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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: 
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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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