 

B1 1.2 25 400 1.065 48 9.5 0.6 
B2 1.2 30 360 1.075 49 9.5 0.6 
B3 1.2 30 360 1.065 45 10 0.6 
B4 1.2 25 360 1.075 50 10 0.8 
B5 1.2 30 360 1.08 50 10 1 
B6 1.2 30 360 1.07 45 9.5 0.6 

    Out (after use the recycling system) after boring 
B1 1.2 25 360 – – – – 
B2 1.2 30 360 – – – – 
B3 1.2 30 360 – – – – 
B4 1.2 25 360 1.08 40 9 2 
B5 1.2 30 360 1.09 42 9.5 3.5 
B6 1.2 30 360 1.08 39 9 1.5 

2.1.1. Recycling system (de-sanding) 
The main objective of the recycling system is to get rid of impurities and drilling residues during pile 

construction, thus preserving the pile from geotechnical defects. Cleaning and recirculating the bentonite 
slurry includes removing sludge and sand from the drilled hole using cleaning equipment and returning the 
cleansed slurry [16]. This method was used from the same mechanism as the bentonite cleaning system 
that comes out during the pouring of the pile [17], but the system was used to withdraw the bentonite that 
contains impurities and drilling sludge before casting the pile. After the steel cage is installed in the hole, 
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the tremie tube is inserted into the hole, leaving a small gap between the bottom of the hole and the tremie 
tube between 25 and 30 cm. The tremie tube is connected from the top with a suction pump (dewatering 
pump) with a capacity of 350 m3/hr., as shown in Fig. 3, to withdraw the bentonite from the bottom of the 
hole. Then, the outside of the pump is connected to a de-sander with a capacity of 2500 HP, as shown in 
Fig. 4. 

To determine the amount of sludge and sand that came out from the piles using the recycling system, 
three containers were manufactured with dimensions 2, 1.25, and 1 m, as shown in Fig. 5. 

 
Figure 3. Bentonite sample coming out of the pile in-situ. 

 
Figure 4. Filter sand and sludge by desander in-situ. 

 
Figure 5. Collect sludge and sand in-container. 

2.1.2. Static load test 
There are several methods for determining the bearing capacity of a pile, and the static load test is 

one of the most important field tests [18]. The static load test was conducted after 28 days of casting the 
piles according to ASTM D1143 (2007) [19]. The allowable load Qa was taken as equal to two thirds of the 
final load, which causes a total settlement of 12 mm or a net (plastic) settlement of 6 mm [20]. The 
specification states that the axial pressure load to be applied to the pile shall be increased by 10 % to 
accommodate the increase in load required during the test [21]. The objective of the test is to determine 
the pile’s bearing capacity during one cycle of loading and unloading [22], where the pile is loaded to two 
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times the design load and at a rate of eight load increments (one hour for each load) sustaining the load for 
at least 12 h, and then the load is lowered at a rate of four times (1 h for each unload), as shown in Fig. 6. 
Figs. 7–12 show the load-settlement curve for the piles after the static load test. 

 
Figure 6. Static load test in-situ. 

2.2. Theoretical Study 
The PLAXIS-3D program has been used to find several parameters and knows the extent of their 

impact on the bearing capacity of the piles, and to determine the program’s validity, six piles TR1, TR2, 
TR3, TR4, TR5, and TR6 were modeled in the PLAXIS program for comparison with those from the field 
[23]. To model the bored piles in the PLAXIS-3D program, knowledge of the soil parameters, groundwater 
level, pile dimensions, and the type of analysis is required [24]. The More–Coulomb model was chosen to 
model the soil parameters because it is closer to reality and requires fewer soil parameters [25]. To model 
concrete in the PLAXIS program, one must know the modulus of elasticity, Poisson’s ratio, and density. 
Therefore, the modulus of elasticity ranges between 25 and 30 GPa, Poisson’s ratio is between 0.15 and 
0.25, and density is 25 kN/m3. In this study, the density of the concrete was 25 kN/m3, the modulus of 
elasticity was 30 GPa, Poisson’s ratio was 0.2, and the (non-porous) property was selected [8]. Because 
the groundwater level when construction of the test piles was 2.8–3 m, the worst case of the groundwater 
level was chosen, which was 2.8 m, to model the piles. 

The drainage type for the soil in the PLAXIS program is essential; therefore, the undrained type was 
chosen for clayey soil and the drained type for sandy soil [8]. In this study, the amount of settlement will be 
given and the ultimate load that the pile can bear at reaching a total settlement of 25 mm (failure). Figs. 7–
12 show the results of the comparison between field tests and those resulting from the program. 

 
Figure 7. Load – settlement curve for B1&TR1. 
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Figure 8. Load – settlement curve for B2&TR2. 

 
Figure 9. Load – settlement curve for B3&TR3. 

 
Figure 10. Load – settlement curve for B4&TR4. 
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Figure 11. Load – settlement curve for B5&TR5. 

 
Figure 12. Load – settlement curve for B6&TR6. 

2.2.1. Thickness of filter cake 
Two piles were modeled with diameters equal to 1.2 m, and lengths equal to 25 and 30 m. In the 

normal case, the program uses an R = 1, where R is an interface coefficient (friction coefficient), which 
means that no parameters related to the pile or soil are reduced (full attachment between the pile and soil). 
Because field piles are constructed using bentonite liquid, there must be a reduction in the friction coefficient 
between the soil and the pile because bentonite leads to the formation of a filter cake or an insulating layer 
between the pile body and soil [13]. This layer of the filter cake cannot be handled by the program by giving 
a specific thickness such as 1, 2, 3 mm, etc., so the only way is to manipulate the R value that simulates 
the thickness of this layer. Therefore, different values of the interface coefficient R (1, 0.95, 0.9, 0.85, 0.8, 
0.75, 0.7, 0.65, 0.6, 0.55) were used to achieve a real simulation of the piles that were constructed using 
the recycling system and those that were constructed without using this system. As a result of using different 
values of R, a new value must be extracted for each of the parameters (cohesion C, angle of internal friction 
Ø, Young’s modulus E, and shear modulus G), the Equations (1–4) used to find the parameters above [12]: 

;i iC R C= ×                                                                          (1) 

( )1tanh tan ;i iR−∅ = ∅                                                                (2) 

2 ;i iG R G= ×                                                                         (3) 

12 .
1 2oed iE G −µ

= ×
− µ

                                                                 (4) 
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2.2.2. Type of soil 
To determine the efficiency of the recycling process on different types of soil, two types of soil were 

selected: clay and sand. Table 3 shows the properties of these soils, where piles of 15 m in length and 
1.2 m in diameter were modeled. The symbols are as follows: 

TC1 refers to the pile modeled in clay soil using the recycling system; 

TC2 refers to the pile modeled in clay soil without using the recycling system; 

TC3 refers to the pile modeled in sandy soil using the recycling system; 

TC4 refers to the pile modeled in sandy soil without using this system. 

Table 3. Soil properties used to model the piles at different soil types. 
Geotechnical parameters Clay (0–16 m) Sand (0–16 m) 

Cohesion (C) (kPa) 39 0 
Angle of internal friction (Ø) 1.5 31.5 

γ dry (kN/m3) 15 15.5 
γ sat (kN/m3) 19.2 18.8 

Soil classification CL – CH SC – SM 
μ 0.4 0.3 

E (kN/m2) 12480 25500 
G (kN/m2) 4457.14 9807.69 

2.2.3. L/D ratio 
Because the piles constructed in the field were of different lengths 25 and 30 m, but the pile diameter 

of 1.2 m did not change, the length of the piles will be fixed, and the pile diameter will be changed to 1.5, 
1.4, 1, and 0.8 m. To determine the effectiveness of the recycling process and its effect on the bearing 
capacity of the piles when the L/D ratio was changed, 16 piles were modeled in the PLAXIS program, as 
shown in Table 4. 

Table 4. Details of piles at different value of L/D. 
Pile No. R Length (m) Diameter (m) Modelling method 

TD1 0.95 25 1.5 De-sanding 
TD2 0.95 25 1.4 De-sanding 
TD3 0.95 25 1 De-sanding 
TD4 0.95 25 0.8 De-sanding 
TD5 0.95 30 1.5 De-sanding 
TD6 0.95 30 1.4 De-sanding 
TD7 0.95 30 1 De-sanding 
TD8 0.95 30 0.8 De-sanding 
TD9 0.65 25 1.5 Without de-sanding 
TD10 0.65 25 1.4 Without de-sanding 
TD11 0.65 25 1 Without de-sanding 
TD12 0.65 25 0.8 Without de-sanding 
TD13 0.65 30 1.5 Without de-sanding 
TD14 0.65 30 1.4 Without de-sanding 
TD15 0.65 30 1 Without de-sanding 
TD16 0.65 30 0.8 Without de-sanding 

2.2.4. Separation between the friction and end bearing 
To separate the bearing capacity in relation to the friction and end bearing for the piles that used the 

recycling system in their construction, two groups of piles were modeled. The first group (TF1, TF2, and 
TF3) was modeled using a recycling system for the interface between the pile and the soil and a non-
recycling system for the interface between the base of the pile and side soil (to neglect the end bearing 
capacity or reduce it as much as possible because it was not cleaned well). In the second group (TF4, TF5, 
and TF6), these piles were modeled as tension piles, where the piles were modeled using a recycling 
system to determine the friction capacity of the pile, as shown in Table 5. 
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After modeling the previous six piles TF1–TF6, it was noted that the difference between the friction 
capacity when using the pile modeling method as tension piles and as the recycling system was used for 
the interface between the pile and the soil and the non-recycling system was used for the interface between 
the base of the pile and side soil was very close. Therefore, the method of tension piles was adopted to 
determine the friction capacity of the TF1-A, TF2-A, and TF3-A piles when the recycling system was not 
used in its construction, as shown in Table 5. 

Table 5. The details of piles TF1–TF6 and TF1-A–TF2-A. 
Pile No. Pile length (m) Pile diameter (m) Modelling method 

TF1 25 1.2 As (R = 0.95) for side interface and (R = 0.65)  
for end pile interface 

TF2 30 1.2 As (R = 0.95) for side interface and (R = 0.65)  
for end pile interface 

TF3 30 1.2 As (R = 0.95) for side interface and (R = 0.65)  
for end pile interface 

TF4 25 1.2 As a tension pile 
TF5 30 1.2 As a tension pile 
TF6 30 1.2 As a tension pile 

TF1-A 25 1.2 As a tension pile 
TF2-A 30 1.2 As a tension pile 
TF3-A 30 1.2 As a tension pile 

3. Results and Discussion 
After constructing the field piles and modeling them in the PLAXIS program, the following results 

were obtained: 
1. The quantities of sludge and sand that emerged from the second group of test piles in the field B4, 

B5, and B6 during the recycling process were calculated using containers with dimensions of 1, 
1.25, and 2 m, as shown in Table 6. Based on the sieve analysis, the sample was black poorly 
sand, as shown in Fig. 13. The amount of sand and sludge that came out of the second group piles 
B4, B5, and B6 using the recycling system is very large, where it was noted that the average 
quantity was approximately 0.08 m3 for each cubic meter of the pile body. Since the quantities were 
2–2.45 m3 and based on the wet density of the poorly sand that came out from the piles was 
16.12 kN/m3, the wet weight of these quantities ranges from 3224 to 3949 kg, so there is no doubt 
that these quantities cause the first group of piles to fail or to obtain a low bearing capacity when it 
remains inside the hole before pouring. 

Table 6. Quantities of sludge and sand. 

Pile No. Depth of sludge in 
container (m) 

Vol. of sludge 
(m3) 

Vol. of pile 
(m3) 

Percentage of sludge in 
pile (per m3) 

B4 0.8 2 24.87 0.08 ٭ 

B5 0.98 2.45 30.52 0.080 ٭ 

B6 0.93 2.325 30.52 0.076 ٭ 
* The size of the pile, depending on the length of the pile, is equal to 22 m (25 m – the length of the casing embedded in the soil 
(3 m)). 
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Figure 13. Sieve analysis of the sludge and sand that came out from the piles. 

2. After conducting the static load test for the six field piles B1–B6, the allowable load was obtained, 
as shown in Table 7. After testing the first pile B1 and its failure, the working load of the second pile 
B2 was reduced to 360 tons in the hope of obtaining less settlement, but also failed and settlement 
of 12 mm was not reached when loading the fourth and fifth piles B4 and B5 when loading 200 %, 
so the last load was taken to find the bearing capacity of the pile. The use of the recycling system 
reduced the reduction in the bearing capacity of the piles to only 5 % when using an R value equal 
to 0.95. This means that the thickness of the filter cake layer on the sides of the pile and the 
thickness of the sludge layer at the base of the pile was the least possible because this system 
helped to get rid of large quantities of sludge and sand that were inside the pile. When the recycling 
system is not used, the bearing capacity of the piles reduces from 35 to 45 % when using an R 
value equal to 0.65–0.55. This means that the difference between using the recycling system and 
not using it is 30–40 % of the bearing capacity of the pile. 

Table 7. Simulation of field piles in the PLAXIS program by changing R value. 
Load from field (static load test) 

Pile 
No. Final load at 12 mm (ton) Allowable load (ton) 

B1 290 193 
B2 369 246 
B3 260 173 
B4 600 400 
B5 720 480 
B6 720 480 

Load from PLAXIS 
Pile 
No. R Final load at 12 mm (ton) Allowable load (ton) 

TR1 0.65 263 175 
TR2 0.65 392 261 
TR3 0.55 282 188 
TR4 0.95 561 374 
TR5 0.95 759 506 
TR6 0.95 759 506 
 

3. After modeling different values of R, it was concluded that the bearing capacity of the piles at a 
value of R equal to 0.95 is similar to the bearing capacity of the piles when using the recycling 
system, and that the bearing capacity of the piles at a value of R close to 0.65 is similar to the 
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bearing value of the piles that were not used the recycling system during construction, as shown in 
Table 7. Therefore, the value of R at 0.95 will be fixed to simulate the constructed piles using the 
recycling system in modeling the piles that will change in type of soil, L/D ratio, and separation 
between the friction and end bearing. The value of the reduction in the third pile R was 45 %  
(R = 0.55), so this value was neglected and the value of R = 0.65 was relied on when referring to 
the non-use of the recycling system. 

4. The bearing capacity of the piles was calculated for each ratio of L/D using the recycling system 
and without it, and the results showed the efficiency of the recycling process in large piles. Figs. 14–
17 show the Load–Settlement curve for each group of piles. The improvement rate (the ratio of 
increase in pile bearing capacity) of the pile increases when L/D is lower, which means that the 
recycling system is more effective in large piles. Therefore, it cannot give a specific percentage of 
the optimum value for the improvement rate, but it can be said that the efficiency of the recycling 
process increases directly when the diameter and length of the bored pile increase because that 
increase in the diameter and length of the pile (side friction and end bearing) leads to a higher 
bearing capacity. In addition, increasing the diameter of the piles from 1.2 to 1.5 m and without 
using the recycling system does not lead to a real increase in the pile-bearing capacity. 

 
Figure 14. Load (FZ) – Settlement (UZ) curve for TD1–TD4. 

 
Figure 15. Load (FZ) – Settlement (UZ) curve for TD5–TD8. 
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Figure 16. Load (FZ) – Settlement (UZ) curve for TD9–TD12. 

 
Figure 17. Load (FZ) – Settlement (UZ) curve for TD13–TD16. 

5. After modeling the piles in clay and sandy soils, as shown in Table 8, it was observed that the use 
of the recycling system led to a close bearing capacity of the piles in both soils, where the allowable 
bearing capacity of the pile in the clay soil TC1 was 190 tons and the allowable bearing capacity of 
the pile in the sandy soil TC3 was 211.5 tons, which is an additional indicator of the efficiency of 
that process. It was also noted that the non-use of the recycling system led to a lower allowable 
bearing capacity for the pile in sandy soil TC4 than that of the pile TC2 in clay soil. As shown in 
Table 8, the difference in the improvement ratio between the piles in clay and sandy soils is 38 and 
65 %, respectively, indicating that the efficiency of the recycling process in sandy soils is higher. 
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Table 8. Details and bearing capacity of TC1–TC4 piles. 

Pile No. R Soil 
Load from PLAXIS 

Allowable load (ton) Diff. (ton) Improvement ratio % 
TC1 0.95 Clay 127 

49 38 
TC2 0.65 Clay 78 

TC3 0.95 Sand 141 
92 65 

`TC4 0.65 Sand 49 
 

6. It was noted that the improvement in the bearing capacity of the pile with respect to friction ranged 
from 60 to 64 %, while the bearing capacity of the end bearing ranged from 85 to 98 %, as shown 
in Table 9, and the pile bearing capacity relative to the end bearing when not using the recycling 
system in pile with length 25 m and diameter 1.2 m was close to zero, and 15 % for the pile with 
length 30 m and diameter 1.2 m compared with the recycling system, which means that using the 
recycling system indicates that the effectiveness of this system is very active in cleaning the pile. 

Table 9. Bearing capacity of piles from static load test and PLAXIS 
 to TF1-A–TF3-A with B1–B3. 

Load from field (static load test) Friction capacity from PLAXIS 

Pile 
No. 

Final load at 
12 mm (ton) 

Allowable 
load (ton) Pile No. Final load at 

12 mm (ton) 
Allowable 

friction capacity 
(ton) 

End bearing 
capacity (ton) 

TR1 263 175 TF1-A 260 2 173 ٭ 

TR2 392 261 TF2-A 370 14 247 ٭ 

TR3 282 188 TF3-A 255 18 170 ٭ 
 .Final load at modeling the piles as tension piles ٭

4. Conclusions 
The most important results obtained from this study can be summarized as follows: 

1. Using this system leads to a noticeable increase in the bearing capacity of the piles by about 50 % 
compared to not using it. 

2. Using this system is very effective in obtaining a pile free of impurities and, in turn, will prevent pile 
failure because of not extracting all the sand and sludge while they are constructed. 

3. The casting time for the piles that used the recycling system was about half an hour less than the 
piles that did not use it, and the amount of concrete was large, with an average of 2 m3. 

4. Using this system reduces the pile length by 15 % or more from the assumed pile length, according 
to design, which leads to reducing implementation costs. 

5. The efficiency of the recycling system is increased, as the L/D value decreases. 

6. The efficiency of the recycling system in sandy soils is higher than that of clay soils by about 27 %. 

7. The pile bearing capacity was improved by 60–64 % and 85–98 % for friction and end bearing, 
respectively, when the recycling system was used. 
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Abstract. The evolution of the mechanical properties of concrete depends greatly on the hydration of the 
component binders such as cement and mineral additives. However, the prediction of the hydration degree 
of these binders is extremely difficult due to the complex physic-chemical mechanisms at the molecular 
level. In this article, the author proposes to use a multiphasic model that considers hydration development 
and chemical interaction between reactions while taking into account temperature and water content effects 
on reaction kinetics. The main goal of this study is a semi-adiabatic calorimetry test was applied to 
determine the input parameters by measuring the heat release during hydration. Based on the test results 
shown the application of three cases of blended cement paste samples is considered to show the efficiency 
of the model. Overall, thermogravimetric analyses and its derivative are applied to verify the delay effect of 
pozzolanic reactions on the hydration degree induced by portlandite content in the paste. 

Citation: Nguyen, T.D., Tang, V.L. Multiphasic modeling of hydration degree for blended cement pastes 
by using calorimetry method. Magazine of Civil Engineering. 2025. 18(8). Article no. 14005. DOI: 
10.34910/MCE.140.5 

1. Introduction 
Cement hydration is a process that consumes water and releases heat, accompanied by complex 

thermo-hydric mechanism of multiphases [1–3]. This process has important influence on the formation and 
evolution of the mechanical properties of cement paste at early age. However, the prediction of hydration 
degree and its evolution is extremely difficult due to the complex reaction mechanisms at the molecular 
level, especially when the paste contains some mineral additives (silica fume (SF), fly ash (FA), slag, etc.). 
In addition, the experiments that measure these quantities requires the modern and expensive equipment 
[4–6]. In order to resolve these difficulties, the numerical models are proposed to predict the evolution of 
hydration degree as well as the mechanical properties of cement mortar [7–18]. Several models that using 
separate global laws for the reactions of clinker and additions [11, 12, 14] reproduce the combined 
hydrations of these species but do not take account of the effect of water content on hydration. However, 
this effect explicitly cannot be neglected for a realistic prevision of mortar hydration in a structure. Some 
other authors report this essential effect and propose models coupling hydration development and water 
content variation in structures [17–19] as well as integration of hydration laws for mineral additions [15, 16], 
but this asymptotic approach cannot take account of the desiccation or rehydration effects during hydration. 
Wang and Lee [6, 7] proposed a shrinking-core model which considers the influences of the water/cement 
(W/C) ratio, cement compound compositions, and capillary water contents to simulate blended cement 
hydration. In this hydration model, the reaction of FA and slag is separated from that of cement hydration 
by considering the production/consumption of portlandite in cement paste. A similar approach to treat the 
reaction of slag separately from that of cement hydration is also proposed in [8]. The hydration of FA in 
blended cement is studied by Kinomura and Ishida [9, 10] who considering morphology and intrinsic 
properties of precipitated C-S-H gels due to pozzolanic reactions. An extensive modeling for continuous 

https://creativecommons.org/licenses/by-nc/4.0/
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hydration in pozzolanic micro-pore structures to consider the slow-down reaction is also proposed in that 
model. 

In this article, the authors propose using an effort multiphasic model proposed by Lacarrière [1, 5] to 
predict the hydration degree of the blinder composed. This modeling considers hydration development and 
chemical interaction between reactions. It also takes into account temperature and water content effects 
on reaction kinetics through thermal and hydric activation. The input parameters of the model are 
determined based on the chemical analysis of cement and mineral additives as well as the measuring of 
heat hydration by using Langavant calorimeter [18, 19]. The model is tested for the pure cement and 
blended cement paste (with FA and SF additives). Thermogravimetric analyses (TGA) and its derivative 
(DTG) are also applied to verify the delay effect of pozzolanic reactions on hydration degree induced by 
portlandite content in the paste. 

2. Methods 
2.1. Hydration Degree and Multiphasic Modeling of Hydration 

In the frame of hydration kinetics, the hydration of cement as well as mineral additives is a process 
that consumes water and releases heat, accompanied by heat and water balance mechanisms between 
phases. The variation of water content and temperature inside the cement mortar during hydration affect 
the dynamic hydration process of the component phases (hydro activity and thermal activity). Thus, the 
multiphasic model of hydration should be established based on the equations, which describing the 
development of hydration degree, water content, and temperature. A delaying parameter is also added in 
the case of secondary reactions such as pozzolanic ones when we consider the hydration of a binder 
composed. It depends on the amounts of some primary reaction products (such as portlandite for 
pozzolanic reactions). 

According to [1, 5], the equation describing the development law of the degree of hydration is 
proposed as a function of the influence coefficients as follows: 

( ) ( ) ( ), ,i i i i mi i iiA c W r h T gα = × α × × ×∏                                              (1) 

where: 

− iα  is the degree of hydration of anhydrous phase “ i ” (clinker or additives), which refers to the 
development of chemical reactions between clinker, pozzolanic or mineral additions, and water. 
This variable is defined as the mass of anhydrous substance, which has reacted per unit volume 
divided by the initial mass, or indirectly by the ratio of heat release during the hydration and the 
maximal heat released when mortar completely hydrated. 

− iA  is a fitting parameter linked to the acceleration of the reaction kinetics due to supersaturation, 
which determined by experiment of Langavant calorimeter. 

− ( ),i ic Wα  is chemical activation: 
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i i
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α = =                                                     (2) 

where: WV  is initial volume of water; 
iAnm  is initial mass of anhydrous phase “ i ”; 

iAnρ  is anhydrous 

density of phase “ i ”; 
iAndissV  is volumetric concentration in paste of dissolved anhydrous phase “ i ”. 

− ( )ih T  is thermal activation: 

( ) exp ,ia
i

E
h T

R T
 

=  
× 

                                                             (3) 

where: 
iaE  is the activation energy of phase “ i ”; R  is the gas constant (8,314 J/mol.K). 

− ( )mii r∏  is hydration function, which models the water accessibility to anhydrous phases: 
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( ) ( )exp ,in
mi i mii r B r= ×∏                                                           (4) 

where: iB  and in  are fitting parameters, which determined by Langavant experiment; mir  is a function 
(i.e., dissolution radius) of water content, porosity and solid phases in the paste: 
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In which, PW  is the volumetric concentration of water in the paste; PΦ  is porosity of paste; 
iP hydrC  

is the volumetric concentration of hydrate produced from grains of phase “ i ”; 
iP anhC  is anhydrous 

volumetric concentration in paste: 
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where: iR  is volume ratio between hydrates and anhydrous phase for the species “ i ” (cement or FA); 

inipasteV  is the initial paste volumetric concentration in paste. 

− ig  is a factor delaying the hydration kinetics for pozzolanic constituent reactions depending on 
primary reactions; 

ig  = pCHC  if i  ≠ clinker ( pCHC  is the volumetric concentration of portlandite in the paste); 

ig  = 1 if i  = clinker. 

The schema of calculation formulas is summarized in Fig. 1. Note that input parameters in the model 
(except water content) are interpreted for each individual anhydrous phase “ i ”. 

The principles to determine the input parameters are introduced in Fig. 2. In this numerical model, 
the water content and anhydrous content are fixed for each studied sample. The parameters of clinker 
cement are determined through analysis of chemical composition (Bogue’s composition) [22] and chemical 
reactions accompanying the hydration process [1]. On the other hand, the mineral additives parameters 
are calculated or referenced from literature (the detailed calculations are presented in [23]). Particularly, 
the fitting parameters of the model ,iA  ,iB  n  were determined by the Langavant test. 
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Figure 1. Schema for using input parameters of model. 

 
Figure 2. Determination of input parameters. 

2.2. Calorimetry Method and TGA 
2.2.1. Langavant Test 
Langavant test for the heat of hydration of the cement method is semi-adiabatic calorimetry according 

to EN196-8, which consists of introducing a fresh cement specimen into an isolated Dewar flask (Fig. 3) 
and monitoring the temperature changes within the specimen during the first early days. After a certain 
time, the heat of hydration of the cement content in the sample is equal to the sum of the heat accumulated 
in the flask and the heat emitted to the environment during the test period. The temperature of the mortar 
is compared with the temperature of an inert sample placed in a reference calorimeter flask. Depending on 
the type of cement, in general, the heat emitted is from about 200–500 J / 1g of cement. 
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Figure 3. Schematic diagram of a Langavant calorimeter [20]. 

By the measuring of heat release during the hydration ( ) ,Q t  the degree of hydration at each time 

( )tα  could be determined such as: 

( ) ( )
max

,t
Q t

t
Q

α =
                                                                        (9) 

where max
tQ  is heat release of complete hydration. The parameters ,iA  ,iB  n  were determined by fitting 

the numerical curve and experimental curve of heat release and using the least squares method to calibrate. 

 

 

3.1. TGA 
TGA is a technique for measuring very small variations in mass under high gradient temperature 

which permit to quantify the portlandite content of the cement paste. During a TGA test, the decomposition 
of cement hydration products is manifested by the weight loss curve and endothermic peaks on the heat 
flux curve. The representation of the weight loss in the form of its time DTG shows the correspondence 
between the DTG peaks and those of heat flux. 

 
Figure 4. Weight loss of a cement paste sample during a TGA test [24]. 

Fig. 4 shows the typical result of a TGA test on a cement paste [24]. There are three major phases 
during the test and the second pic of weight loss correspond to the decomposition of portlandite, which 
is produced between 400 and 600 °C. This decomposition leads to an evaporation of chemically bound 
water and the mass content of portlandite in the mortar can be calculated from the following expression 
(10): 
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where: ( )400 C 600 Cm t
→

∆
 

 is the weight loss of the sample between 400 and 600 °C [kg]; 

( ),400 C 600 Cdm t
→ 

 is the mass drift correction of the device between 400 and 600 °C [kg]; 

:totalm  the mass total of sample [kg]; 

( )2Ca OHM  and 
2H OM  are consequently the molar mass of portlandite and water [kg mol–1]. 

3. Results and Discussions 
In this report, three cement paste samples were made using CEM I 52.5N cement (France Standard) 

with the water/binder (with or no mineral additives) ratio chosen as W/B = 0.5. The first one is pure cement 
paste (100 % cement), the next is mixed cement paste with FA (70 % cement and 30 % FA), and the last 
one is mixture of 70 % cement and 30 % SF. The chemical compositions (%) of these materials are given 
in Table 1. 

Table 1. Chemical compositions of cement CEM I 52.5N, FA, and SF (%). 
Types of materials CaO SiO2 Al2O3 Fe2O3 SO3 

Cement 64.66 20.20 5.23 2.26 3.69 
FA 1.00 60.76 29.72 3.49 0.09 
SF 3.68 85.49 0.13 0.45 0.05 

 

The input parameters of model are calculated or referenced from literature and showed in Table 2. 

Note that the quantity of heat released by the complete hydration max
TQ  of clinker cement could be 

determined directly from the Bogue’s composition and the theoretical heat releases associated with each 
anhydrous [25] while the activation energy aiE  of clinker cement is identified by the formulas of Schindler 
[26]. On the other hand, these parameters of FA and SF are all extracted from document [15]. The others 

parameters of model such as W
thQ  (the quantity of water necessary for complete hydration of each 

anhydrous species), R  (the volume ration hydrate/anhydrous), and CHQ  (the quantity of portlandite 
produced/consumed by clinker hydration or pozzolanic reactions) are determined by considering the 
chemical reactions and also the type of hydrate product when hydration occurs [1, 2]. The detailed formulas 
of calculation procedure can be found in [23]. 

Table 2. Input parameter of binder compose. 

Parameters Cement FA SF 

QTmax (J/g) 
Eai/R (K) 
QthW (g/g) 
QCH (g/g) 
R (m3/m3) 
ρ (g/cm3) 

453.9 
5669 
0.33 
0.27 
1.85 

3.153 

560 
12000 
0.64 

–1.51 
0.6 
2.2 

845 
11600 

0.8 
–1.37 
0.64 
2.2 

 

Table 3. Fitting parameters by calibration of model for each phase. 
Parameters Cement FA SF 

B 3.147 30 6.08 
n 0.230 0.098 0.483 
A 3.80E+08 5.0E+30 1.24E+18 
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The three fitting parameters ( ), ,A B n
 were then calibrated using results from the Langavant tests 

performed on a binder composed (shown in Table 3). It should be noted that the calibration of the 
parameters of each anhydrous compound is done by successive calibration: first, the cement parameters 
are identified by a test on the pure cement and then, the parameters of the additives are based on a test 
on a mixture (the clinker parameters being known). 

Fig. 5 showed the of evolution of heat release during the hydration at early age for three studied 
samples. It seems that in the first hours of the hydration, the obtain results of calibrated model are quite 
consistent with the results of the Langavant test, especially the case of pure cement sample. However, in 
the next stage, small differences between numerical model and experiment were observed and the 
differences were less obvious in the case of blended cement samples. 

 
(a) 70 % cement + 30 % FA               (b) 70 % cement + 30 % SF 

Figure 5. Heat release calculation of calibrated model and Langavant at early age. 
The evolution of hydration degree of FA–cement sample at early age is presented in Fig. 6. We can 

observe that the hydration degree of pure cement sample is greater than this one of the “cement phase” in 
the mixture. This can be explained cause reducing the cement concentration in the anhydrous mixture may 
reduce the degree of hydration. In addition, the delaying effect of mineral additive is also observed at the 
first hours after mixing when the hydration degree of “FA phase” equal zero. After 5–7 hours, the pozzolanic 
reactions will active the FA and induce the evolution of its hydration degree [19]. 

 
Figure 6. Evolution of Hydration degree of pure cement paste and binder composes  

of FA–cement paste at early age. 
The evolution of hydration degree of clinker cement for long term are introduced in Fig. 7. It can be 

seen that the hydration degree evolved strongly in the first hours after mixing and occurs more slowly when 
the samples reach the age of 14 days. The hydration then progresses leisurely and become almost constant 
at 28 days. The maximum level of hydration reaches nearly 95 % for the case of pure cement sample. 

The average hydration degree of the blended cement ( )mixα
 for long term is determined by the 

following equation (11): 

,mix cement cement additives additivesp pα = α × +α ×                                           (11) 



Magazine of Civil Engineering, 18(8), 2025 

where: cementα  and additivesα  are hydration degree of cement and mineral additive (i.e., FA and SF) in 

the mixture; cementp  and additivesp  are mass proportion of cement and mineral additive in the mixture. In 

this case, cementp  = 0.7 and additivesp  = 0.3. 

The evolution of hydration degree for the blended cement paste are introduced in Fig. 8. The 
maximum level of hydration reaches 80 % for the case of FA–cement sample and only 76 % for the case 
of SF–cement sample. It can be observed also that the replacement of clinker (30 %) by mineral additives 
leads to a significant decrease of hydration degree. On the other hand, the notable difference in hydration 
degree evolution between the sample of FA and SF is also observed. This can be explained by the presence 
of a large amount of SF while maintaining the same water/binder ratio leads to internal shrinkage and 
decreasing of relative humidity in the paste. This phenomenon may thereby cause lack of water for 
hydration reactions. It should be remembered that SF is a highly absorbent mineral [27] and in the 
production of concrete and cement containing additives, the replacement content is usually recommended 
not exceed 8 %. 

 
Figure 7. Evolution of hydration degree α of pure cement paste in long term. 

  
(a) 70 % cement + 30 % FA (b) 70 % cement + 30 % SF 

Figure 8. Evolution of hydration degree α for blended cement paste. 
The series of TGA/DTG tests on mortar were also carried out at a date of 3, 7, 28, and 60 days to 

estimate the effect of mineral additives on portlandite content in the paste. The evolutions of the TGA and 
DTG curves for each type of cement are related to the initial mass of the studied sample and presented in 
Figs. 9a–c. By comparing the DTG curves, we find that the mortar with 100 % cement has a large peak 
between 400 and 600 °C, and these peaks for mortars containing pozzolanic additions are less significant. 
This also prove that the portlandite produced in pure cement mortar is greater than that in mixtures paste 
as shown in Fig. 9d. The replacement of clinker by FA and SF reduces the clinker content and obviously 
the portlandite content produced in hydration process. 

On the other hand, the portlandite content increases throughout the hydration process for the case 
of pure cement sample, but this increasing become slower after 28 days, corresponds with the completely 
hydration of clinker. In contrast, with mixtures containing FA and SF, the portlandite content begins to 
decrease after about one or two weeks and the speed of reduction becomes faster after 15 days due to the 
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effect of pozzolanic reactions. In addition, we can find that the portlandite content in the SF–cement sample 
is lower than that in the mixture contains FA. There are maybe two hypotheses to explain this phenomenon: 
first, the SF consume a lot of water, causing a lack of water for the hydration and obviously the quantity of 
portlandite produced is reduced. The secondary, pozzolanic reaction of SF is stronger than FA and it 
consumes more portlandite. However, when considering the hydration degree of the binder composes 
observed in Fig. 8, we can notice that the first hypothesis is more reasonable. 

  
(a) 100 % cement (b) 70 % cement + 30 % FA 

  
(c) 70 % cement + 30 % SF  (d) Portlandite content in the mortar 

Figure 9. TGA/DTG results and the portlandite content of the studied samples at 3, 7, 28, 60 days. 

4. Conclusions 
In this article, a numerical model predicting the hydration development of multicomponent cement-

based materials at an early age has been applied. The hydric-thermal activation and the delaying effect of 
mineral additives have been taken into account in the model. The fitting parameters of the model are 
determined by measuring the heat released during the hydration process using Langavant test. The model 
is applied to calculate the hydration degree of three cement paste samples containing pure cement and 
blended cement with 30 % replacement of FA or SF. 

With the replacement of clinker by mineral additives leads to a significant decrease of hydration 
degree (from 95 to 75÷80 %) even if the effect of pozzolanic reactions, which increase the hydration degree 
of blended cement in the long term. The obtained results of TGA/DTG tests have allowed to calculate the 
portlandite content in the studied samples at difference term and showed us the correspondence with the 
results of established model. 

In addition, the hydration degree of the mixture containing SF is lower than that of FA due to the lack 
of water in the paste when mixing a large amount of SF. From this result, it can be shown that the 
replacement content of SF is usually recommended not to exceed 8 %. 

Finally, the obtained results have also shown the efficacy of multiphasic model in prediction of 
hydration kinetics of blended cement paste, especially at the early age. 
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Abstract. The objective of this study is to examine the impact of elevated temperatures on the structural 
response of slender columns made of reactive powder concrete (RPC) subjected to eccentric axial loads. 
Nine RPC column specimens were exposed to a temperature at three different levels: 450 °C, 600 °C, and 
750 °C, and to three eccentricities: 50 mm, 100 mm, and 150 mm. The columns underwent fire exposure 
while being subjected to axial loading equal to 60 % of their ultimate capacity. The outcomes of the 
experimental tests indicate a noticeable lateral displacement of the RPC columns at high temperatures. 
The results show that at a constant temperature 750 °C, the mid-height lateral buckling for various 
eccentricities is significantly higher comparing 50 mm with 100 mm and 150 mm by 59 % and 81 %, 
respectively. While this rate becomes 36 % and 35 % for 600 °C. At 750 °C, the lateral mid-height buckling 
is found to be significantly greater when compared to 450 °C and 600 °C by 106 % and 69 %, respectively 
(for 50 mm eccentricity). While the ratio becomes 48 % and 46 % (for 100 mm eccentricity), one of the main 
findings in the research is that a low eccentricity value 50 mm, which has a high load, gives higher buckling 
for each elevated temperature. The mode of failure regarding the column depended on the eccentricity 
value where the high eccentric loaded columns showed prolonged ductile behavior, while the least eccentric 
loaded columns showed a brittle type of failure. 
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1. Introduction 
The fire resistance of a variety of structures, especially the capacity of concrete, is greatly diminished 

by spalling when exposed to high temperatures [1]. Many researchers nowadays developed new 
construction materials that can be used in residential buildings, which can be compared to bricks that work 
as fire insulators autoclaved aerated concrete blocks have excellent fire resistance, making them a popular 
choice for use in fire-prone areas. Pure axial loaded columns are usually uncommon in practice owing to 
the fact that bending is nearly always present for many reasons, including the minor initial deviation of 
columns, the method, in which beams and slabs transfer loads, and the moments provided by continuous 
construction of beams through columns [2]. A study was made by Santiago et al. [3] where it was observed 
that the bending moment for steel beams restricted by a couple of fire-protected steel columns increases 
with the increase in the temperature profile. However, columns made of normal-strength concrete (NSC) 
provide the necessary fire resistance without the need for additional suitable insulation [4]. Abdulhaleem et 
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al. [5, 6] conducted a study to explore the impact of recycled aggregate concrete and the inclusion of steel 
fibers on the strength of self-compacting concrete (SCC). The research aimed to investigate how the use 
of recycled aggregates and the addition of steel fibers influenced the overall strength properties of SCC, 
the findings from the experimental study indicate that the inclusion of steel fibers has a beneficial impact 
on improving the mechanical properties of SCC, especially in terms of enhancing tensile strength. 
Additionally, the incorporation of 50 % recycled aggregates in the concrete mixture resulted in a notable 
increase of approximately 20 % in compressive strength. Concrete’s fire behavior is fundamentally tied to 
temperature-dependent material characteristics. Because thermal diffusivity is lower in concrete than in 
steel, large temperature gradients are often formed inside fire-exposed concrete members. Due to the high 
thermal inertia, the core area may take a long time to heat up. Thus, although concrete’s compressive 
strength is quickly lost at a critical temperature, which is not different to the corresponding temperature for 
steel strength loss, structural efficacy is not impaired until the mass of the material reaches the same 
temperature. This necessitates a thermal response study of the whole structural member [7]. Klak et al. [8] 
reviewed the behavior of different reinforced concrete elements when subjected to high temperatures. The 
study found that both the concrete and reinforcing bars are negatively impacted by fire. It was observed 
that the flexibility and stiffness of the structures decrease as the fire exposure increases or the stress levels 
rise. On the other hand, it was found that the flexibility and stiffness improve with a larger cross-section of 
the structural elements. However, the maximum deflection of the slab was found to decrease non-linearly 
during the fire test. As the temperature decreases, the bottom of the concrete slab begins to cool, leading 
to an increase in the yield strength of the bottom reinforcement. This causes the bottom reinforcing to 
contract along with the lower half of the slab. Al-Zuhairi et al. [9] conducted a study on the behavior of 
reinforced hybrid concrete columns consisting of two fully-bonded concretes under biaxial loading The 
findings indicated a noteworthy increase of 33.5 % in the ultimate load-bearing capacity of hybrid columns 
compared to conventional columns. Additionally, a 38 % increase in the ultimate load was observed when 
reducing the hybrid’s ratio to 0.16. The study concluded that hybrid columns with smaller hybrid ratios can 
withstand higher loads and moments while exhibiting fewer axial strains. 

Reactive powder concrete (RPC) was developed by Richard & Cheyrezy [10, 11], which claimed that 
it is a form of ultra-high-performance concrete (UHPC) with compressive strengths ranging from 200 MPa 
to 800 MPa, depending on the mix proportions and the curing temperature by eliminating coarse 
aggregates and optimizing the granular mixture, it becomes possible to achieve a homogeneous and dense 
cementitious matrix that demonstrates superior mechanical performance. Furthermore, the remarkable 
durability of RPC makes it a more practical and economical choice for tall buildings and structures with 
large spans, particularly those exposed to severe weather and deicing agents [12]. Achieving sustainable 
green development is required [13]. Typically, RPC necessitates a high concentration of cement and finely 
ground quartz sand, causing an increase in construction expenses and contributing significantly to the 
release of carbon dioxide (CO2) into the atmosphere. By partially replacing cement with industrial by-
products, such as fly ash, silica fume, slag powder, and other effective mineral additives, the peak hydration 
heat, construction cost, and carbon emissions of RPC can be reduced, while its microstructure, strength, 
impermeability, and resistance to corrosion can be improved [14, 15]. Sanjuán & Andrade. [16] conducted 
a study comparing the durability properties of RPC to other types of UHPC and found that RPC 
demonstrated exceptional durability. The research found that the air permeability coefficient of RPC was 
50 times lower and the rate of steel corrosion was reduced by 25 times when compared to other types of 
UHPC. 

Wattanapornprom et al. [17] investigated the fire resistance of RPC columns with various steel and 
polypropylene (PP) fiber ratios. Four columns with varying fiber ratios were tested in fires that burned for 
30 min and 60 min. Following that, the behavior of RPC columns at increased temperatures was observed 
in terms of spalling depth, fiber failure mechanism, and residual strength. The results showed that 
increasing the volume percentage of steel fiber or the inclusion of PP fiber increases the column’s fire 
resistance. Chadli et al. [18] found that the mechanical properties of RPC tend to improve when exposed 
to high temperatures, up to 200 °C. However, the compressive, flexural, and tensile strength decreases as 
the temperature rises above 200 °C. When exposed to 400 °C, a significant reduction in mechanical 
properties is observed compared to room temperature conditions. Additionally, the compressive strength 
of RPC deteriorates significantly within the temperature range of 600–800 °C. The addition of steel fibers 
in RPC helps to mitigate this degradation and reduces the risk of failure due to high temperatures. The 
results obtained by Abdulraheem & Kadhum [19] showed that it is more appropriate to evaluate the energy 
absorption capacity instead of using the displacement ductility index to assess the ductility of RPC columns 
after exposure to fire. Moreover, there was a noticeable decrease in the initial and secant stiffness of RPC 
columns after fire exposure, and the extent of reduction increased with the rising fire temperature from 
400 °C to 600 °C. Jomaa’h et al. [20] studied the effect of the elevated temperature on RPC slender 
columns with various degrees in comparison with NSC slender columns, 18 total specimens were cast, 9 
RPC columns and 9 NSC columns, the specimens were tested under fire exposure for 1 and 2 hours with 
temperatures of 450 °C, 600 °C, and 750 °C, respectively. It was found that the axial displacement and 
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mid-height lateral displacement due to buckling were increased with respect to the temperature rise for the 
previous parameters mentioned the RPC showed greater strength than NSC and the percentage of strength 
loss in RPC was lower than NSC. Few studies have examined the uniaxial moment and fire impact on 
slender RPC columns together. This experiment examined how increased temperatures affected 
eccentricity-loaded RPC columns. The testing range regarding the temperature levels was selected 
depending upon the effect of the temperature level on the RPC, it was discovered that elevated 
temperatures from high fire flames can be categorized into two intervals with regard to the decline in 
strength in RPC: specifically, 23–200 °C and 300–500 °C. Within the 23–200 °C range, RPC either 
sustained or experienced a rise in its initial strength. Conversely, in the 300–500 °C range, RPC exhibited 
a significant decrease in its original strength. Exposure to temperatures around 500 °C resulted in the 
spalling of RPC specimens, leading to a loss of both mechanical and physical properties, with partial or 
complete spalling [21]. Izzat [22, 23] conducted an investigation to assess the impact of high-temperature 
fire exposure on SCC short columns. The findings revealed that the ultimate load capacity of columns 
exposed to fire decreases as the fire flame temperature increases. At burning temperatures of 300 °C, 
500 °C, and 700 °C, the average residual ultimate load capacity for gradually cooled specimens was 91 %, 
81 %, and 71 %, respectively. 

2. Materials and Methods 
To investigate the fire effect on RPC columns subjected to eccentric loading, a large-scale setup for 

laboratory experiment was made by Jomaa’h et al. [20] at the Civil Engineering Department / University of 
Kirkuk, and it was used in this study. 

2.1. Testing Device Setup 
The concrete column inspection device comprises a steel frame with dimensions of 20 mm in 

thickness, 2.8 m in length, and 1.44 m in breadth. A temperature measurement device is used to trace 
temperature, and, a thermal cable (Type K) is installed inside the oven to measure the ambient temperature 
around samples. The furnace is shown in Fig. 1. 

 
Figure 1. Test setup. 

This oven has three fundamental layers: 

1. The outside is composed of standard clay bricks. 

2. Ceramic fiber blanket that can endure temperatures of 1260 °C. 

3. The inside layer is composed of firebrick that can resist temperatures of 1200 °C. 

A flame of high-pressure gas is used to induce fire inside the furnace. The bonding substance used 
to construct fire bricks is heat resisting cement, which can resist temperatures of up to 1400 °C. Fig. 2 
shows a schematic top view of the oven setup. The primary purpose of the oven chamber is to steadily 
raise the temperature for a specified time. The burning source is composed of single methane gas burners 
parallel to a single-sided column model throughout its length. 
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Figure 2. Top view drawing of the test device setup. 

2.2. Materials 
The cement used in this experiment was Ordinary Portland Cement (CEM I-R42.5), which met Iraqi 

Standard Specifications 5/1984 [24]. A densified micro-silica fume with a minimum silicon dioxide content 
of 85 %, a specific gravity of 2.3, and a specific surface of 15 m2/g was used in this work as a mineral 
additive. In this investigation, river sand with a maximum particle size of 4.75 mm was also used [25]. In 
addition, a high-performance water-reducing agent was used to enhance the workability at low water-
cement ratios. The agent’s chemical constituent, polycarboxylate polymer, conforms with ASTM C494 
Type E. The admixture is light-brownish in color and has a specific gravity of 1.07 (±0.005) g/cm3. PP 
monofilament fibers were used. The fiber length is 12 mm and the diameter is 0.032 mm, the aspect ratio 
(l/d) of the fibers is 375. The proportions and compressive strength of the mix are detailed in Table 1. 

Table 1. RPC Mix. Proportions. 

Cement 
(kg/m3) 

Micro 
silica 

(kg/m3) 
W/binder Sand 

(kg/m3) 
Superplasticizer 

(kg/m3) 
PP fiber 
(kg/m3) 

Cube 
compressive 
strength, fcu  

(MPa) 

Cylinder 
compressive 
strength, fc’  

(MPa) 

900 100 0.2 1350 20 3.2 118 94.4 

2.3. RPC Column Specimens 
In order to conduct this research, nine RPC columns were prepared according to standard concrete 

mechanics principles of strain compatibility and equilibrium of internal forces for the column. Fig. 3 shows 
the column interaction diagram. Table 1 displays the results of compressive strength testing used to 
determine the mix. of the RPC columns made. 

 
Figure 3. Column nominal strength interaction diagram. 
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The specimen is 1.6 m in height with 15 × 15 cm cross-sectional dimensions at the mid-height, at the 
brackets, the cross-section dimensions are 25 × 15 cm; the purpose of the brackets is to apply load at 
different eccentricities, and it was designed according to ACI318-19 [26]. Fig. 4 illustrates the column 
specimen drawings with reinforcement details and the arrangement of the thermocouple (K-type) 
embedded in the specimen. The capacities of the columns (fc’ = 80 MPa) in relation to eccentricities are 
displayed in Table 2. 

Table 2. Column capacities and test loads. 

 Specimen 
designation Temperature Eccentricity 

(mm) 

Ultimate 
axial load 
capacity 

(kN) 

Ultimate 
moment 
(kN.m) 

Test load 
(kN) 

Test 
moment 
(kN.m) 

1 RPC450-50 

450 

50 606 30 360 18 

2 RPC450-100 100 181 18 110 11 

3 RPC450-150 150 91 14 60 9 

4 RPC600-50 

600 

50 606 30 360 18 

5 RPC600-100 100 181 18 110 11 

6 RPC600-150 150 91 14 60 9 

7 RPC750-50 

750 

50 606 30 360 18 

8 RPC750-100 100 181 18 110 11 

9 RPC750-150 150 91 14 60 9 
 

 
Figure 4. Dimensions and reinforcement details of RPC columns. 

2.4. Experimental Procedure 
This research investigated the lateral deformation performance of RPC following high-temperature 

exposure on nine RPC column specimens. The combination mix components of specimens are listed in 
Table 1. After casting, the specimens were wrapped with a plastic film for initial curing to prevent moisture 
evaporation and then stored at 25 °C for up to 20 hours [27]. The specimens were then demolded and 
immersed in water for final curing at 25 °C for 14 days. To gain an advantage in producing RPC with 
exceptional mechanical properties (compressive strength about 100 MPa) using the conventional curing 
method without any additional provisions and also to simulate the practical site conditions, this study did 
not adopt the principle of heat treatment curing of RPC, which is one of the basics for developing RPC [28, 
29]. 
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In this work, three temperatures and eccentricities were employed to test the mechanical behavior 
of RPC specimens: 450 °C, 600 °C, and 750 °C, as shown in Table 2. Each set had three specimens that 
were initially compressed uniaxially. The axial load applied on the column was approximately 60 % of the 
ultimate load according to ASTM E119 (Section 7.4.2.2) [30]. To monitor the interior temperature of the 
specimen, a (K-type) thermocouple was put in each specimen during casting, one in the center (TC1) and 
the other linked to the reinforcement (TC2). After water curing, RPC has an extraordinarily high density and 
can store a considerable quantity of water to avoid specimen spalling during heating (i.e., high pore 
pressure generated by water vaporization), the specimens were dried in the sun for at least 50 days before 
being exposed to fire to reduce water content. A thermocouple (Type K) was used to monitor the 
temperature of the furnace (TC4) and ensure that it achieved the desired temperature another one was 
attached to the specimen cover (TC3), and lateral displacement was recorded every 5 minutes for 2 hours 
for all specimens. 

3. Results and Discussions 
3.1. RPC Column Pre-Fire Behavior 

The mechanical behavior of the RPC columns before fire exposure is presented in Figs. 5 and 6, 
respectively. 

 
(a) Lateral displacement of 50 mm eccentricity set. 

 
(b) Lateral displacement of 100 mm eccentricity set. 
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(c) Lateral displacement of 150 mm eccentricity set. 

Figure 5. Lateral mid-height displacement. 

  
(a) Axial displacement of 50 mm eccentricity set. 

 
(b) Axial displacement of 100 mm eccentricity set. 

 
(c) Axial displacement of 150 mm eccentricity set. 
Figure 6. Measured axial deformation for all sets. 

As depicted in the figures, nearly all the lateral deflection (lateral buckling) of the columns is 
consistent regardless of eccentricity, due to the fact that all the columns were subjected to approximately 
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60 % of their ultimate load. Different eccentricities can have the same mid-height deflection due to the 
material’s linear-elastic behavior and the fact that the load-carrying capacity of a column is affected by the 
accompanying moment as the moment increases, the applied load decreases as it is obvious in Table 2. 
This will give the same buckling behavior of the columns regardless of the eccentricity of the load. Fig. 6 
shows that the axial displacement of the columns is approximately close to each other before the fire takes 
place, all columns with the same eccentricity exhibit similar structural behavior. Also decreasing axial load 
with increasing the applied moment can cause similar behavior of all columns and this matches with the 
behavior of the lateral buckling that was previously discussed. The bending moment creates tensile stress 
on the fiber opposite to the applied load face of the column and compressive stress on the face near the 
applied load, which leads to the formation of cracks on the tension face. The severity of the cracking is 
dependent on several factors, including the column’s slenderness ratio, the magnitude of the eccentricity, 
and the compressive strength of the concrete. When the column is excessively slender and/or the 
eccentricity is large, the tensile stress on the tension face can become so high that it exceeds the tensile 
strength of the concrete, leading to the formation of cracks and potentially causing the column to fail. 

3.2.1. Thermal profile 
The thermal response for each set of specimens is presented in Fig. 7, in contrast to the first few 

minutes of each fire exposure, during which fire temperatures grew quickly, and the temperatures inside 
each column stayed constant. In addition, no plateau in temperature is seen, this plateau in temperature is 
a result of the latent heat spent by free capillary water in the column as it transforms from liquid to vapor 
also it can be since the PP fibers melt under high temperatures which creates paths for the water to escape 
[31]. As the bulk of this pore water evaporates, the rebar and concrete temperatures rise with the fire 
temperature [32]. In addition, the measures reveal that temperatures are lower inside the concrete core. 
This is due to the poor thermal conductivity and large thermal capacity of concrete, which impede the 
passage of heat energy into the interior layers of concrete [33, 34]. 

 
(a) Thermal profile for 450 °C fire exposure. 

 
(b) Thermal profile for 600 °C fire exposure. 
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(c) Thermal profile for 750 °C fire exposure. 

Figure 7. Thermal response of RPC during exposure phase. 

3.2.2 Structural behavior of slender RPC column under fire 
The structural behavior of RPC columns under fire is shown in Figs. 8 and 9, respectively. Lateral 

deformation was recorded for each set of temperature levels using a steel rod well isolated from heat using 
a 1200 °C ceramic blanket to prevent thermal expansion of the rod under fire and achieve accurate results. 
It can be noted that when comparing the same set of eccentricities with different temperatures, the 
deformation gets greater towards 750 °C, but when comparing different eccentricities for the same 
temperature, the set of e = 50 mm has higher deformation than others (Fig. 11), this is because the 
specimens with 50 mm eccentricity were subjected to a higher load, which makes the effect of temperature 
more noticeable on the specimen [35]. Also, the rate, at which the column deforms, gets lower over time. 

 
(a) Lateral displacement for 450 °C fire exposure. 

 
(b) Lateral displacement for 600 °C fire exposure. 
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(c) Lateral displacement for 750 °C fire exposure. 

Figure 8. Measured mid-height lateral displacement during fire exposure. 
At the end of the test before unloading the column, the cracks that were previously formed in the 

tension face of the columns due to applied loads became very obvious and widened because of fire, this is 
due to the progressive loss in stiffness as the concrete loses its strength properties when exposed to fire, 
especially when the temperature reaches 200 °C and higher depending also on the amount of PP fiber in 
the mixture and fire duration [36, 37]. The crack patterns of the tested columns after exposure to 450°C, 
600°C, and 750°C are shown in Figs 10a, 10b and 10c, respectively. In general, the cracks became more 
pronounced and widespread with increasing fire temperature. 

 
(a) Lateral displacement for 50 mm eccentricity. 

 
(b) Lateral displacement for 100 mm eccentricity. 
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(c) Lateral displacement for 150 mm eccentricity. 

Figure 9. Measured mid-height lateral displacement for different eccentricities. 

 
(a) Crack pattern for 450 °C temp. Specimen. 

 
(b) Crack pattern for 600 °C temp. Specimen. 

 
(c) Crack pattern for 750 °C temp. Specimen. 

Figure 10. Crack pattern for different fire level exposed specimens. 

 
Figure 11. Max. Value of mid-height lateral displacement for RPC columns after 2 hours of fire. 
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4. Conclusions 
In an attempt to investigate the structural behavior of RPC columns subjected to elevated 

temperatures, 9 specimens were made, specimens with different eccentricities of 50 mm, 100 mm, and 
150 mm, each one subjected to fire flame of 450 °C, 600 °C, and 750 °C. Based on the results collected 
from the study, the following conclusions are summarized below: 

1. The columns with the same cross-sectional area and reinforcement bars, applying 60 % of the 
ultimate load of each eccentricity, produce almost the same lateral deformation (±1 mm) before 
exposure to fire as the axial load decreases with increasing eccentricity. 

2. The thermal profile (Fig. 7) shows simultaneous temperature rise in concrete core and steel 
reinforcement. For each exposure level of fire 450 °C, 600 °C, and 750 °C the temperature in the 
steel is 10 %, 18 %, and 20 % higher than the concrete core temperature at each time interval. 

3. The difference in temperature between the cover of the specimens and the core of the specimens 
for 450 °C, 600 °C, and 750 °C is 40 %, 47 %, and 49 %, respectively, which indicates that the rate, 
at which the core temperature rises, is nearly identical for all levels of exposure. 

4. The lateral deformation at 450 °C is higher by 14 % and 73 % when comparing 50 mm eccentricity 
with 100 mm and 150 mm, respectively, and all of the other groups show the same results, this is 
due to load intensity. It means that the effect of temperature is going to be more noticeable when 
the axial load is higher (Table 2). 

5. When the eccentricity is constant, the temperature level will lead to more lateral deformation as it 
gets higher. The lateral buckling increased by 22 % and 106 % for columns subjected to 600 °C 
and 750 °C, respectively, compared to columns subjected to 450 °C. 

6. The main conclusion is that in multistory buildings, the edge columns, which are subjected to axial 
load and uniaxial moment, are not considered to be more critical than internal columns, which 
subjected mainly to axial load. 

7. The crack pattern depends on the eccentricity of loads and the temperature level around columns. 
More cracks with large penetrations to the concrete body are shown at higher eccentricities and 
higher temperatures. 
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Abstract. This investigation is aimed at determining flow regimes in Y-junctions with flow division. Air 
velocity and velocity pulsations are measured using a hot-wire anemometer in a wide range of Reynolds 
numbers Re = 400–6000. A junction with diameter d = 6 mm is chosen as the object of study for the inlet 
and two outlet channels: a symmetrical arrangement of the outlet channels with an angle of 50 º between 
them. A long tube with diameter d = 6 mm and length l/d = 333 is connected to the junction inlet. Two 
techniques of the flow regime diagnostics have been developed. For the inlet channel of the junction, the 
critical Reynolds number is Re = 2000 (puff-type vortex structures appear for the first time). For two outlet 
channels, a significant increase in velocity pulsations occurs at lower Reynolds numbers Re = 1640–1660. 
By analogy with diagnostics of the flow movement in a round tube, the following classification of flow 
regimes in a junction is proposed: laminar flow at Re < 1640–1660, transitional flow at Re = 1660–2800, 
and turbulent flow at Re > 3000. The obtained data can be used to clarify the range of data for laminar, 
transitional, and turbulent flow regimes in round Y-junctions with flow division. 
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1. Introduction 
When liquids and gases move along tubes and channels, various elements of supply line systems 

(confusers, diffusers, turning channels, junctions, etc.) are widely used. It is known that hydraulic losses in 
these elements depend on three flow regimes: laminar, transitional and turbulent [1, 2]. However, 
determining the boundaries of the laminar-turbulent transition region in complex supply lines elements 
remains a complex problem, in particular, this applies to junctions. A junction is a part of a supply line that 
connects one supply line with two channels. Such an element is widely used both in ventilation air supply 
systems and in hydraulic mains [1, 2]. Thus, the object of research of this work is the diagnostics of flow 
regimes in a Y-junction. 

It should be noted that junctions have a wide range of applications in industry, for example, in two-
phase flow devices [3, 4], in micro-reactors of chemical technologies [5]. Junction systems are also found 
in medicine in the form of the human circulatory [6] and respiratory system [7]. 

One of the important questions in designing supply lines with junctions is determining local hydraulic 
resistance [2, 8, 9]. A review of the literature showed that in practice, mainly large Reynolds numbers are 
encountered; therefore, total pressure losses are most well studied for the turbulent flow regime [1, 2,  
8–11]. Since large Reynolds numbers are most common in practice, the total pressure losses have been 

https://creativecommons.org/licenses/by-nc/4.0/
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studied best for the turbulent flow regime [1, 2, 8–11]. Thus, the well-known book [1] mainly provides data 
for Re > 10000. Laminar regimes usually correspond to low Reynolds numbers (Re < 2000) [10, 12] and 
are effectively implemented by numerical modeling using modern commercial codes [12–15]. For the case 
of turbulent flow at large Reynolds numbers (Re > 4000), both empirical correlations based on experimental 
data and numerical methods for various turbulence models are used [15–18]. At the same time, laminar-
turbulent transition regimes in Junctions have been studied insufficiently [1, 12, 19]. 

The relevance of this problem is related to the unclear of determining the boundaries of the laminar-
turbulent transition in complex flows. This state of research in turn depends on the achievements of the 
modern theory of hydrodynamic stability. This is due to the problem of determining the boundaries of the 
laminar-turbulent transition in complex flows. There are numerous factors that affect the flow pattern. The 
curvature of the streamlines can lead to the formation of Dina vortices: due to a change of geometry in the 
dividing edge area, separated and secondary flows arise, local non-stationarity, spiral and vortex flows, etc. 
are possible [9, 15, 16]. Recently, new data on the laminar-turbulent transition in pipes and channels have 
been obtained [20–24]. In particular, a new scenario of transition in pipes through the intermittency 
mechanism associated with the formation of large-scale structures (puff) has been discovered [20–22]. In 
this regard, the main idea of this study was to apply the latest achievements to clarify the boundaries of the 
laminar-turbulent transition in junctions. Thus, the purpose of the work is to diagnose flow regimes in  
Y-junctions. In this case, two problems were solved. First, to determine the criterion by which three flow 
regimes can be distinguished (laminar, transitional and turbulent). Second, to diagnose the flow regime 
both in the inlet channel and in the two outlet channels of the junction. 

In this paper, three flow regimes in a round Y-junction with a symmetrical arrangement of outlet 
channels and an angle of 50 º between them in the range of Reynolds numbers Re = 400–6000 is 
experimentally studied. The main attention is paid to measuring the air flow velocity and its pulsations using 
a hot-wire anemometer, both at the inlet and outlet of the junction. Two criterion and accordantly two original 
methods for determining the region of laminar-turbulent transition during air movement in a junction with 
flow diverging are considered. Such diagnostics allow us to consider the flow regimes in the junction inlet 
and outlet channels. 

2. Methods 
The scheme of setup for experimental study of air flow regimes in a round Y-junction with symmetrical 

arrangement of outlet channels consists of the pneumatic and electrical parts (Fig. 1). 

 
a)                                                                            b) 

Figure 1. Experimental setup: a) Pneumatic diagram: 1 – compressor; 2 – valve; 3 – supply line;  
4 – filter system; 5 – supply line; 6 – flow regulator; 7 – supply line; 8 – tube; 9 – Y-junction;  

b) electrical circuit: 1 – probe; 2 – bridge; 3 – linearizer; 4 – average-reading voltmeter;  
5 – RMS voltmeter; 6 –oscilloscope. 

The operating principle of the pneumatic part of setup is as follows. Air from the atmosphere is 
compressed by the SB4/S-200.LB40 compressor and enters the 200-liter receiver (1). Valve (2) supplies 
air from the compressor under a pressure of 3.5 bar via supply line (3) to a system of three filters (4) (AME 
350C–F04, AME 350C–F04, and AME 350C–F04–T) to remove oil and moisture. Then, air via supply line 
(5) enters the Bronkhorst Mass View flow regulator (6). As a result, air via supply line (7) enters a straight 
aluminum round tube (8) (length l = 2 m, internal diameter d = 6 mm, l/d = 333) and then flows out of the 
Y-junction (9). Connecting lines (3, 5, 7) are made of polyurethane plastic round tube with internal diameter 
d = 6 mm and length of 2, 15, and 10 m, respectively. The Y-junction (9) is printed on a 3D printer with 
internal diameters at the inlet and outlet of 6 mm, inlet channel length of 30 mm and two symmetrically 
located outlet channels 50 mm long (N1, N2); the flow separation angle is 50 º. All measurements are 
carried out with the compressor off; the receiver used as the source of compressed air. The thermodynamic 
parameters of air in the experiments correspond to atmospheric pressure and room temperature. 

The electrical part of the setup is designed to record the air flow velocity. For this purpose, a constant 
temperature hot-wire anemometer (CTA) from Disa Elektronik was used; it consisted of: a miniature 
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DISA55P11 probe (1), a 55M01 bridge (2), a DISA55D10 linearizer (3), and DISA55D31 (4) and 
DISA55D35 (5) average-reading and root-mean-square voltmeters. The CTA operating principle is based 
on the dependence of the probe wire heat transfer on the gas flow velocity. The main part of the hot-wire 
anemometer is a measuring bridge (1), where a sensitive element in the form of a tungsten wire attached 
to thin conductive rods (2) is included in one arm. Then, after linearization (3), the bridge voltage is recorded 
by average-reading “Ea” (4) and root-mean-square “e” (5) voltmeters. The hot-wire anemometer sensor 
was calibrated on this setup (with the disconnected junction) using the tested flow regimes at the outlet of 
the tube (8). The calculation was performed using the linear formula: Ua = a· Ea, u =a· e, where Eа and е 
are the average-reading and root-mean-square values of the hot-wire anemometer bridge voltage, a is the 
calibration coefficient. Thus, the average velocity Ua and root-mean-square values of velocity pulsations u 
and air flow turbulence degree Tu = (u/Ua) * 100 % were measured using the sensor calibration and the 
readings of two voltmeters. The RIGOL DS1054Z digital oscilloscope (6) was used to observe the hot wire 
anemometer signal in real time [E = f(t)]. Then, using the Ultra Scope program, the data from the 
oscilloscope were transferred to the computer and processed in the Excel program. 

Graphical dependences of the flow velocity on time U = f(t), as well as dependences on the Re 
number were plotted for the average velocity (Ua) and the root-mean-square pulsations of velocity (u). 
Here, Re = 4*Q/π*d*ν, where Q is the volumetric air flow rate, d is the internal diameter, and ν is the 
kinematic viscosity of air. 

To study the flow in a junction, two measurement techniques were modified. The first technique is 
based on the registration of large-scale turbulent structures, which are called “puff” in the literature [20–22]. 
They are formed during the laminar-turbulent transition in long round tubes [20–24]. The change in velocity 
over time (t = 1–1.5 s) in such a structure is shown in Fig. 2a. The measurements were performed at the 
outlet of the tube (8) on the axis for Re = 2109 without a junction. A puff has characteristic features that 
distinguish it from other types of disturbances: a smooth leading edge and a steep trailing edge. A significant 
decrease in the instantaneous velocity by 30–40% is also observed, and the puff length can reach 20–40 d. 
In Fig. 2a, a laminar section of the flow is observed at time intervals t = 0–1 s and t = 1.5–2 s. With 
increasing Reynolds number Re > 2109, the number of such structures increases. When turning to 
turbulence through the intermittency scenario, the flow becomes completely chaotic and there are no 
laminar regions [20–22]. These characteristic features of the puff were observed in our experiments  
[23–24], indicating a laminar-turbulent transition in the tube (8). The second technique is based on recording 
velocity pulsations with increasing Reynolds number [23, 25]. This method is used for stochastic behavior 
of velocity pulsations, i.e., when there are no characteristic vortex structures in the flow. An example of 
such velocity behavior is shown in Fig. 2b. The measurements were performed at the outlet of the junction 
(9) on the axis for Re = 1664. As can be seen, a chaotic change in the instantaneous velocity value over 
time is observed and there are no signal features that differ from a random process. In this case, the main 
flow characteristic is the root-mean-square pulsations of velocity u and the degree of flow turbulence Tu. 
The growth of these parameters with increasing Reynolds number indicates flow turbulence intensification, 
and a decrease in these parameters indicates turbulence attenuation. 

 
Figure 2. Variation of instantaneous velocity over time:  

a) round tube outlet, Re = 2109; b) Y-junction outlet, Re = 1664. 

3. Results and Discussion 
The work is aimed at determining the flow regimes in a Y-junction with flow division. Two methods 

were used for analyzing the data obtained. The velocity and velocity pulsations were measured both at the 
inlet and two outlets (N1, N2) of the Y-junction in the range of Reynolds numbers Re = 400–6000. The 
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ranges of Reynolds numbers characteristic of laminar, transitional and turbulent flow regimes in such a 
junction were obtained. 

The dependence of the average velocity change on the Reynolds number for the tube outlet and 
junction outlets N1 and N2 is presented in Fig. 3. At that, the Re number in all cases is determined by the 
air flow rate and the diameter of the inlet tube d. The flow velocity was measured on the tube axis and on 
the axis of the junction outlets. The data for the tube were obtained without a junction. Since the inlet part 
of the junction is 30 mm, and the length of the supply tube is 2 m, we believe that the data at the tube outlet 
correspond well to the flow parameters near the channel separation zone. In this case, the first method for 
determining the laminar-turbulent transition in the tube by diagnosing large-scale structures was applied; 
according to this method, the critical Reynolds number was Re = 2000. According to Fig. 3, three flow 
regimes can be distinguished for a round tube: a laminar regime at Re < 2000 (no puffs), a transitional 
regime (with puffs) at Re = 2000–2800; and a turbulent regime (no sections of laminar regime) at  
Re > 3000. For a round tube, a decrease in the velocity on the channel axis in the region of Re =  
= 2492–2800 is associated with a change in the velocity profile from the parabolic one, characteristic of the 
laminar flow, to the power-law profile, responsible for the turbulent flow. These data correlate well with the 
works of other authors [20, 21]. For the case of junctions (outlets N1 and N2), an almost monotonic increase 
in the average velocity vs. the Reynolds number is observed, without any peculiarities in the region of  
Re = 2000–2800, when a laminar-turbulent transition is observed in the inlet tube. 

 
Figure 3. Velocity change in the junction:  

1 – round tube outlet; 2 – outlet of junction No.1; 3 – outlet of Y-junction No.2. 
In addition to the data on the average velocity, statistical data in the form of a dependence of the 

root-mean-square pulsations of velocity u on the Reynolds number Re were obtained in this work (Fig. 4). 
If the measurements are carried out at the tube outlet, the regime of laminar-turbulent transition is also well 
diagnosed using the second technique by a significant increase and decrease in velocity pulsations in a 
narrow range Re = 2000–2800, which corresponds to the known data for the transition in a tube [20, 23]. 
For Re = 2800–6000, an insignificant increase in velocity pulsations in the turbulent flow regime is observed. 

For two junction outlets N1 and N2, the pulsations are approximately the same in the entire range of 
Re = 400–6000. A significant increase in u begins approximately at Re = 1640–1660, which is lower than 
the critical numbers for the tube outlet Re = 2000. For Re = 1640–2000, the flow regime on the oscilloscope 
looks like stochastic. An example of such a flow is shown in Fig. 2b. For the regime with puffs (Re =  
= 2000–2800), the behavior of the velocity pulsations at the junction outlet correlates with a change in u for 
the inlet tube. At Re > 2800, a slight increase in u is observed both for the inlet tube and for the two junction 
outlets. At that, the values of velocity pulsations for the junction are higher than that for the inlet tube. 
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Figure 4. Velocity pulsations in the junction:  

1 – round tube outlet; 2 – outlet of Y-junction No.1; 3 – outlet of Y-junction No.2. 
By combining the data obtained in Figs. 3, 4, we can plot a diagram of the dependence of turbulence 

degree Tu on Reynolds number Re, which is shown in Fig. 5. Note that the value of u is normalized here 
to the value of the local velocity at the measurement point. The behavior of the turbulence degree for the 
tube corresponds to the data in Figs. 3 and 4, i.e., there is an extremum in the transition region. The Tu 
parameters for the junction outlets N1 and N2 are qualitatively the same in the entire range of Re numbers. 
This figure shows clearly that the growth of Tu for the junction begins with the Reynolds numbers 
significantly lower than the critical numbers for the tube outlet. The maximum values of velocity pulsations 
for the tube are Tu = 16 %; for the junction, Tu = 12–22 %, and they are located in the range Re =  
= 2300–2400. Thus, extreme turbulence corresponds approximately to the maximum pulsations in the inlet 
round channel. At Re > 3000, a slight decrease in Tu is observed for the inlet tube. It should be also noted 
that at Re > 3000, the turbulence level for the junction outlets N1 and N2 is approximately twice as large 
as Tu for the round tube outlet. By analogy with the diagnostics of flow movement in a round tube, the 
following classification of flow regimes in the junction is proposed. Laminar regime occurs at  
Re < 1640–1660, transitional regime occurs at Re = 1660–2800, and the turbulent one takes place at  
Re > 3000. 

 
Figure 5. Degree of turbulence in the junction:  

1 – round tube outlet; 2 – outlet of Y-junction No. 1; 3 – outlet of Y-junction No. 2, 4 – [26]. 
For comparison, data [26] are provided for a round Y-junction with an angle of 50 º and a straight-

through channel at Re = 1475. In this case, separated flow is observed. As a result, the turbulence level 
increases from Tu = 2 % in the inlet channel to higher values in the outlet channels. Moreover, due to the 
asymmetry of the tee geometry, on the axis in the straight outlet channel Tu = 20 %, and in the inclined 
channel – Tu = 7.5 %. 
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4. Discussion 
The study is aimed at determining the boundaries for three flow regimes in a junction. The 

experiments were carried out using a constant-temperature hot-wire anemometer in an air flow. The values 
of instantaneous velocity, average velocity, and root-mean-square velocity pulsation were measured in a 
round Y-junction in a wide range of Reynolds numbers Re = 400–6000. A junction with diameter d = 6 mm 
for the inlet and outlet channels was chosen as the object of study for a symmetrical arrangement of the 
outlet channels with an angle of 50 º between them. For the first time, two methods for diagnosing flow 
regimes during air movement in a junction were proposed. The first diagnostics is based on recording large-
scale turbulent structures of the puff type [20–24], which are formed during the laminar-turbulent transition 
in long round tubes. It is used to determine the flow regime in the junction inlet channel, when intermitting 
single long vortex structures of the puff type appear along with the laminar flow. The second method is 
based on recording velocity pulsations with an increase in the Reynolds number [24, 25]. This method is 
used for chaotic behavior of velocity pulsations, i.e., when there are no organized vortex structures in the 
flow. The second diagnostics is used both for the inlet channel and for two outlet channels of the junction. 
The conditions at the junction inlet are of significant importance for determining the flow regime [9]. In this 
study, a long round tube (d = 6 mm, l/d = 333) was placed at the junction inlet; at the exit of this tube, a 
velocity profile corresponding to certain flow regimes was formed: parabolic profile for the laminar flow, the 
transitional profile in the region of intermediate Re numbers, and the power-law profile for the turbulent flow 
regime. The use of other geometries of the inlet section before the junction is a special problem and it 
requires additional study. 

The flows in the inlet and outlet channels of Y-junctions must be considered separately. For the inlet 
channel, the critical Reynolds number is Re = 2000 (single puff-type structures appear for the first time). 
The transition to turbulence occurs at Re = 2800, when puff-type structures follow continuously and laminar 
sections are absent. These data are in good agreement with known works for the transition in a pipe [20, 
23]. At the same time, for the two outlet channels, a significant increase in pulsations occurs at lower 
Reynolds numbers Re = 1640–1660. In this case, the behavior of the instantaneous velocity value is of a 
random character and puff-type structures are not observed. New data indicate that the laminar-turbulent 
regime in junctions can occur at Reynolds numbers significantly lower than Re = 2000. Such low critical 
Reynolds numbers for symmetrical Y-junctions have not been published in the literature before. Local 
turbulization is known in the literature at Reynolds numbers Re = 1460–1475 for fluid flow in an asymmetric 
Y-tee [26,27]. For pressure Y-junctions, for example, in [1], the values Re = 2000–3000 obtained in 
experiments are given, in the calculations [13, 19], the value Re = 2200–2300 was obtained. This difference 
may be due to the fact that the laminar-turbulent transition mode in experiments is determined by 
measurements of the average value of the pressure drop. At the same time, measurements of velocity 
pulsations have a significantly higher sensitivity [20]. From the point of view of numerical modeling, accurate 
calculations by the DNS (Direct Numerical Simulation) method in junctions have not yet been carried out. 

Apparently, the reason for a decrease in the critical Reynolds number in the Y-junction is the complex 
three-dimensional flow in the separation region. It is known that in Y-junctions, separation and secondary 
flows, non-stationarity spiral and vortex structures can occur [9, 15, 16]. These processes can play the role 
a trigger for an earlier laminar-turbulent transition, but further study is required to determine the real causes 
of this phenomenon. In the region of high Reynolds numbers (Re > 3000), the turbulence level for the 
junction outlets is approximately twice as high as the turbulence level at the outlet of a round tube. This 
suggests that in a Y-junction, the generation of turbulent energy exceeds the pulsation energy generated 
by the formation of puff structures in round tubes. 

5. Conclusions 
Recently, new data have been obtained on the laminar-turbulent transition in pipes and channels 

[21, 22]. In this regard, the main objective of this study was to apply the latest achievements in the field of 
transition to clarify the boundaries of the three flow regimes in junctions. Based on the conducted research, 
the following conclusions can be drawn. 

1. A new experimental method has been developed for determining the flow regimes (laminar, 
transitional and turbulent) in a junction based on two criteria: the presence of puff-type vortex 
structures and the degree of flow turbulence. 

2. For the inlet part of the junction, the main criterion is the presence of puff-type vortex structures 
and the degree of flow turbulence. 

3. For the two outlet parts of the junction, the main criterion is the degree of flow turbulence. 
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4. For the conditions of our experiment, the following values were obtained for the outlet part of the 
round Y-junction: laminar mode – Re < 1640–1660, transitional – Re = 1660–2800, turbulent –  
Re > 3000. 

The program of further research includes the study of flow regimes and local hydraulic losses with 
variations in the main parameters of round junctions (flow separation angle, ratio of inlet and outlet 
diameters, effect of the dividing edge, and geometry of inlet part before the junctions). The obtained data 
can be recommended for specifying the range of laminar, transitional and turbulent flow regimes in round 
Y-junctions with flow separation. 
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Abstract. This article presents a comprehensive computational study of the metal frame of the caisson 
gate of the C1 shipping opening, part of the St. Petersburg flood protection system. The relevance of this 
study stems from the need to ensure the strength, stability, and safe operation of this unique 120-meter-
long structure, which supports the segmental caisson gate during its movement from the dry dock to the 
structure's span. The frame is distinguished by its cantilever structure of variable thickness and reinforced 
with stiffeners. The aim of the study was to develop an adequate spatial computational model of the frame 
and caisson gate and analyze their stress-strain state for a stationary position in a dry dock. The study was 
conducted using the finite element method, taking into account constant static loads, including the 
structures' own weight and hydrostatic pressure. The paper presents the developed spatial finite element 
model and describes the adopted boundary conditions and loads. Permissible stresses and deflections are 
determined. The calculations yielded stress and displacement fields. It was determined that the maximum 
equivalent stresses in the frame do not exceed permissible values. The maximum frame deflection is also 
within acceptable limits. An analysis of the dynamic characteristics of the structure was conducted. The 
natural frequencies of vibration were determined for the caisson gate. A stability analysis was performed, 
showing that the safety factor for the first positive buckling mode exceeds the minimum required. Based on 
the obtained results, a conclusion was reached that the calculated stresses and deformations comply with 
regulatory requirements and provide the necessary safety and stability margins. To monitor the condition 
of the structure during operation, it is recommended to install vibration sensors at critical points, as well as 
conduct further research. 
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1. Introduction 
The object of this study is the metal frame of the caisson gate of the C1 Shipping opening, which is 

part of the St. Petersburg Protective Structures Complex. The purpose of the metal frame is to support the 
caisson gate during its movement from the dry dock to the fairway. A distinctive feature of the metal frame 
design is that it is welded from steel sheets of varying thicknesses and reinforced with stiffeners. A through-
passage is possible within the frame. Two caisson gates with two metal frames, each 120 m long, are 
symmetrically located at the C1 shipping opening. The opening allows the passage of large vessels. 

The study is relevant due to the need to calculate the stresses and strains of the frame for several 
design positions. The strength of the frame affects the safety of the caisson gate and determines its 
operability. When designing the frame, deformations due to temperature loads were not taken into account. 

https://creativecommons.org/licenses/by-nc/4.0/
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The structure under consideration is located in the Neva Bay, which has been the subject of numerous 
studies. A number of papers examine the historical retrospective [1–4]. A valuable source of information is 
provided by papers containing data on quantitative changes in the volume of the Neva Bay, taking into 
account the volume of sediment [5–7]. Previously, the authors conducted work analyzing changes in loads 
caused by changes in the Neva Bay [8–9]. The following papers are devoted to modeling processes in the 
Neva Bay [10–13]. 

A key feature of the metal frame calculation is its length of 120 m and its cantilever nature. There are 
several studies of metal cantilever frames over 100 m in length in the scientific literature. 

[14] examines the fundamental principles of finite element method (FEM) applicable to the calculation 
of any large frame. For caisson frame analogs (e.g., gantry crane frames, large-span load-bearing frames 
in workshops, and support structures for lock gates), key tasks include identifying stress concentration 
zones at the joints of the elements, assessing overall and local stability, and analyzing deformations 
(deflections) under their own weight and operational loads. 

For frames over 100 m in length, accounting for geometric nonlinearity becomes critical. [15, 16] 
emphasize the need for nonlinear analysis. This allows for an accurate assessment of the frame's behavior 
under extreme loads, which is directly related to safety. Changizi and Jalalpour [17] applied topology 
optimization to steel frames to minimize material consumption while maintaining strength and stiffness 
constraints. 

In Russia, the key document is [18]. This set of rules establishes the general principles of strength, 
stability and fatigue calculations, methods for determining the design resistance of steel and welded joints. 
For the caisson gate frame, the sections devoted to the calculation of elements under complex stress states 
and composite sections will be critical. Since the frame is part of a hydraulic structure, it is possible to use 
industry standards, such as [19, 20]. Since the specified document does not take into account all loads 
during freezing, it is possible to apply the methods proposed in [21, 22]. For comparative analysis, 
international standards can be used, for example, Eurocode 3 (EN 1993): Design of steel structures [23] 
and the American standards AISC 360 (Specification for Structural Steel Buildings) [24]. 

Since large caisson gate frames are unique structures, it is necessary to consider non-direct analogs, 
such as harbor crane frames [25]. [26] is devoted to the calculation of overhead and gantry crane frames, 
as is the regulatory document PB 10-382-00 "Rules for the Design and Safe Operation of Overhead 
Cranes." These structures also experience significant dynamic and moving loads, and their safety is an 
absolute priority. 

Among the studies in the field of hydraulic gates, [27] is devoted to the study and optimization of 
hydraulic gates – key elements of hydraulic structures. In the first stage, the work examined existing 
hydraulic gate designs, focusing on the analysis of their loads and structure. A detailed structural analysis 
was then conducted using ANSYS software. The goal was to find the optimal gate design by varying the 
position, size, and arrangement of the beams. 

The study aimed to determine the stresses and strains in the gate frame and the forces in the ball 
joint. 

The main objectives of the study are: 

1. Develop a computational model of the support frame and collect loads for three caisson gate 
positions. 

2. Calculate forces, stresses, and deformations. 

3. Determine the locations for installing support structures, strain gauges, and vibration sensors. 

4. Calculate the safety factor of the caisson gate support frame. 

5. Conclusions on the safety factor and stability assessment and recommendations for the operation 
of the structures. 

2. Methods 
The study analyzed the metal frame of the caisson gate of the C1 navigation opening, which is part 

of the St. Petersburg Protective Structures Complex. The caisson gate support frame is designed to connect 
the segmental caisson gate to the ball bearing installed on the shore abutment of the C1 navigation 
structure and transfer the loads acting on the caisson gate to it. The working documentation (project 07-
120KM) was developed by the "Lenproektstalkonstruktsiya" State Design Institute. Main parameters of 
floating gate are presented in the Table 1.  
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Table 1. Parameters of the floating gate. 
Main beams, pcs. 2 

Spacer beams, pcs. 3 
Length of main beam, m 115.544 

Total width, m 58.7 
Main beam height, min/max, m 3.08/7.638 

Angle between main beams, degrees 26.1622 
Weight of support frame, t 1800 

Shutter leaf 
Height/width/length 

 
22/8.3/119.6 

Weight, t/displacement, m3 2938/3914 
Movement radius, m 130 

Diving depth, m 16 
Ball joint 

Height/width, m 
 

4/4 
Hinge head diameter, m 1.5 

Weight, t 85 
Camber gate drive 

Max force, t 
 

350 
Length of track, m 171 

 

The triangular support frame consists of two main box-section beams of variable height and variable 
stiffness. The longitudinal axes of the main beams are positioned at an angle of α ≈ 13 ° relative to the 
longitudinal axis of symmetry of the gate leaf and are centered on the ball joint. The connection of the main 
beams to the caisson gate, the ball joint adapter, and the three spacer beams is rigid and welded. The 
spacer beams have a box-section. The metal structure material is steel 10 HSND-12 (Russian State 
Standard GOST 19282-73, Table 2). 

Table 2. Physical and mechanical properties of steel. 
Characteristic Value 

Material 
Steel 10 HSND-12 

(Russian State Standard GOST 19282-73) 
Density ps, t/mm3 7.9×10–9 

Yield strength Rу, MPa 390 
Poisson coefficient, ν 0.30 

Modulus of elasticity Es, MPa 2.1×105 
 

The initial data for constructing the calculation model were working drawings of the frame's metal 
structure. Figs. 1 and 2 show cross-sections and a plan of the support frame. 

 

 
Figure 1. Section along the frame (longitudinal). 
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Figure 2. Frame plan. 

The design model utilizes: 

− 3-node flat elements for the frame's metal structure. Element thicknesses range from 12 to 
40 mm, according to the design data; 

− 3-node T-beam elements for horizontal longitudinal stiffeners welded inside the frame. 
The spatial model of the structure is shown in Fig. 3. 

 
Figure 3. Spatial finite element model of the frame and caisson structure. 

The origin is located at the hinge center. The X-axis is transverse to the frame, the Y-axis is 
longitudinal, and the Z-axis is vertical. Movement along all axes of the hinge assembly is prohibited, and 
rotation along the Y-axis (torsion) is prohibited. Rotation about the Z-axis (in the vertical direction) and 
about the X-axis (in the direction of travel) is permitted. Loads and actions are presented in the Table 3. 

Table 3. Loads and actions. 

Loads and actions Calculated load values 

Constant Self-weight of structures Calculated based on the 
elemental density for steel 

Temporary 

Hydrostatic load on the caisson gate 
when the dock chamber is filled to a 
depth of 6 meters from the top of the 

keel block, MPa 

0.06 

Force from the tractor's work, initial 
moment of movement, tons 35 

 

Currently, spatial frame modeling is performed in a spatial setting based on structural mechanics 
equations. Calculation standards for unique structures are based on the rules of structural mechanics. It 
should be noted that combined modeling of the frame and caisson gate allows for accurate frame stresses 
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and deflections. When solving the spatial modeling problem, after geometric modeling of the frame, the 
calculation model is discretized, and the physical properties of the steel elements, boundary conditions, 
and loads are specified. The mathematical model is constructed based on the available frame design 
material and the loads acting on the frame. Modeling and calculations were performed using the FEM in 
the SolidWorks software package. Stress and strain testing of the spatial metal frame was performed taking 
into account constant static loads for the first and second groups of limit states. The welded frame material 
is 10 HSND-12 steel (Russian State Standard GOST 19282-73), which is used for welded metal structure 
elements and various components requiring increased strength and corrosion resistance during operation 
at temperatures ranging from –70 to +450 °C. 

The permissible stresses during normal operation are determined by the formula: 

[ ] ,n c

m n

R cγ
σ =

γ γ
                                                                      (1) 

where nR  – standard resistance of steel; { }min , 1,3 ;n y uR R R=  where yR  – yield strength; uR  – 

temporary resistance; c  – the conversion factor from the basic to the derived design resistances, c  = 1, 
coefficient for shift c  = 0.58; cγ  – operating conditions coefficient, cγ  = 1; mγ  – material safety factor;  

nγ  – reliability coefficient. 

For steel 10 KhSND-12 GOST 19282-73 (Russian State Standard) with a thickness of 12–40 mm: 

yR  = 390 MPa, uR  = 530 MPa. 

Thus, nR  = min {390, 530/1.3} = 390 MPa. 

The material safety factor for steel 10 HSND-12 GOST 19282-73 (Russian State Standard) is  

mγ  = 1.05. 

The safety factor for the intended purpose is taken: 

for total stresses under the main combination of loads (concentrated load plus dead weight): nγ  = 1.4; 

 for local stresses: nγ  = 1.0. 

Thus, the permissible stresses during normal operation are: 

total 

[ ] 390 1 1 265 MPa;
1.05 1.4total

⋅ ⋅
σ = =

⋅
                                                      (2) 

local 

[ ] 390 1 1 337 MPa.
1.05 1 1local

⋅ ⋅
σ = =

⋅ ⋅
                                                     (3) 

The permissible deflection of the console under normal operating conditions is determined by the 
formula: [f] = L/400 = 120000/400 = 300 (mm), where L =120000 mm – frame length. 

Computational studies were conducted within the framework of a spatial formulation of the elasticity 
theory problem. The calculations were performed using the FEM. Model analysis included verification of 
the computational model, specifically, comparing the results of stress and strain calculations with data from 
in-situ frame observations and adjusting the model – all of which constitute the essence of the spatial frame 
modeling method. An accurate mathematical model completely replaces the frame and caisson gate during 
the study. The essence of the modeling method is based on the principle of analogy (verification), or the 
ability to study a metal frame through the analysis of a similar model. 

3. Results and Discussion 
The frame calculation results are presented for the case of the caisson gate being located in a dry 

dock and on keel blocks. The self-weight of the structures is taken into account. When the caisson gate is 
supported on the keel blocks, the support hinge does not move, and rotation is permitted. Figs. 4–13 
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present the calculation results for stresses, deformations, vibration modes, and the buckling mode of the 
frame. 

Figs. 4–6 show the stresses in the frame from constant static loads, which amount to 200 MPa. The 
maximum local stresses do not exceed the local permissible stress of 337 MPa. The overall stresses of 
125 MPa do not exceed the overall permissible values of 265 MPa. 

The resulting reaction at the support hinge is 499.1 kN. 

 
Figure 4. Equivalent stresses (25–200 MPa). 

 
Figure 5. Maximum equivalent stresses (200 MPa). 

 
Figure 6. Equivalent stresses (125 MPa). 

Figs. 7 and 8 show frame deformations from constant static loads ranging from 0 to 207 mm. The 
maximum deflection is 207 mm at a distance of 45–49 m from the support hinge. 
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Figure 7. Deformations (0–207 mm), general view. 

 
Figure 8. Deformations (0–207 mm), side view. 

The maximum deflection is 207 mm at a distance of 45–49 m from the support hinge. The forces at 
the support hinge are 499.1 kN. 

Figs. 9–13 show the natural frequencies of the frame and caisson gate, which are: for the caisson 
gate, low-frequency vibrations with a frequency of F1bat = 0.00086 Hz, for the frame – the first natural 
frequency – F1frame = 1.19 Hz. 

 
Figure 9. The first form of oscillations is low-frequency oscillations  

of the caisson shield with a frequency of 0.00086 Hz. 

 
Figure 10. The second form of vibration is low-frequency vibration  

of the frame with a frequency of 1.19 Hz. 
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Figure 11. The third form of oscillation is low-frequency frame oscillation  

with a frequency of 1.45 Hz. 

  
Figure 12. The fourth form of oscillation is low-frequency frame oscillation  

with a frequency of 2.16 Hz. 

 
Figure 13. The ninth (first positive) form of loss of stability with a stability factor of k = 2.94. 

Table 4 shows the results of stability calculations for certain forms of stability loss. 

Table 4. Results of stability calculations. 
Loss of stability 

form Safety factor 

1 –3.05398 
2 –2.93869 
3 –2.69893 
4 –2.69631 
5 –2.46168 
6 –2.36357 
7 –0.01226 
8 –0.012261 
9 2.94149 

10 3.19072 
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The obtained results have no direct analogues. The closest studies on the issue under consideration 
were conducted in [28–30]. [29] Considers the results of experimental and numerical studies of the frame 
of the building framework with a span of 12 m with elements of a composite double-box section made of 
cold-formed galvanized sections. Nodal connections of thin-walled sections and multi-row bolted friction 
connections are investigated. In [31], an integrated approach to the creation of digital twins for offshore 
wind turbines is presented, which correlates with the methodology for calculating the caisson gate frame 
using a finite element model. The obtained values of stresses (200 MPa) and deformations (207 mm) are 
consistent with those considered in the article. [32] Describes in detail the design loads for hydraulic gates, 
including hydrostatic and operational loads. The obtained values of the safety factor correspond to modern 
design standards outlined in the paper. [33] Emphasizes the importance of vibration monitoring, confirming 
the need to install vibration sensors at critical points of the frame. [34] Demonstrates the application of 
modern risk analysis methods to offshore structures. The proposed measures for monitoring and model 
calibration in the study are consistent with the principles of predictive maintenance. The need for model 
calibration using in-kind measurement data, stated in the conclusions, is supported by the principles of 
digital twin construction in [31], which places particular emphasis on model verification using experimental 
data. 

The obtained results demonstrate compliance with modern scientific and technical requirements for 
the design and analysis of unique hydraulic structures, and the proposed directions for further research are 
relevant in the context of the development of digital modeling and monitoring technologies. 

4. Conclusions 
Calculation results for the caisson gate frame for a stationary position in a dry dock have been 

obtained. Stresses and strains in the frame structure do not exceed permissible values and meet regulatory 
strength requirements. 

The safety factor for overall stresses for the designed steel grade Steel 10 HSND-12 (Russian State 
Standard GOST 19282-73) is K = 2 for the frame position in a dry dock. 

The safety factor for deflections is 90 mm. 

The safety factor for frame buckling is K = 2.94. 

The frame's natural frequencies are low, due to the considerable length of the frame – 120 m – and 
the significant dimensions of the caisson gate shield. 

To monitor frame vibrations, vibration sensors should be installed at the hinge base and at the ends 
of the frame branches. Supporting structures should be provided at the ends of the frame and at the hinge 
base. 

Further research requires: 

1. Inspect the frame to confirm the rigidity of all elements. 

2. Calibrate the model for existing deformations (winter-summer). 

3. Compare the calculation results with sensor readings. 

4. Perform dynamic calculations of the frame under loads from surge waves and wind. 
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Abstract. This work is aimed at computational comparative studies of natural changes in soil temperature 
and under a building with a ventilated basement in Norilsk. In contrast to conventional projects, it was 
planned to locate a small part of the building directly on the ground, which could lead to additional thawing 
of the soil. Laboratory data on soil samples in the thawed and frozen state, taken from boreholes at the 
construction site, and the results of soil temperature measurements at a depth of about 14 m were used to 
perform calculations. When forming the boundary conditions of the calculation model on the outer surface 
of the soil, the radiation balance for the conditions of Norilsk was considered. It was found that the radiation 
balance from May to August is positive and leads to soil heating, and in the rest, most part of the year, it is 
negative and causes soil cooling. New results obtained demonstrate that a decrease in the moisture content 
of the surface soil layers reduces the influence of phase transitions on the thermal-inertial properties of the 
soil, which leads to an increase in the thickness of the active soil layer (where annual temperature 
fluctuations are observed), an increase in the depth of thawing in the summer-autumn period, and a 
decrease in the soil temperature under the active layer. The temperature distributions over the depth of soil 
under different sections of the building with a ventilated basement and in the immediate vicinity of the 
building in a long-term operation cycle after completion of its construction were calculated. According to 
calculation results, the maximum depth of soil thaw under a building with a ventilated basement decreased 
by 12 % compared to natural conditions, reaching 1.1 m. It is shown that for multi-story buildings with 
ventilated basements, individual structural elements with insulation can be located directly on the ground 
surface, and additional thawing of the soil will not occur under them. However, for this case, the absence 
of additional thawing of soil should be confirmed by a heat engineering calculation taking into account the 
ratio of surface areas of the ventilated basement and the structural elements located on the ground, as well 
as the features of their insulation. 
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1. Introduction 
The object of study of this work is the distribution of temperature in permafrost soils in the annual 

cycle during the construction of buildings with a ventilated basement in Norilsk. 

According to expert findings, the actual area of permafrost is 15 % of the land area in the Northern 
Hemisphere and 0.5–0.6 % in the Southern Hemisphere [1]. In Russia, about 60–65 % of the land surface, 
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which is 11 mln km2, is presented by permafrost zones, and permafrost is continuously distributed over 
85 % of the Arctic zone [2]. 

The Russian Arctic is one of the most urbanized regions of Russia with the urban population 
accounting for about 88 % [3]. There are six cities in the Russian Arctic with a population of over 100,000 
people: Murmansk, Arkhangelsk, Severodvinsk, Novy Urengoy, Noyabrsk, and Norilsk. In these cities, a 
large number of multi-story buildings have been built and are in operation. Cities in the Arctic are heat 
islands in regions with a cold continental climate, where the average annual surface temperature of the 
earth is approximately 6 °C higher than the surface temperature of the soil under natural conditions. 

The general trend of climate warming is also manifested by an increase in permafrost temperature 
in different regions of the world [4]. The temperature regime of permafrost is usually characterized by the 
average value of annual temperature measured at a depth of zero annual soil temperature amplitudes, 
which is usually 10–15 m in the northern regions of Western Siberia. The observed warming for permafrost 
soil in the Arctic region is 2.8 °C, which corresponds to the average annual temperature increase of 
0.056 °C/year. In the European north of Russia, the increase in permafrost temperature is slower and is 
0.04 °C/year [5]. Thus, Arctic permafrost is warming faster, which is associated with a more significant 
increase in the air temperature in the Arctic region [6]. 

Some studies have modeled the average annual change in shallow permafrost temperature 
associated with warming. Thus, modeling performed for the western part of the Yamal Peninsula showed 
that the average annual change in soil temperature could reach a depth of 50 m in the next 50 years, while 
permafrost could become 1.3 °C and 2.3 °C warmer at depths of 20 m and 7–10 m, respectively [7]. The 
current trend of climate warming will obviously continue, which is confirmed by modeling of the general 
circulation in the atmosphere [8]. 

If the warming trend does not change to cooling by the end of the 21st century, most of the 
underground permafrost will melt, leading to irreversible changes in the landscape and destruction of the 
built environment [9]. The damage from permafrost thawing in Russia by 2050 is estimated to be around 
105 billion dollars [10]. 

Almost 4,000,000 people, about 70 % of the existing infrastructure, and 45 % of hydrocarbons in the 
Russian Arctic are located in areas with a high potential for melting of near-surface permafrost and 
associated risks of soil instability by 2050 [11]. 

Design and construction of structures in permafrost regions requires consideration of global warming 
trends and the associated increase in permafrost temperature. Permafrost warming can change its 
properties due to an increase in the content of unfrozen pore water, which can be unevenly distributed in 
heterogeneous permafrost. Unfrozen water can exist in soils over a wide range of negative temperatures. 
The liquid component of pore moisture has been the subject of research for about 100 years, but many 
aspects of the problem remain poorly understood, including control of the phase composition of moisture 
in permafrost [12] and the influence of surface soil moisture on the depth of soil thawing during the summer-
autumn period. 

Although the temperature of permafrost in the Northern Hemisphere reaches –12 ÷ –10 °C, some 
part of the pore moisture remains unfrozen [13]. 

Prolonged warming in the Arctic is accompanied by a gradual increase in the temperature of the 
near-surface permafrost and an associated increase in the content of unfrozen water at the depths reached 
by heat waves. These processes cannot be classified as melting, since the soil does not become completely 
thawed and remains at negative temperatures, although it contains a large amount of unfrozen water. Thus, 
permafrost degradation actually occurs [12]. 

The amount of unfrozen pore water depends on the soil salinity and peat content; it is much greater 
in saline and peat-rich soils than in non-saline rocks with a lack of organic matter [14]. These soil features 
must be taken into account when operating existing engineering structures and when preparing new 
projects. 

Permafrost retains a huge cold resource and is unlikely to melt to a catastrophic degree in the coming 
decades. However, constant warming of the near-surface permafrost can change the phase composition 
of the pore moisture due to an increase in unfrozen water, and this will cause transition of the solid 
permafrost into a more plastic state. The content of unfrozen water can increase even more as a result of 
thermal impact during the construction of buildings and structures, drilling operations, laying pipelines, etc. 
[15]. 

The widespread occurrence of permafrost in the Arctic region and the extremely harsh climate create 
great difficulties during construction [16]. There are a number of proven technologies for constructing 
facilities in Arctic conditions, and the technology of using a ventilated basement in buildings is one of the 
most common among them. This technology ensures heat removal from the building and prevents its 



Magazine of Civil Engineering, 18(8), 2025 

penetration into the soil [17]. Measurements of soil temperature distribution under a building with a 
ventilated basement in the city of Yakutsk showed that soil cooling was especially significant in the first two 
to three years after the completion of construction: by 3–4 °C and 0.3 °C at the depths of 6 m and 18 m, 
respectively. During the construction of buildings with ventilated basements, a decrease in soil temperature 
under them was 3–6 °C in Norilsk, 1–3 °C in Yakutsk [18], and 0.5–1.5 °C in Igarka [19]. In addition, the 
technologies of injection soil stabilization and improvement of soil properties by jet grouting are also used 
[20]. Therefore, there are limited data in the literature on the reduction of soil temperature under buildings 
with ventilated basement, but there are no results of such measurements over a long period of time with a 
detailed description of the composition and properties of the soils. 

One of the methods for creating industrial infrastructure on permafrost soils is the method of pile 
foundation, which is erected in winter with preliminary soil strengthening [21]. The developers of this method 
calculate possible warming scenarios that may result in a decrease in the bearing capacity of piles, using 
the software package “Frost 3D”. In the case of a risk of a significant reduction in the bearing capacity, it is 
suggested to use thermosiphons for additional soil freezing. 

Construction of infrastructure in permafrost regions can cause changes in the properties of 
permafrost. Laying highways and constructing embankments over permafrost inevitably lead to the 
changes in local microclimate conditions and affect the surrounding vegetation, snow cover, and soil water 
balance [22]. 

To analyze the state of permafrost, it is proposed to use a method based on the application of 
freezing and thawing indices applying the results of the field measurements in soils at construction sites 
[23]. Such an analysis of the numerical values of the indices allows an estimate of the final impact of the 
entire spectrum of anthropogenic and natural factors on the state of permafrost. The development of 
numerical methods for predicting the strength of permafrost [24] and the processes of formation of frost 
cracks, taking into account changes in temperature fields and the physical and mechanical properties of 
permafrost is an important issue [25]. 

The results of comparative calculations of the depth of soil freezing performed with application of 
engineering calculation methods, as well as numerical methods, using the software packages “Frost 3D” 
and “Borey 3D”, widely applied in Russia for permafrost soils, are presented in [26]. Based on this work, it 
was concluded that for further improvement of calculation methods, an increase in their accuracy and 
further development, it is necessary to use them together with the field measurements. 

In particular, this research was aimed at computational studies of changes in soil temperature under 
a building with a ventilated basement, whose construction is planned on permafrost soils in Norilsk. In 
contrast to conventional projects, this project plans to locate a small part of the building directly on the 
ground. Data of laboratory studies of soil samples in the thawed and frozen state, taken from boreholes at 
the construction site, as well as the results of measuring soil temperatures at a depth of about 14 m, were 
used in calculations. Another objective set in this work was to consider the effect of soil moisture and 
associated phase transitions of pore moisture during freezing and thawing of the soil on the temperature 
distribution in permafrost soils in a long-term observation cycle. 

When constructing various industrial and residential facilities on permafrost soils, the problems 
associated with specific design solutions arise. So, this calculation study was started by the project for the 
construction of a multi-story residential building in Norilsk. The multi-story residential building, like many 
facilities in Norilsk, is supposed to be built with a ventilated basement to prevent thawing of the permafrost 
soil underneath it (Fig. 1), but the small elevator area compared to the total area of the building (Fig. 2) is 
located on reinforced concrete blocks installed directly on the ground. The floor of the elevator is insulated 
with a 200 mm thick layer of extruded polystyrene foam. Thus, the question about possible thawing of soil 
under the elevator arose. 



Magazine of Civil Engineering, 18(8), 2025 

 
Figure 1. Ventilated underground space of a residential building on permafrost soil. 

 
Figure 2. Floor framing plan of the 1st floor. 

It was decided to expand the question posed and consider the following set of tasks when performing 
computational studies: 

− to determine the natural temperature changes in the annual cycle over the soil depth and a 
temperature change under a ventilated basement in the conditions of Norilsk; 

− to determine the greatest depth of soil thawing under these conditions; 
− to find out the effect of phase transformations of moisture in the soil during cyclic processes of 

freezing and thawing on the temperature distribution in permafrost soil; 
− to determine the dynamics of changes in the distribution of soil temperature in different zones 

under a residential building with a ventilated underground and under an elevator located on 
reinforced concrete blocks installed directly on the ground. 

2. Methods 
The calculations were carried out using the software packages “Frost 3D” and “Borey 3D”, designed 

to perform non-stationary numerical thermal calculations in multilayer soils taking into account the 
processes of their freezing and thawing. The processes of heat distribution in the soil with phase 
transformations can be described by a differential equation written in the enthalpy form [27]: 

( ) ,H div gradT f∂
= λ× +

∂τ
                                                              (1) 

where ( ),H Tτ  is the enthalpy of unit volume of soil, τ  is time, T  is the soil temperature, ( )Tλ  is the 

coefficient of soil thermal conductivity, and ( )f τ  is the power of internal heat sources. 

Taking into account the phase transitions in the soil: 
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( ) ( ) ( )
1

1
0

,
T

ofH T C T Q T T dT = + ×δ − ∫                                                    (2) 

where ( )C T  is the volumetric heat capacity of soil, Q  is the heat of phase transition, ofT  is the 

temperature at onset of freezing, ( )ofT Tδ −  is the delta-function. 

,w
eff f df

WC C L
T

∂
= +ρ

∂
                                                                   (3) 

where fC  is the heat capacity of soil in frozen state, wW  is humidity due to unfrozen water, dfρ  is the 

density of dry soil, and L  is the specific heat of ice melting. 

The coefficient of soil thermal conductivity depends on temperature in the following manner: 

( )
,

,
,

th of

eff of

T T
T

T T

λ >
λ =

λ <
                                                                      (4) 

where thλ  is the coefficient of thermal conductivity of thawed soil and effλ  is the coefficient of effective 

thermal conductivity of frozen soil. 

( ) ,f th
eff f w w

tot w
W W

W W λ
λ

λ −λ
λ = λ − −

−
                                                 (5) 

where fλ  is the coefficient of thermal conductivity of frozen soil, totW  is the total soil humidity, and wW λ  

is the humidity due to unfrozen water at determination temperature .fλ  

A change in the moisture content during soil freezing was taken into account in calculations 
depending on the soil type and its temperature, according to [28]. A decrease in the content of unfrozen 
moisture in the soil during its freezing depends on the type of soil. According to the degree of an increase 
in the proportion of unfrozen moisture in soils during freezing, the following sequence is observed: filled 
soil, sandy clay, clay loam, and clay (Fig. 3a). Peat should be singled out separately: usually it has higher 
moisture content and larger amount of unfrozen moisture at negative temperatures (Fig. 3b). 

 
a 

 
b 

Figure 3. A change in total soil moisture during freezing:  
a) 1 – filled soil, 2 – sandy clay, 3 – clay loam, 4 – clay; b) peat. 

The dependence of the amount of unfrozen water on soil temperature depends on the soil type and 
its temperature at onset of freezing .ofT  For soil temperatures ,ofT T>  a constant value of the amount 

of unfrozen water totW  was adopted. This value, like the freezing onset temperature ,ofT  was determined 

based on laboratory measurements for each soil type. For soil temperatures ,ofT T≤  the dependence of 

the amount of unfrozen water on temperature was determined in the software package as a calculation 
curve based on SP 25.13330.2025 and approximated as a function: 
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( ) ( ) ,wW T A B C T= + −                                                               (6) 

where ,A  B  and C  are the approximation parameters, T  is the soil temperature, °C. 

Thus, over the entire temperature range, the dependence of the amount of unfrozen water on the 
soil temperature was described by the expression: 

( ) ( )
,

.
,

tot of
w

of

W T T
W T

A B C T T T

≥
=

+ − ≤
                                                      (7) 

Solar radiation is one of the main factors influencing the soil temperature. Let us consider the 
radiation balance of the soil surface :R  

( )( )1 ,dir dif effR W W A l= + − −                                                           (8) 

where dirW  and difW  are the powers of direct and diffuse solar radiation reaching the soil surface, A  is 

the surface albedo, and effl  is the effective power of long-wave surface radiation [29]: 

( ) ( )2 3
.0 1 4 ;eff eff surl l c n T T T= − × + εσ −                                               (9) 

( )( )4 6
.0 0.39 0.058 133.32 6.973 10effl T e −= εσ − × ⋅  is the dependence of M.E. Berlyand,     (10) 

where .0effl  is the effective power of long-wave radiation of the surface without taking into account clouds, 

W/m2; ε  is the surface emissivity coefficient; σ  is the Stefan-Boltzmann constant; e  is the partial pressure 
of water vapor, Pa; n  is the cloud cover; and c  = 0.80 at 69 latitude. 

Let us determine the radiation balance of the Earth surface during the year in Norilsk using long-term 
observation data [30]. The data on distribution of the average power of total solar radiation falling on the 
surface (1), the surface albedo (2), and the average power of solar radiation absorbed by the surface taking 
into account its reflective properties (3) are shown in Fig. 4. According to the observations, the average 
monthly power of solar radiation in the summer in the conditions of Norilsk did not exceed 220 W/m2, and 
the power absorbed by the soil taking into account the surface albedo was less than 180 W/m2. 

The annual distribution of the effective long-wave radiation power of the surface under clear skies 

.0effI  taking into account the cloud cover according to data of [31] is shown in Fig. 5. In summer, the effect 

of the cloud cover has a smaller screening effect on long-wave cooling of the surface than in other periods 
of the year, and the effective long-wave radiation power of the surface exceeds 60 W/m2. 

 
Figure 4. Average power of total solar radiation: 1 – falling on the surface,  

3 – absorbed by the surface. 2 – albedo of the surface. 
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Figure 5. Average power of effective long-wave radiation of the surface: 1 – Ieff.0, 2 – Ieff. 
Let us determine the heat flux on the outer surface: 

,sur con evaQ R Q Q= + −                                                           (11) 

where conQ  is the convective heat flux over the surface, evaQ  is the heat flux from the soil surface 

associated with moisture evaporation, which can be approximately determined, ,evaQ mL=  where m  is 

the mass of precipitation per 1 m2 in the form of rain, and L  = 2.5×106 J/kg is the heat of water evaporation. 

The distribution of the average radiation balance during the year, as well as the radiation balance 
together with heat removal from the soil surface during moisture evaporation are shown in Fig. 6. According 
to the results presented, from May to August, the radiation balance is positive and leads to soil heating, 
and during the rest of the year, it is negative and causes soil cooling. 

 
Figure 6. Average values over the year: 1 – R, 2 – R – Qeva. 

 
Figure 7. Calculated correction to the average monthly air temperature. 

During calculations, the following heat flux was specified on the outer surface of the soil: 
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( ). . ,s sur s surQ k T T∗= −                                                           (12) 

where k  is the heat transfer coefficient taking into account a snow layer on the soil surface. 

( )1 1 ,con s sk d= α + λ                                                            (13) 

where conα  is the convective heat transfer coefficient taking into account the wind speed, sd  is the snow 

layer thickness [32], and sλ  is the thermal conductivity coefficient of snow, T ∗  is the effective air 
temperature taking into account the radiation balance and moisture evaporation from the soil surface: 

( ) .v v v eva conT T T T R Q∗ = + ∆ = + − α                                             (14) 

The resulting calculated correction to the average monthly air temperature vT∆  for the climatic 
conditions of Norilsk is shown in Fig. 7. In the summer months, when calculating soils, this correction 
increases the average monthly air temperature by up to 3 °C, and in the winter months, on the contrary, it 
decreases it by 1–2 °C. 

In calculations, a soil body with a thickness of 50 m was considered, and adiabatic conditions 
( )0Q =  were assumed on its lower surface, which is well confirmed by the results of the field 
measurements. 

To calculate the temperature change over the soil depth under different boundary conditions, the 
data on the soil composition and the thickness of soil layers were taken from the technical report on the 
results of engineering and geological surveys at the construction site of a multi-story residential building in 
Norilsk. A total of 10 boreholes were drilled at the construction site and soil samples were taken. The data 
from one of the boreholes with a description of soils, the depth and thickness of layers, and the distribution 
of soil temperature over the depth at the beginning of June 2023 are presented as an example in Fig. 8. 

 
Figure 8. Data for one of the boreholes. 

Based on the survey results, seven types of soils were identified. The soil temperature at a depth of 
14 m remained almost unchanged and was approximately –1.7 °C. The list of all soil types according to 
their location from the surface with indication of their thickness based on the results of averaging information 
from 10 boreholes is presented in Table 1. 
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Table 1. Types and average thickness of soil layers. 

Soil No. Description of soils Layer 
thickness, m 

1 Filled soil 1.49 
2 Peat, moderately decomposed 0.84 
   

3 Clay loam of layered cryogenic structure, frozen, non-saline 2.9 

4 Clay of layered cryogenic structure, frozen, non-saline, with inclusion of 
crushed stone 5.88 

5 Clay loam of layered cryogenic structure, frozen, with inclusion of crushed 
stone, non-saline 0.91 

6 Soil with crushed stones of layered cryogenic structure, frozen, non-saline with 
sandy loam filler 1.3 

7 Dolerite (basalt), slightly cracked, slightly weathered, medium strength below 
13.32 m 

 

Based on the results obtained in the specialized soil testing laboratory, the soil properties in the 
thawed and frozen state are summarized in Table 2, where . .d sρ  is the density of dry soil, fλ  and thλ  are 

the thermal conductivity coefficient of frozen and thawed soil, fc  and thc  are the volumetric heat capacity 

of frozen and thawed soil, W  is the soil moisture content, ofT  is the temperature at onset of freezing. 

Table 2. Soil properties. 
Soil 
No. ρd.s, kg/m3 λf, W/m2K λth, W/m2K 

сf,  
×10–6 J/kgK 

сth,  
×10–6 J/kgK 

W, % Tof, °С 

1 1800 1.88 1.76 2.32 3 17 0 
2 290 1.07 0.62 2.15 3.44 243 –0.2 
3 1450 1.63 1.47 2.23 3.07 21.6 –0.2 
4 1250 1.8 1.57 2.12 3.10 38.4 –0.25 
5 1550 1.66 1.50 2.29 3.12 26 –0.2 
6 1810 1.90 1.79 2.34 3.02 17.2 0 

 

The data on the types of soil layers, their average thickness and properties in the thawed and frozen 
state are used in further calculations to determine the temperature distribution over the depth of the soil 
under different boundary conditions on its surface. 

3. Results and Discussion 
At the initial stage, a change in the soil temperature under natural conditions in the annual cycle was 

calculated for the city of Norilsk. The boundary conditions on the outer surface of the soil were determined 
taking into account all the factors specified earlier for the climatic conditions of the city of Norilsk, given in 
Table 3. 

Table 3. Climatic Parameters. 

Month 
of the 
year 

Air 
temperature, 

ᵒC 

Wind 
speed, 

m/s 

Thickness 
of snow, 
×103, m 

Rainfall, 
×103, m 

Average total 
solar radiation 
power, W/m2 

Surface 
albedo 

Cloudine
ss 

1 –27.6 6 278 0 0.7 0.73 0.78 
2 –27.1 5.4 350 0 12.8 0.73 0.76 
3 –22.1 6 406 0 69.1 0.73 0.77 
4 –13.8 6.1 455 0 115 0.67 0.73 
5 –5.3 5.8 365 21.6 227 0.45 0.64 
6 6 5 0 57.8 212.2 0.16 0.58 
7 14 4.2 0 61.3 207 0.15 0.54 
8 10.4 4.1 0 60.4 140.4 0.17 0.63 
9 3.6 4.5 0 43 57.5 0.22 0.73 
10 –8.7 5.7 101 18.6 24.7 0.64 0.79 
11 –22.2 5.5 244 0 3 0.73 0.79 
12 –25.7 6.1 286 0 0 0.73 0.77 
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Calculations were carried out for a soil body 50 m thick. The types of soil layers and their thickness 
corresponded to Table 1, and the properties of soils in the thawed and frozen state corresponded to 
Table 2. The initial temperature distribution in the soil was assumed to be constant at –2 °C. The calculation 
began in mid-October and was performed for a period of 10 years; then, the temperature distribution across 
the soil thickness was compared with the initial value, and the next iteration of calculation was performed. 
The calculation was completed, and the regime of the soil temperature change was considered steady-
state at a maximum difference in temperature between the initial and final values of  
< 0.01 °C. On average, the calculation with reaching the steady-state regime covered a time period of about 
250 years. The flowchart of the calculation program is shown in Fig. 9. 

 
Figure 9. The flowchart of the calculation program. 

When reaching a steady-state regime of soil temperature change during the year, soil temperature 
profiles were determined for the middle of each month. The temperature distributions over the soil depth in 
February and July, obtained by calculations with average data of long-term measurements for these months 
in Norilsk, are compared in Fig. 10 [32]. To validate the calculation model quantitatively, the root mean 
square error (RMSE) between the calculated and average experimental temperatures in Fig. 10 was 
determined according to the relationship: 

2
exp

1 exp

1 ,
n calc

i

T T
RMSE

n T=

 −
=   

 
∑                                                 (15) 

where expT  is the measured temperature, calcT  is the calculated temperature, n  is the number of 

experimental points. 

The RMSE between the calculated temperatures and the long-term average experimental 
temperatures was 0.67 °C for February (Fig. 10a) and 1.68 °C for July (Fig. 10b). 

 
a 

 
b 

Figure 10. Comparison of temperature distribution under natural conditions:  
a) February, b) July; 1 – calculation, 2 – measurement data [32]. 
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The results of calculations of changes in distribution of soil temperature over the depth in different 
months of the year are shown in Fig. 11a. 

 
a 

 
b 

Figure 11. Distribution of soil temperature under natural conditions: a) by month: 1 – January,  
2 – March, 3 – May, 4 – July, 5 – September, 6 – November; b) September in detail. 

It is possible to distinguish the active soil layer, where the temperature changed during the year. If 
we conditionally take the soil layer, where the temperature change during the year is T∆  > 0.1 °C, as the 
active layer; then, according to calculations performed, the boundary of the active layer under natural 
conditions was at a depth of about 5 m. Below this depth, the soil temperature did not change during the 
year and it was –1.7 °C, which is in good agreement with the results of actual measurements in boreholes 
at the construction site of a multi-story residential building (see Fig. 8). 

The greatest depth of soil thawing (depth with soil temperature above 0 °C) under natural conditions, 
according to calculations, was observed in September, and it amounted to 1.25 m (Fig. 11b). 

The calculation complexes applied take into account the thermal effects associated with freezing and 
thawing of moisture contained in the soil, so it is of particular interest to clarify the influence of phase 
transitions on the temperature distribution in permafrost soils. For this purpose, temperature changes over 
the soil depth under natural conditions were calculated without taking into account phase transitions during 
freezing and thawing of moisture, which in practice corresponds to dry soils. 

The results of calculations without taking into account phase transitions are presented in Fig. 12. 

 
a 

 
b 

Figure 12. Distribution of temperature in the soil under natural conditions without phase 
transitions: a) by months: 1 – January, 2 – March, 3 – May, 4 – July, 5 – September,  

6 – November; b) September in detail. 
Under these calculation conditions, the depth of the active layer increased compared to Fig. 11a by 

more than twice up to 11 m, and the constant soil temperature at this depth of –6.8 °C decreased 
significantly. The greatest depth of soil thawing, as in the previous calculation, was observed in September, 
but it increased by 0.5 m and amounted to –1.8 m (Fig. 12b). 

Thus, the calculations showed that the moisture contained in the soil due to phase transitions during 
freezing and thawing of the soil has a screening effect, reducing the thickness of the active layer with soil 
temperature changes and the depth of soil thawing in the summer-autumn period, and prevents a general 
decrease in temperature in the deep soil layers. 

When constructing buildings on permafrost soils, the construction technology with the use of a 
ventilated basement seems to be very good in order to prevent soil thawing and maintain its bearing 
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capacity (Fig. 1). The change in distribution of soil temperature, when the upper boundary of soil is under 
the conditions of a ventilated basement of unlimited size, was calculated taking into account the climatic 
features of Norilsk. The initial temperature distribution in the soil was assumed to be constant at –2 °C. 

Unlike the previously considered case, when the soil was under natural conditions, the boundary 
condition on the outer surface of the soil was changed during the calculations: the absence of snow cover 
during the cold period of the year and changes in the radiation balance due to the shielding of direct solar 
radiation and effective long-wave radiation of the soil surface by the building were taken into account. 

The results of calculating the change in the distribution of soil temperature in the annual cycle under 
the conditions of a ventilated basement are presented in Fig. 13. 

 
Fig. 13. Temperature distribution in the soil during the year under conditions  

of a ventilated basement: 1 – January, 2 – February, 3 – March, 4 – April, 5 – May, 6 – June,  
7 – July, 8 – August, 9 – September, 10 – October, 11 – November, 12 – December. 

 
Figure 14. Comparison of the results of temperature distribution calculations in the soil  

in September: 1 – under natural conditions, 2 – under conditions of a ventilated basement. 
When analyzing the results, attention should be paid to two features of a change in the soil 

temperature distribution during the annual cycle. The first feature is a significant decrease in the soil 
temperature below the active layer to –10.1 °C compared to the temperature of –1.7 °C, obtained earlier 
for the soil under natural conditions (see Fig. 11a). The second feature is associated with an increase in 
the thickness of the active layer of the soil to 12 m compared to the thickness of the active layer of 5 m for 
the soil under natural conditions. However, despite an increase in the active layer thickness under 
conditions of a ventilated basement, taking into account the general cooling of the soil, the maximum depth 
of soil thawing in September even decreased compared to the depth of soil thawing under natural conditions 
and amounted to –1.1 m (Fig. 14). 

Thus, the absence of snow cover and direct solar radiation were the main factors that led to a 
decrease in the soil temperature under conditions of the ventilated basement of the building compared to 
the soil temperature under natural conditions and a decrease in the maximum depth of soil thawing in 
September. Therefore, when choosing the design of a ventilated basement, it is necessary to ensure that 
the soil surface in the ventilated basement is protected from solar radiation in the summer and is not covered 
with snow in the winter. Ventilated basement technology for the construction of multi-story buildings on 
permafrost soils has proven itself in practice and is becoming especially relevant in view of the observed 
global warming in northern regions. 

Let us consider the soil temperature under a residential building with a ventilated basement and an 
elevator located on reinforced concrete blocks installed directly on the ground. The plan of the 1st floor with 
the overall dimensions of the ventilated basement and the elevator is shown in Fig. 2. To calculate the soil 
temperature, a 50 m thick design section was selected. In the central area of its surface, there is a zone 
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with boundary conditions characteristic of a ventilated basement and a small section of the elevator 
(Fig. 15). 

 
Figure 15. Design section. 

In the calculations, it was assumed that the air temperature in the elevator during the heating season 
was 5 °C, and without heating, the air temperature there was equal to the air temperature outside. The 
surface area around the building in the figure, highlighted in yellow, corresponded to the soil surface under 
natural conditions; the length of this section from each side of the building was 15 m. Thus, on the outer 
surface of the soil, 3 sections with different boundary conditions were identified, while the distribution of soil 
temperature over the depth was determined at the center of each of these sections. The distribution of the 
initial soil temperature over the depth in calculations was taken as the temperature distribution obtained 
under natural conditions. 

The distribution of soil temperature in September under a ventilated basement, under an elevator 
and in a section of soil directly next to the building under natural conditions after 1 year, 5 years, 30 years, 
and 250 years (the time required to reach a steady state in the annual cycle) from the start of the calculation 
is presented in Fig. 16.  

 
a 

 
b 

 
c 

 
d 

Figure 16. Temperature change in the soil depth after: a) 1 year, b) 5 years, c) 30 years,  
d) 250 years; 1 – under a ventilated basement, 2 – under an elevator, 3 – near a building. 
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According to the calculations, after 5 years, the lowest soil temperature was obtained under the 
ventilated basement, slightly higher temperature was obtained under the elevator, and the highest 
temperature was obtained near the building. The soil temperatures under all the considered areas 
converged gradually with increasing soil depth and reached a constant value. The soil temperature at a 
depth of 50 m after 5 years did not change and was equal to –1.7 °C, which corresponded to the 
temperature below the active layer for soil under natural conditions (Fig. 16a). After 30 years, a noticeable 
decrease in temperature was observed throughout the entire depth of the calculated area (Fig. 16c), and 
after 250 years, the temperature stabilized at a depth of 50 m with a soil temperature of –3.7 °C (Fig. 16d). 

To determine the maximum depth of soil thawing, let us consider the temperature distribution in the 
surface layers of the soil in September with an established annual cycle of soil temperature change 
(Fig. 17). 

 
Fig. 17. Determination of the maximum depth of soil thawing: 1 – under a ventilated basement,  

2 – under an elevator, 3 – near a building. 
The calculation results show that the depth of soil thawing near the building was –1.25 m, under the 

ventilated basement, it was –1.1 m, and the smallest depth of soil thawing was obtained under the elevator: 
it was –0.6 m, which is associated, on the one hand, with good insulation of the elevator floor, and, on the 
other hand, with inertial thermal processes occurring in the soil. 

Thus, the calculations performed showed that in multi-story buildings with ventilated basements, 
constructed in regions with permafrost soils, individual structural elements can be located directly on the 
ground surface. This will not cause additional soil thawing underneath them; however, in each specific case 
this should be confirmed by special calculations. When calculating, it is necessary to consider the thermal 
conditions in the rooms above the structural elements located on the ground, the ratio of the areas of the 
ventilated basement to the foundation of the structure, and additional insulation from the ground surface. It 
should be noted that the optimal location for such structures is the central zone of the ventilated basement. 

4. Conclusions 
The performed calculations of changes in soil temperature during the annual cycle in the climatic 

conditions of Norilsk using data on the types and thicknesses of soil layers obtained from boreholes, as 
well as on the basis of the characteristics of soil samples in thawed and frozen states, allowed us to draw 
the following conclusions: 

1. The radiation balance for Norilsk conditions from May to August is positive and leads to soil heating, 
and for the rest of the year, it is negative and leads to its cooling. The radiation balance and 
evaporation of moisture from the soil surface, when calculating its temperature, can be taken into 
account through a correction to the average monthly air temperature. In the summer months, this 
correction increases the average monthly air temperature to 3 °C, and in the winter months, on the 
contrary, it decreases the air temperature by 1–2 °C. 

2. In the natural climatic conditions of Norilsk, the greatest thawing of the soil is observed in 
September, and the maximum depth of soil thawing is –1.25 m. 

3. A decrease in the moisture content of the surface layers of soil is shown by a decrease in the 
influence of phase transitions on the thermal-inertial properties of the soil, which leads to an 
increase in the thickness of the active soil layer, where annual temperature fluctuations occur, to 
an increase in the depth of soil thawing in the summer-autumn period, and to a decrease in soil 
temperature below the active layer. 

4. The absence of snow cover and direct solar radiation are factors that lead to a significant decrease 
in the temperature of soil under the ventilated basement of a multi-story residential building 
compared to natural conditions and a decrease in the maximum thawing depth in September to  
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–1.1 m. When selecting a ventilated basement design, it is important to ensure that the soil surface 
within the ventilated basement is protected from solar radiation in the summer and is not covered 
by snow in the winter. 

5. For multi-story buildings with ventilated basements, individual structural elements, when insulating 
them, can be placed directly on the ground surface, without additional thawing of the soil 
underneath them. However, in this case, the absence of additional soil thawing must be confirmed 
by a thermal engineering calculation taking into account the thermal conditions in the rooms above 
the structural elements, the area ratio of the ventilated basement to the structure foundation, and 
their additional insulation from the ground surface. It should be noted that the optimal location for 
such structures is the central zone of the ventilated basement. 
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Abstract. White cement mortar suffers from the appearance of cracks when it is used in the facades of 
buildings, and these cracks affect its durability and shelf life. Therefore, three additives were suggested to 
be used with white cement mortar to reduce shrinkage, taking into consideration that they do not negatively 
affect other cement properties. A type of water-soluble polymer, Polyvinylpyrrolidone (PVP), as well as two 
types of steel fibers (hooked fibers and straight fibers) and they were all used in proportions 0 %, 1 %, 2 %, 
and 3 % of the weight of cement. A set of physical and mechanical tests were carried out in addition to dry 
shrinkage test such as setting time, compressive strength, flexural strength, and water absorption. It was 
found through these tests that all the additives reduced the dry shrinkage and the best results were obtained 
when using steel fibers with hooked ends by 3 % where the dry shrinkage was decreased by 75 %. The 
same type of fiber gave the highest flexural strength, with an increase of 16 % by using the same ratio. As 
for the use of 1 % straight steel fibers, it achieved the highest value in the compressive strength test, with 
an increase of 5 %. As for PVP, it reduced the water absorption by 6 % when it was used by 3 %. 
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using additives. Magazine of Civil Engineering. 2025. 18(8). Article no. 14010. DOI: 10.34910/MCE.140.10 

1. Introduction 
Although its manufacturing cost is higher than ordinary Portland cement (OPC), however, white 

Portland cement (WPC) is widely used for aesthetic and decorative purposes, whether it is used as white 
cement alone or colored materials (pigments) are added. The energy saving factor is one of the most 
important factors encouraging the use of WPC in surface finishes because it is reflective of the sun's rays, 
as it provides light as well as reduces the heat entering the buildings. WPC has similar properties to ordinary 
cement, except for the color and the proportion of some compounds such as manganese and iron [1]. The 
uses of WPC in the construction of buildings are limited, and the main reason for that is because suffers 
from shrinkage at an early age and thus the causes formation of cracks [2]. Several studies have been 
published on WPC and the additives used for the purpose of improving some of its properties, including 
Carbone et al., who discussed the effect of a styrene-acrylic emulsion and ethylene-vinyl acetate on the 
properties of WPC mortar [3]. Cherop et al. added non-ionic cellulose ethers to WPC and studied their 
effect on it [4]. Shahi et al. assessed the impact of incorporating TiO2 nanoparticles into white cement on 
the strength of their push-out bonds [5]. Dantas et al. investigated the impact of TiO2 on the setting time of 
white cement [6]. Alshoaibi et al. enhanced the self-cleaning capacity of white cement by incorporating 
nanopowders, including silver, zinc oxide, and titanium oxide [7]. Chen et al. enhanced the creep and 
viscosity properties of cement by incorporating polypropylene and polyvinyl alcohol into 3D-printed 
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structures [8]. Abdelzaher et al. recycled plastic waste and utilized it as an infill in white cement applications, 
thereby resolving the issue of plastic waste without impairing the properties of white cement [9]. 

As for the cement mortar without additives, it is prone to crack formation, and thus deformations 
occur due to shrinkage or other reasons related to the change in size where the addition of fibers can help 
reduce or control cracks [10, 11]. 

As mentioned earlier, the most prominent uses of WPC mortar are in surface finishes, especially 
considering that these finishes can have wide areas and dimensions and there are no breaks between 
them. Therefore, cracks are among the most important problems affecting the durability of WPC mortar. 

Hence the aim of this study is to improve the durability of WPC mortar and controlling cracks by 
reducing shrinkage, which is the main cause of cracks when using white cement in large dimensions. 
through using three additives (Polyvinylpyrrolidone (PVP), hooked steel fibers, and straight steel fibers) and 
then studying the effect of the additives on the other properties of mortar in order to ensure that the additives 
have no negative effects and it is worth noting that the effect of any of the additives used in this research 
on the durability of white cement have been not studied previously. 

2. Materials and Experimental work 
2.1. Materials 

2.1.1. White Portland cement 
The physical test and chemical analysis of the white cement used in this research were carried out, 

and it was found to be in conformity with the conditions of Iraqi Standard No. 5 of 2021 [12]. It is worth 
noting that the white cement used in this research was manufactured by the Iranian Urmia Company. 

2.1.2. Fine aggregate 
When making cement mortar, standard sand must be used, standard sand was obtained after sieving 

and purification stages for sand found in Al-Akhaidar area – Karbala (Iraq), so standard sand compatible 
with ASTM-C778 [13] requirements was used. The gradation of standard aggregates is shown in Table 1. 

Table 1. Sieve analysis of standard aggregate 
Sieve size Passing % 
1.18 mm 100 
0.600 mm 98.6 
0.425 mm 74.1 
0.300 mm 24.3 
0.150 mm 0.12 

2.1.3. Polyvinylpyrrolidone 
PVP is a water-soluble polymer derived from N-vinylpyrrolidone as the monomer and was provided 

by the CDH Company (India) in powder form, as shown in Fig. 1, and it is characterized by solubility in 
water. The PVP characteristics obtained from the manufacturer are shown in Table 2. 

 
Figure 1. PVP polymer. 
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Table 2. Properties of PVP. 
Properties Value 

Melting point 150 °C 
Color White 

pH 4–7 
Chemical formula (C6H9NO)n 

2.1.4. Steel fibers 
Two types of steel fibers were used in this research, and both types were supplied by the Turkish 

Atlas Company, one type was hooked ends and the other type was straight, and their properties are shown 
in Table 3 and their image is included in Fig. 2. 

Table 3. Characterizes of steel fibers. 
Properties Straight steel fiber Hooked steel fiber 

Shape Straight Hooked End  
Aspect ratio (l/d) 75 50 
Tensile strength 2850 MPa 1100 MPa 

Diameter  0.2 mm 0.7 mm 
Length  15 mm 35 mm 

Appearance Gold Grey 
Density 7840 kg/m3 7800 kg/m3 

 

 
Figure 2. Types of steel fiber: (A) straight and (B) with hooked ends. 

2.1.4. Water 
For the purpose of completing the hydration reaction with cement, distilled water was used to give 

ideal reaction conditions away from the effects of impurities. 

2.2. Mixture Coding 
The code for each mixture is shown in Table 4. 

Table 4. Code of each mixture 
Mix. Type of admixture  Weight ratio of cement 
RM – – 
PM1 PVP 1 % 
PM2 PVP 2 % 
PM3 PVP  3 % 
HM1 Hooked steel fiber 1 % 
HM2 Hooked steel fiber 2 % 
HM3 Hooked steel fiber 3 % 
SM1 Straight steel fiber 1 % 
SM2 Straight steel fiber 2 % 
SM3 Straight steel fiber 3 % 

2.3. Curing 
Curing conditions differ from one test to another. For example, the fresh state tests were done directly 

and did not need any curing. As for the hardened state tests, they were also variable. For example, the dry 
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shrinkage test required the sample to be placed in water for two days (after being placed in the mold for 24 
hours) and then placed in an open air area at a temperature room for 25 days. As for the other tests, which 
are compressive strength, flexural strength, and water absorption, they have similar curing conditions, as 
they were immersed in water for a period of 27 days (after being placed in the mold for 24 hours). 

2.4. Tests 
2.4.1. Setting time 

A standard Vicat apparatus (its image is in Fig. 3) was used to determine the amount of water needed 
to determine the consistency required to perform a setting time test, which was carried out in accordance 
with ASTM-C191 [14] when mixing cement with the additives used in this study. This test was performed 
by preparing the cement paste (without or with additives) and mixed with water determined by the 
consistency test then the dough was placed into the mold, the initial setting time was done by using the 
needle placed at the point where it contacts the surface of the test mass and allowing it to penetrate the 
test specimen due to its weight. This process was repeated to the point where the needle penetrates the 
cement paste to 5 ± 0.50 mm from the bottom of the mold. The initial setting time is calculated from the 
moment that the water is added to the cement until the time the needle penetrates to a distance of 5 ± 
± 0.50 mm from the bottom. While the final setting time was determined using a needle that has a 5 mm 
diameter circle at its tip. If the needle reaches the surface of the die, it will leave a mark without penetration. 

 
Figure 3. Vicat apparatus. 

2.4.2. Dry shrinkage test 
This test was performed in accordance with ASTM-C596 [15] where a cement to sand ratio 1 : 2 was 

used. Before placing the mortar into the molds for shrinkage test, a test shall be performed for each mortar 
to determine the amount of water that each sample needs in order to obtain a flow of 110 % (as shown in 
Fig. 4). The test molds had dimensions of 25 × 25 × 285 mm. The test was carried out by measuring the 
difference in the length of the prisms of the mortar before drying (after 3 days of pouring) and after drying 
(after 28 days of pouring). This test shows the possibility of cracking in the mortar because shrinkage is 
one of the main causes of cracks. The dry shrinkage test inspection machine is shown in Fig. 5. 

 
Figure 4. Flow table test. 
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Figure 5. Dry shrinkage test. 

2.4.3. Compressive strength test 
The compressive strength test was determined according to ASTM-C150 [16] using cubes measuring 

50 × 50 × 50 mm and averaging the compressive strength of three samples for each mix. The specimens 
were tested at loading rate of 1200 N/sec. The mixing ratio of cement : sand:  water was 1 : 2.75 : 0.485, 
respectively, based on the requirements of the ASTM-C150 [11]. The cubes were tested 28 days after 
pouring the samples by a hydraulic machine with a capacity of 250 kN. Fig. 6 shows a sample during the 
test. 

 
Figure 6. Compressive strength test. 

2.4.4. Flexural strength 
This test was performed with a 40 × 40 × 160 mm prism prepared in accordance with ASTM-C348 

[17]. The mixing ratio of cement : sand : water was 1 : 2.75 : 0.485, respectively. Flexural strength was 
calculated by means of a three-point loading test for samples of all mortar mixtures with an age of 28 days, 
and the results were calculated for an average of 3 samples. A testing machine with a capacity of 250 kN 
was used to test the samples. Fig. 7 shows a sample during the test. 

 
Figure 7. Flexural strength test. 

2.4.5. Water absorption 
Tests were carried out for samples with an age of 28 days using two cubic samples for each mix of 

mortar, and a water absorption test was performed depending on BS 1881-122 [18]. 
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3. Results and Discussion 
3.1. Setting Time 

The results of the setting time test were listed in Table 5 and Fig. 8. It can be understood from Table 5 
that increasing the use of the percentage of PVP as a weight ratio from the weight of cement leads to an 
increase in the initial and final setting times where when adding 3 % of PVP, the initial setting time was 
increased by 80 % and the final setting time was increased by 64 %. This is due to the emergence of a 
polymeric film that is formed by PVP in the mortar and encapsulates the cement particles and hinders the 
cement particles from interacting with water, thus slowing the hydration of the cement [19]. It was also found 
that the steel fibers had no significant effect on the setting time, as it increased by a few minutes when the 
content of steel fibers increased in the cement because the surface of the steel fibers was smooth and free 
from roughness, so no agglomeration was observed during mixing [20]. 

Table 5. Initial and final setting time 

Mixtures 
Setting time 

Initial (min.) Final (min.) 
RM 100 165 
PM1 120 220 
PM2 155 245 
PM3 180 270 
HM1 105 175 
HM2 110 190 
HM3 120 200 
SM1 110 185 
SM2 125 205 
SM3 150 235 

 

 
Figure 8. Setting time results. 

3.2. Dry Shrinkage 
The results of the dry shrinkage test were listed in Table 6 and Fig. 9. In Table 6, it was observed 

that the shrinkage decreases with increasing the content of PVP in the cement, as the shrinkage values 
were decreased by 50 % when adding 3 % because PVP is considered effective in reducing dry shrinkage 
in mortar due to its high ability to reduce the surface tension of the medium [21]. It can also be observed 
that as the amount of fiber increases as a percentage of the weight of cement, the shrinkage values 
decrease due to the fact that steel fibers hinder crack growth, this is because steel fibers have high ductility 
with a strong crack control effect as the dry shrinkage leads to a reduction in starting the crack [22]. It can 
also be noted that the fibers with hooked ends have a higher capacity than the straight fibers because of 
their role in creating stronger interlocked particles, as the hooked fibers caused a shrinkage reduction of 
75 %, while the straight fibers reduced shrinkage by 63 %. Since the fiber is a non-pozzolan material, when 
added, it reduces the heat given off by the cement because the cement content is reduced in the slurry, 
and the reaction is slowed slightly because it provides insulation between the particles. 
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Table 6. Results of dry shrinkage test. 

Mixtures Dry shrinkage (%) 
RM 0.008 
PM1 0.007 
PM2 0.005 
PM3 0.004 
HM1 0.005 
HM2 0.003 
HM3 0.002 
SM1 0.006 
SM2 0.004 
SM3 0.003 

 

 
Figure 9. Dry shrinkage results. 

3.3. Compressive Strength 
The results of compressive strength test were listed in Table 7 and Fig. 10. From Table 7, it was 

noted that adding PVP in cement, it causes a slight increase in compressive strength and then decreases 
because the addition of PVP has a positive effect, in addition to being a water-soluble binder, it also reduces 
the gaps (pores) in the cement mortar [23]. As for the negative effects of compressive strength, if the PVP 
content is too high, the polymer film that surrounds the cement particles will prevent both the reaction and 
hydration processes between the cement particles and water, which leads to a decrease in the values of 
the compressive strength [14]. It was also observed that steel fibers increase the compressive strength, as 
the compressive strength was increased by 5 % when adding straight steel fibers by 1 %, and it is known 
that steel fibers work to withstand stresses and increase ductility [24], but increasing the percentage of steel 
fibers leads to a decrease in the amount of binder and thus reduce compressive strength. It was also noted 
that the straight fibers caused a higher increase than the hooked fibers due to having a higher aspect ratio. 

Table 7. Result of compressive strength test. 

Mixtures Compressive strength (MPa) 
RM 26.3 
PM1 26.5 
PM2 26.8 
PM3 26.4 
HM1 26.7 
HM2 26.5 
HM3 26.3 
SM1 27.5 
SM2 27.4 
SM3 26.9 
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Figure 10. Compressive strength results. 

3.4. Flexural Strength 
The results of flexural strength test were listed in Table 8 and Fig. 11. It has been observed from 

Table 8 that by adding PVP as a percentage in cement, the flexural strength increases slightly, as it 
increases by 3 % when added by 1 %, then it decreases with increasing the addition. Where the decrease 
in flexural strength is attributed to the slowdown in the hydration rate of cement and this effect was 
mentioned previously, and the reason for the slight increase is due to the fact that PVP has a strong tensile 
strength compared to cement [14]. One of the important things in the following table is the increase obtained 
by using steel fibers with hooked ends where the flexural strength increased by 14 % when using 3 % of 
fibers. It is also known that steel fibers hinder crack growth and increase ductility and thus improve tensile 
properties. It is also noted that fibers with ends hooked fibers had better results than straight fibers, and 
this is because the fibers with hooked ends play a role similar to the anchor, which gives higher strength 
[25]. It was possible to obtain a higher increase in the value of flexural strength and it not caused by the 
decrease in the binder in the mortar. 

Table 8. Results of flexural strength. 

Mixtures Flexural strength (MPa) 
RM 6.3 
PM1 6.5 
PM2 6.3 
PM3 6.3 
HM1 6.8 
HM2 7.1 
HM3 7.2 
SM1 6.4 
SM2 6.7 
SM3 6.9 

 

 
Figure 11. Flexural strength results. 

3.5. Water Absorption 
The results of the water absorption test were listed in Table 9 and Fig. 12. It has been observed from 

Table 9 that the value of absorption decreases when adding the polymer PVP, as the absorption decreases 
by 6 % when adding 3 % of the polymer, due to the role that the polymer plays in filling the mortar voids 
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and thus reducing absorption [19]. It was also noted that the use of steel fibers caused a slight increase in 
absorption, and it reached the largest increase by 2.6 % when using straight fibers by 3 %, which is naturally 
not a significant increase, and we build our interpretation of this behavior as it was said by previous 
researchers “This is likely due to the emergence of an interfacial transition zone at the periphery of the 
fibers” [20]. 

Table 9. Result of water absorption. 

Mixtures Water absorption (%) 
RM 3.85 
PM1 3.77 
PM2 3.71 
PM3 3.60 
HM1 3.86 
HM2 3.89 
HM3 3.91 
SM1 3.90 
SM2 3.92 
SM3 3.95 

 

 
Figure 12. Water absorption results. 

4. Conclusion 
Based on all the tests that were conducted in this research, it was proved that all the used additives 

reduce shrinkage and increase the durability of the white mortar and do not have any negative effects on 
other properties if they are used in reasonable and acceptable proportions. Also, the following conclusion 
points can be drawn: 

1. The initial setting time of the white cement was increased by 80 % and the final setting time was 
increased by 64 % for PVP fiber. In contrast, the steel fiber had no effect on the sitting time of the 
white cement according to the test results of this study, therefore, in cases where longer setting 
time is required, PVP should be used. 

2. In terms of drying shrinkage reduction in white cement mixtures, the steel fibers with hooked ends 
showed approximately 75 % reduction, which was achieved by 3 % of hooked steel fiber content. 
Based on the results of this test, it is recommended to use hooked steel fibers in applications where 
white cement is used in large parts. 

3. In general, the experimental results showed that the compressive strength of the white cement 
mixture was slightly improved by the addition of all types of fiber (PVP, straight steel, and hooked 
steel). The most important thing is that there is no negative effect when using any type of additives. 

4. The flexural strength of the white cement containing 3 % of hooked steel fiber showed the highest 
increase by nearly 14 % compared to the flexural strength of the white cement mixture without any 
addition, this improvement gives it an advantage when using white cement in applications that are 
subject to tension. 

5. Based on the test results of the water absorption for all the white cement mixtures, the using of 3 % 
of PVP fiber showed a 6 % water absorption reduction, which was the best results among other 
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addition of fiber in this study, even if the improvement is not major, it may help to keep the buildings' 
durability intact. 
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