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Abstract: The paper presents the results of an experimental study of the characteristics of high-strength self-
compacting heavyweight and lightweight concretes of strength classes B60–B100 at different ambient relative 
humidity levels. The aim of the study was to evaluate the effect of environmental humidity on strength, elastic 
modulus, shrinkage and creep strains, creep compliance, and creep coefficient of high-strength self-compacting 
modified concretes. The tests were carried out in accordance with GOST 24452 and GOST 24544 in climatic 
chambers at relative air humidity levels of 20, 60, and 90% for 240 days. A formula for the numerical determination 
of the creep coefficient is proposed and recommended for inclusion in GOST 24544. It was found that a decrease 
in ambient relative humidity may lead to an increase in creep strains by more than 1.7 times. It is shown that the 
calculation procedure specified in GOST 24544 may, in some cases, overestimate ultimate creep strains, with the 
overestimation becoming more pronounced as the concrete strength class increases and the ambient humidity de-
creases. The creep coefficient values of high-strength heavyweight and lightweight concretes do not exceed 1 and 
are more than two times lower than the standard values specified in SP 63.13330.2018 and EN 12390. The obtained 
results demonstrate that experimental determination of creep coefficients can significantly improve the efficiency 
of using modern modified concretes in the construction of unique buildings and structures. 
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INTRODUCTION 
 
High-strength concretes based on highly fluid and 
self-compacting concrete mixes are currently 
widely used in civil, industrial, and transportation 
construction, both in reinforced concrete and steel-
reinforced concrete structures [1–3]. However, 
while the influence of various technological factors 
on the structure, strength, and corrosion character-
istics of these concretes has been sufficiently stud-
ied [4–7], the influence of service conditions—pri-
marily relative humidity—on long-term defor-
mation characteristics still requires further investi-
gation [8–10].  
The consideration of the long-term deformation 
characteristics of concrete in the design of rein-
forced concrete structures according to SP 63. 
13330.2018 is achieved by reducing the initial 
modulus of elasticity of concrete according to 
Equation (1) using a creep coefficient that de-
pends on the concrete’s compressive strength 
class and the relative humidity of the ambient air.  
 

Eb, =
Eb

1+ b,cr

(1) 

 
where: 
 Eb is the modulus of elasticity of concrete, MPa 
 Eb,  is the effective deformation modulus of con-
crete under long-term loading, MPa; 
 b,cr is the creep coefficient  
The creep coefficient b,cr is a parameter that re-
flects the ratio of ultimate plastic strains to elastic 

strains. It should be noted that no regulatory doc-
ument in the Russian Federation contains a for-
mula that expresses the physical meaning of the 
creep coefficient ( b,cr). However, in [11], it is de-
rived by substituting the ratios of stresses to 
strains (2) for the initial modulus of elasticity and 
the modulus of deformation under sustained load-
ing, provided that the concrete specimens are sub-
jected to the same loading level during testing in 
accordance with GOST 24452 and GOST 24544. 
 

Eb= ,     Eb, =
+

,   (2) 
 
where: 

 is the stress in a concrete specimen during 
short-term tests for elastic modulus and long-
term tests for concrete creep, MPa; 

  is the elastic component of strains when load-
ing a concrete specimen to a constant stress  in 
accordance with GOST 24452, when setting it up 
for long-term tests to determine concrete creep; 

 - ultimate creep strains of concrete obtained 
under long-term stresses  in the specimen ac-
cording to GOST 24544. 
Then, the formula for determining the creep co-
efficient is expressed as in (3), confirming its 
physical meaning, which lies in the ratio of the 
ultimate creep strains to the elastic strains of the 
concrete.  
 

b,cr= , (3) 
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The method for determining the ultimate creep 
strains of concrete is specified in GOST 24544 and 
is based on probabilistic prediction of the behavior  
of the decay curve of creep obtained from tests last-
ing 180 days, assuming an infinitely long time. For 
this purpose, this function is linearized from the –
t coordinates to the t/ –t coordinates. After con-
structing a regression line in these coordinates, the 
ultimate value of the creep strains is determined as 
the cotangent of the angle of inclination of this line 
to the x-axis (t). This method of extrapolating de-
formation curves over time is not new. It was ac-
tively used by O. Ya. Berg [8] in the 1970s, but was 
first proposed as early as the 1950s [12]. This ap-
proach first appeared in GOST 24544 in 1981, as at 
that time it yielded satisfactory results that, on the 
whole, did not contradict physical concepts regard-
ing the nature of concrete creep. It has remained 
unchanged since then. However, the values of the 
ultimate creep strains of modified high-strength 
concretes obtained using this approach do not al-
ways correspond to experimental data for longer 
test durations, as will be shown below. 
Consider the evolution of the creep coefficient 
values for concrete, including high-strength con-
crete, in the regulatory documents of the USSR 
and Russia.  
In 2002–2003, at the A.A. Gvozdev Research Insti-
tute of Civil Engineering Structures, A.S. Zalesov, 
V.A. Klevtsov, and V.V. Shugaev conducted a re-
view of foreign literature, based on which the creep 
coefficient b,cr for high-strength concrete of class 
B60 was adopted at the following relative humidity 
levels: over 75%—1.0, at 40–75% – 1.4, and at less 
than 40% – 2.0. These values were included in the 
subsequently published SP 52-01-2003 for B60-
class concrete. As a precaution, the authors recom-
mended extending these values to higher concrete 
classes up to B100 [13]. 
As the Russian construction industry was already 
producing high-strength concretes of classes B60–
B100 in the early 2000s, and these were in demand 
for the construction of reinforced concrete struc-
tures for unique buildings, and there were no large-
scale experimental studies of the long-term defor-
mation characteristics of such concretes, based on 
the above review, the creep coefficient values for 

B60 concrete were extended in SP 63.13330.2012 
to high-strength concretes of classes B70–B100. 
Since then, the creep coefficients bcr for high-
strength concretes of classes B60 to B100, as spec-
ified in the currently valid standard SP 
63.13330.2018, have remained unchanged. 
Over the past 20 years, Russian researchers have 
published data on the long-term deformation char-
acteristics of high-strength heavy concretes of clas-
ses up to B80 [9, 10, 13], which are not fully re-
flected in regulatory documents. However, that the 
standards of the European Committee on Concrete, 
as well as the regulatory documents of Norway, 
Finland, the Netherlands, and Sweden already con-
tained extensive information on heavy-duty con-
crete of classes B90–B100; German standards al-
ready included information on concrete up to class 
B115; and the Model Code 2010 already included 
characteristics for concrete up to class B120. 
The importance of differentiating the creep coeffi-
cient has already been noted by many experts [14, 
15], since the constant values of creep coefficients 
adopted in current codes which are overestimated 
for classes B70–B100 on the one hand, assume an 
insufficiently justified increased deformability of 
building frame elements. To compensate for this, an 
increase in the cross-sections of the elements is re-
quired. On the other hand, the actual redistribution 
of forces changes in rigid joints, which will already 
lead to a distortion of the calculation results relative 
to the actual stress-strain state (SSS) of the building. 
As high-strength, self-compacting lightweight 
structural concretes of classes B60–B70 with an 
average density grade of D1800–D2000 were de-
veloped in Russia in 2023 [4, 16, 17, 18], evalu-
ating the deformation characteristics of such con-
cretes in comparison with those of heavy con-
cretes will provide a more complete view of the 
behavior of high-strength modified concretes un-
der long-term loading.  
This is relevant because, as noted in publications [18–
21], concretes of equal strength may differ signifi-
cantly in their deformation characteristics (modulus 
of elasticity, ultimate strains, shrinkage and creep 
strains, etc.) depending on technological factors. At 
the same time, it should be admitted that publications 
containing data on the influence of ambient relative 
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humidity on the long-term characteristics of high-
strength concretes are few in number [22]. 
Therefore, the objective of this study was to conduct 
comparative long-term tests in accordance with 
GOST 24452 and GOST 24544 on high-strength, 
self-compacting modified heavy and lightweight 
concretes of classes B60–B100, determining their 
strength, initial modulus of elasticity, shrinkage and 
creep deformations, as well as the creep coefficient, 
using various methods for calculating ultimate creep 
deformations at different relative ambient humidity 
levels (20, 60, and 90% in accordance with the clas-
sification in SP 63.13330.2018). 
 
 
2. MATERIALS AND TEST METHODS 
 
To produce high-strength self-compacting con-
crete, materials (Portland cement, organomineral 
modifier, microfiller, aggregates) were used that 
are mass-produced in the Russian Federation and 
are employed in the production of concrete mixes 
for various construction projects, including: 
- Portland cement CEM I 42.5 ZHI, compliant 
with the requirements of GOST R 55224;  
- MB10-50S A-II-2 organomineral concrete 
modifier, comprising microsilica (45%), fly ash 
(45%), and superplasticizer (10%), complying 
with the requirements of GOST R 56178; 
- Microfiller – non-activated mineral powder 
(ground limestone) grade MP-1, 0–1.25 mm frac-
tion, complying with the requirements of GOST 
R 52129 and GOST R 56592; 

- Class I quartz sand with a particle size modulus 
of Mkr = 2.42, meeting the requirements of GOST 
8736; 
- Granite crushed stone, 5–10 mm fraction, meet-
ing the requirements of GOST 8267;  
- expanded clay gravel, 5–10 mm fraction, bulk 
density grade M500, strength grade P125, aver-
age density 910 kg/m³, complying with the re-
quirements of GOST 32496; 
- water, complying with the requirements of 
GOST 23732. 
Under laboratory conditions, self-compacting con-
crete mixtures were prepared from the above mate-
rials, including three heavy concrete mixes of clas-
ses B70, B80, and B100, and one lightweight con-
crete mix of class B60, with a cement content of 349 
–495 kg/m³, with the addition of the organomineral 
modifier MB10-50S in an amount ranging from 14 
to 26% of the cement mass and a water-to-cement 
ratio (W/(C+MB)) ranging from 0.23 to 0.39.  
It is worth noting that B60 lightweight concrete 
has approximately the same composition and 
volume of cement paste as B100 heavy concrete, 
and the reduction in average density is achieved 
by replacing 0.254 m³ of heavy granite crushed 
stone with a density of 2,700 kg/m³ with light-
weight expanded clay gravel with an average 
density of 910 kg/m³ [23]. At the same time, the 
true water-cement ratio will also be approxi-
mately the same, due to the higher water demand 
of porous expanded clay gravel, whose water ab-
sorption is 14.5% by mass.     
The compositions and properties of self-compact-
ing concrete mixtures are presented in Table 1. 

 
Table 1. Compositions and Properties of Self-Compacting Concrete Mixes 

Compo
sition 
No. 

Compositions and Properties of Self-Compacting Con-
crete Mixes, kg/m3 

Properties of Self-Compacting Concrete 
Mixes 

C B P S CS GEC W SF, cm kg/m3 
Vcs, m3/m3 W/(C B) 

1 349 50 150 818 868 - 155 63 2390 0.351 0.39 

2 444 99 0 809 808 - 146 60 2405 0.334 0.27 

3 497 129 0 745 914 - 144 62 2430 0.363 0.23 

4 495 105 0 743 229 218 160 57 1950 0.355 0.27 
Notes: C – Portland cement; MB – organo-mineral modifier; MP – microfiller; S – sand; CS – granite crushed 
stone; GEC – expanded clay gravel; W – water; SF – standard cone slump;  – average density of the concrete 
mix; Vcs – volume of cement paste; W/(C+MB) – water-cement ratio.  
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The mixtures were prepared in a 0.050 m³ forced-
action mixer and mixed for 5 minutes.  
The test results for the mixtures showed (Table 1) 
that the average density of the heavy concrete 
mixtures falls within a narrow range of 2390–
2430 kg/m³ and meets the requirements of GOST 
26633 (2000–2600 kg/m³), while the average 
density of the lightweight concrete mixture is 
1950 kg/m³ and meets the requirements of GOST 
25820 (no more than 2000 kg/m³).  
The slump of all mixtures, determined by the 
spread of a standard cone according to GOST R 
59715, ranges from 57 to 63 cm. This allows 
them to be classified as self-compacting, taking 
into account the absence of signs of bleeding and 
segregation of the mixtures, in accordance with 
GOST R 59714. 
Specimens were cast from the prepared concrete 
mixtures and stored under standard conditions (at 
a temperature of 20±2 °C and relative humidity 
of 95±5%): 
- 12 cubes measuring 100×100×100 mm for de-
termining average density and cube compressive 
strength in accordance with GOST 27005, GOST 
10180, and GOST 31914; 
- 21 prisms measuring 100×100×400 mm for de-
termining prismatic compressive strength and 
modulus of elasticity in accordance with GOST 
24452, as well as shrinkage and creep defor-
mations in accordance with GOST 24544. 
To better align the results of long-term tests with 
the actual performance of structures using vari-
ous concrete classes and the design age typically 
specified for them in the working documentation, 
the specimens were tested at ages ranging from 
28 to 90 days. 
The modulus of elasticity was determined at a 
load level of 30% of the prismatic strength (Rb). 
The prisms were loaded in increments of 0.1Rb, 
with a 5-minute dwell time at each increment. 
Tests of the specimens for shrinkage and creep 
were conducted in standard spring-loaded test 
rigs for one and two specimens in automated cli-
matic chambers at a constant temperature of 
20±2 °C, but with different relative humidity lev-
els of 20, 60, and 90% (±5%) over a period of 

240 days [11]. During long-term testing, the de-
formation readings of the samples were deter-
mined using a portable deformometer, the oper-
ating principle of which is described in [25]. 
Moisture loss in concrete was determined by the 
difference in the average density of the same cu-
bic specimens after curing under normal condi-
tions and after additional curing for 240 days at 
various relative humidity levels [11]. 
The residual water content of high-strength con-
cretes was determined by drying the cube speci-
mens to a constant mass at a temperature of +105 
°C after they had been cured at various relative 
humidity levels for 240 days [11]. 
The water absorption of high-strength concretes 
was determined in accordance with GOST 
12730.3 on cube specimens after they had been 
cured at various relative humidity levels for 240 
days [11]. 
The ultimate creep strains of high-strength con-
cretes, required for calculating the creep coeffi-
cient, were determined using two methods for 
comparison: 
- using the calculation method specified in GOST 
24544, with a regression line; 
- based on experimental data obtained when the 
creep strains reached a plateau. 
The duration of exposing the samples to load dur-
ing the experimental determination of the ulti-
mate creep strains of concrete was carried out un-
til their attenuation—for 240 days, which ex-
ceeds the duration of tests according to GOST 
24544 (180 days) by 33%. It was assumed that 
the data from the experimental studies are the 
most reliable results, since the use of a computa-
tional method for prediction can lead to signifi-
cant errors in the estimation of ultimate creep 
strain values. 
 
 
3. RESULTS AND DISCUSSION  
 
Test results for heavy and lightweight modified 
high-strength self-compacting concretes in terms 
of: cube strength (R) and actual compressive 
strength class (Bf), prism strength (Rb) and mod-
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The mixtures were prepared in a 0.050 m³ forced-
action mixer and mixed for 5 minutes.  
The test results for the mixtures showed (Table 1) 
that the average density of the heavy concrete 
mixtures falls within a narrow range of 2390–
2430 kg/m³ and meets the requirements of GOST 
26633 (2000–2600 kg/m³), while the average 
density of the lightweight concrete mixture is 
1950 kg/m³ and meets the requirements of GOST 
25820 (no more than 2000 kg/m³).  
The slump of all mixtures, determined by the 
spread of a standard cone according to GOST R 
59715, ranges from 57 to 63 cm. This allows 
them to be classified as self-compacting, taking 
into account the absence of signs of bleeding and 
segregation of the mixtures, in accordance with 
GOST R 59714. 
Specimens were cast from the prepared concrete 
mixtures and stored under standard conditions (at 
a temperature of 20±2 °C and relative humidity 
of 95±5%): 
- 12 cubes measuring 100×100×100 mm for de-
termining average density and cube compressive 
strength in accordance with GOST 27005, GOST 
10180, and GOST 31914; 
- 21 prisms measuring 100×100×400 mm for de-
termining prismatic compressive strength and 
modulus of elasticity in accordance with GOST 
24452, as well as shrinkage and creep defor-
mations in accordance with GOST 24544. 
To better align the results of long-term tests with 
the actual performance of structures using vari-
ous concrete classes and the design age typically 
specified for them in the working documentation, 
the specimens were tested at ages ranging from 
28 to 90 days. 
The modulus of elasticity was determined at a 
load level of 30% of the prismatic strength (Rb). 
The prisms were loaded in increments of 0.1Rb, 
with a 5-minute dwell time at each increment. 
Tests of the specimens for shrinkage and creep 
were conducted in standard spring-loaded test 
rigs for one and two specimens in automated cli-
matic chambers at a constant temperature of 
20±2 °C, but with different relative humidity lev-
els of 20, 60, and 90% (±5%) over a period of 

240 days [11]. During long-term testing, the de-
formation readings of the samples were deter-
mined using a portable deformometer, the oper-
ating principle of which is described in [25]. 
Moisture loss in concrete was determined by the 
difference in the average density of the same cu-
bic specimens after curing under normal condi-
tions and after additional curing for 240 days at 
various relative humidity levels [11]. 
The residual water content of high-strength con-
cretes was determined by drying the cube speci-
mens to a constant mass at a temperature of +105 
°C after they had been cured at various relative 
humidity levels for 240 days [11]. 
The water absorption of high-strength concretes 
was determined in accordance with GOST 
12730.3 on cube specimens after they had been 
cured at various relative humidity levels for 240 
days [11]. 
The ultimate creep strains of high-strength con-
cretes, required for calculating the creep coeffi-
cient, were determined using two methods for 
comparison: 
- using the calculation method specified in GOST 
24544, with a regression line; 
- based on experimental data obtained when the 
creep strains reached a plateau. 
The duration of exposing the samples to load dur-
ing the experimental determination of the ulti-
mate creep strains of concrete was carried out un-
til their attenuation—for 240 days, which ex-
ceeds the duration of tests according to GOST 
24544 (180 days) by 33%. It was assumed that 
the data from the experimental studies are the 
most reliable results, since the use of a computa-
tional method for prediction can lead to signifi-
cant errors in the estimation of ultimate creep 
strain values. 
 
 
3. RESULTS AND DISCUSSION  
 
Test results for heavy and lightweight modified 
high-strength self-compacting concretes in terms 
of: cube strength (R) and actual compressive 
strength class (Bf), prism strength (Rb) and mod-

ulus of elasticity (Eb ml), resid-
rwc), and water absorption 

wa) of the concretes before and after testing at 

different ambient relative humidity levels (W) 
are presented in Tables 2 and 3. 
 

 
Table 2. Strength and deformation characteristics of high-strength concretes under short-term 

loading and at various relative humidity levels 

Composi-
tion No W, % 

Properties of high-strength concrete before and after 240 days of testing, MPa 
R f Rb Eb·10-3 

prior to 
testing 

after 
240 
days 

prior to 
testing 

after 
240 
days 

prior to 
testing 

after 240 
days 

prior to 
testing 

after 240 
days 

1 
20 - - - - - 74,4 - 41,3 
60 - - - - - 76,7 - 41,7 
90 81,2 88,4 71 77 76,8 82,0 40,5 42,8 

2 
20 - - - - - 85,7 - 42,8 
60 - - - - - 88,3 - 44,2 
90 92,3 104,2 81 91 88,7 99,2 42,4 45,0 

3 
20 - - - - - 107,1 - 44,9 
60 - - - - - 110,0 - 46,4 
90 114,3 116,8 100 100 104,6 112,2 44,6 47,2 

4 
20 - - - - - 66,4 - 35,0 
60 - - - - - 65,3 - 34,6 
90 69,5 70,2 61 61 64,5 64,6 33,3 34,5 

Notes :  W –  re la t ive  humidi ty ;  R  –  cube  compress ive  s t rength ;  Bf  –  ac tua l  compress ive  s t rength  c lass ;  Rb  
–  pr i sm compress ive  s t rength ;  Eb  –  in i t i a l  modulus  of  e las t ic i ty ;  “ -”  –  va lue  no t  de te rmined .    
 

Table 3. Moisture characteristics of high-strength concrete after curing for 240 days under varying 
relative humidity conditions 

Composition 
No. W, % 

Properties of high-strength concrete after 240 days of testing 

f ml, mass.% rwc, mass.% wa, mass.% 

1 
20 - 0,67 2,99 0,85 
60 - 0,47 3,24 0,50 
90 77 0,18 3,98 0,25 

2 
20 - 0,46 2,38 0,46 
60 - 0,33 2,72 0,28 
90 91 0,15 3,10 0,12 

3 
20 - 0,33 2,04 0,33 
60 - 0,25 2,24 0,16 
90 100 0,01 2,80 0,08 

4 
20 - 1,00 4,91 1,21 
60 - 0,62 5,32 1,05 
90 61 0,00 5,98 0,97 

Notes :  W –  re la t ive  humidi ty ;  B f  –  m l  –  r w c  –  re s idual  
w a  –  wa te r  absorp t ion. 

 
As shown in Tables 2 and 3, the curing of heavy-
weight concrete at the same temperature but un-
der different relative humidity conditions over a 
240-day period results in a significant increase in 
the concrete’s strength and initial modulus of 

elasticity. As the concrete class and relative hu-
midity increase, moisture loss and water absorp-
tion decrease, while the residual moisture con-
tent, compressive strength, and initial modulus of 
elasticity of the concrete increase. Thus, at an 
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ambient relative humidity of 90%, the increase in 
prism strength of heavy-duty concrete ranges 
from 7% to 12%, and the initial modulus of elas-
ticity increases by 6%. When the ambient relative 
humidity decreases from 60% to 20%, the in-
crease decreases and amounts to no more than 
5% for prismatic strength and no more than 4% 
for the modulus of elasticity. 
The curing of lightweight concrete at a constant 
temperature but under varying relative humidity 
conditions over a period of 240 days results in a 
slight increase in strength of up to 3% and in the 
initial modulus of elasticity of up to 5% as shown 
in Table 3. As relative humidity increases, mois-
ture loss and water absorption in lightweight con-
crete decrease, while residual water content in-
creases as shown in Table 4. At the same time, 
unlike heavy concrete, when relative humidity 
decreases from 90% to 20%, the prismatic 

strength and initial modulus of elasticity of light-
weight concrete increase by 2–3%. 
These results can be explained by the structural 
characteristics of the cement paste in high-
strength modified concretes. Previous studies of 
the structure of high-strength cement paste [5, 9, 
25] have shown that it is characterized by a 30–
50% increase in the volume of gel pores at the 
supramolecular level of dispersion with diame-

3 m, which are insensi-
tive to changes in the relative humidity of the en-
vironment. The formation of such pores is asso-
ciated with a 1.5–2.5-fold increase in the content 
of highly dispersed CSH(I)-type calcium hydro-
silicates, which constitute an ultradisperse solid 
structure of a lamellar (“scaly”) form with a size, 

m 
(2.5 nm), with the interlayer space filled with wa-
ter as shown in Figure 1.  

 

           
    )                                                                             b) 

Figure 1. Structure of high-strength cement stone (a) and low-alkali calcium silicate hydrates¹ of 
the CSH(I) type (b) 

_____________ 
1) The photograph of low-base calcium hydrosilicates was taken by B. Möser at the Finger Institute for Building Materials 
 
The interlayer water, or hydration shell, has a density 
of 1200–1350 kg/m³, which contributes to the sys-
tem’s stiffness and increases its modulus of elasticity 
[26–29]. Taken together, this forms a high-density, 
strong, and rigid gel-like tobermorite mass. The 
structural feature described above determines the ul-
tra-low water absorption and permeability to water 
and gases of modified cement stone and concretes, 
as noted by N.K. Rosental et al. [6–7]. 
The minimal (3–5%) increase in the compressive 
strength and initial modulus of elasticity of light-
weight concrete over time can be explained by 

the fact that a significant volume of lightweight, 
porous expanded clay gravel (0.240 m³/m³), 
which has low strength and deformation charac-
teristics, reduces their increase due to the com-
paction of the cement paste.   
The summary results of relative shrinkage and 
creep deformations, as well as the creep modulus 
and coefficient, obtained during long-term tests 
of high-strength self-compacting heavy and 
lightweight concretes at different relative air hu-
midity levels are presented in Table 4. 
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ambient relative humidity of 90%, the increase in 
prism strength of heavy-duty concrete ranges 
from 7% to 12%, and the initial modulus of elas-
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humidity decreases from 60% to 20%, the in-
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5% for prismatic strength and no more than 4% 
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conditions over a period of 240 days results in a 
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initial modulus of elasticity of up to 5% as shown 
in Table 3. As relative humidity increases, mois-
ture loss and water absorption in lightweight con-
crete decrease, while residual water content in-
creases as shown in Table 4. At the same time, 
unlike heavy concrete, when relative humidity 
decreases from 90% to 20%, the prismatic 

strength and initial modulus of elasticity of light-
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supramolecular level of dispersion with diame-

3 m, which are insensi-
tive to changes in the relative humidity of the en-
vironment. The formation of such pores is asso-
ciated with a 1.5–2.5-fold increase in the content 
of highly dispersed CSH(I)-type calcium hydro-
silicates, which constitute an ultradisperse solid 
structure of a lamellar (“scaly”) form with a size, 

m 
(2.5 nm), with the interlayer space filled with wa-
ter as shown in Figure 1.  
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structural feature described above determines the ul-
tra-low water absorption and permeability to water 
and gases of modified cement stone and concretes, 
as noted by N.K. Rosental et al. [6–7]. 
The minimal (3–5%) increase in the compressive 
strength and initial modulus of elasticity of light-
weight concrete over time can be explained by 

the fact that a significant volume of lightweight, 
porous expanded clay gravel (0.240 m³/m³), 
which has low strength and deformation charac-
teristics, reduces their increase due to the com-
paction of the cement paste.   
The summary results of relative shrinkage and 
creep deformations, as well as the creep modulus 
and coefficient, obtained during long-term tests 
of high-strength self-compacting heavy and 
lightweight concretes at different relative air hu-
midity levels are presented in Table 4. 

Based on the results of long-term tests of heavy 
and lightweight high-strength concretes, kinetics 
curves were plotted showing the increase in their 

relative shrinkage and creep deformations at var-
ious relative air humidity levels. 

 
Table 4. Deformation characteristics of high-strength concrete under a load applied for 240 days at 

different relative humidity levels 

Composition 
No. 

W,  
% 10  

Stress and creep strains Creep coeffi-
cient, 

b,cr / b,cr  
, 

MPa 10   

10  10   

/  
5, MPa-1 

1 
20 38.0 24.5 57.0 50.6 40.5 1.25 1.65 0.89 / 0.71 
60 28.5 24.5 55.0 28.6 27.5 1.04 1.12 0.52 / 0.50 
90 4.5 24.5 54.0 18.1 17.3 1.05 0.71 0.33 / 0.32 

2 
20 36.1 28.0 62.0 55.6 39.7 1.40 1.42 0.89 / 0.64 
60 25.2 28.0 61.0 35.4 27.5 1.29 0.98 0.58 / 0.45 
90 2.2 28.0 63.0 29.0 23.9 1.21 0.85 0.46 / 0.38 

3 
20 33.3 32.0 63.8 63.2 39.2 1.61 1.23 0.99 / 0.61 
60 22.5 32.0 62.1 37.0 25.5 1.41 0.80 0.59 / 0.41 
90 2.0 32.0 62.1 26.6 20.5 1.30 0.64 0.43 / 0.33 

4 
20 27.5 19.4 59.3 28.2 25.8 1.09 1.33 0.48 / 0.44 
60 21.1 19.4 60.2 24.4 19.0 1.28 0.98 0.41 / 0.32 
90 5.5 19.4 62.7 13.3 10.1 1.32 0.52 0.21 / 0.16 

Notes: W is the relative humidity;  is the stress in concrete specimens under long-term loading; sh is the shrinkage strains; el is the 
elastic component of relative strains when loading a concrete specimen to a constant stress ;  is the ultimate relative creep strains 
calculated according to GOST 24544;  is the ultimate relative creep strains obtained experimentally after 240 days of testing; b,cr   
and b,cr are the creep coefficients obtained using formula (1) at different ultimate relative creep strains, calculated according to GOST 
24544 and obtained experimentally; C is a measure of creep, determined by the formula = / . 
 
Figures 2 and 3 show approximate graphs of the 
relative shrinkage and creep deformations of 
high-strength self-compacting heavy concrete of 
class B100 and lightweight concrete of class B60 
under long-term loading at various relative air 

humidity levels. The kinetics of shrinkage and 
creep in heavy concrete of classes B70 and B80 
do not differ qualitatively from those of heavy 
concrete of class B100.  

 

 
Figure 2. Shrinkage strains of high-strength self-compacting heavy concrete of class B100 (a) and 

lightweight concrete of class B60 (b) over time at different relative air humidity levels 
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As shown in Table 5, relative humidity has a sig-
nificant effect on the shrinkage strains sh of both 
heavy and lightweight concretes, which is con-

sistent with the results of determining the mois-
ture characteristics of high-strength concretes af-
ter curing for 240 days under various relative hu-
midity conditions as can be seen from Table 4. 

 

 
Figure 3. Creep strains of high-strength self-compacting heavy concrete of class B100 (a) and light-

weight concrete of class B60 (b) under long-term loading at different relative air humidity levels 
 

s relative humidity decreases, the shrinkage de-
formation of high-strength concrete increases 
significantly, ranging from 2.0–5.5 × 10 5 at 90% 
humidity, 21.1–28.5 × 10 5 at 60% humidity, and 
27.5–38.0 × 10 5 at 20% humidity, but do not ex-
ceed the value of 43.0 × 10 5 recommended in 
[30] for B60-grade concrete. At the same time, 
the strength and type of concrete have a signifi-
cantly smaller effect on the shrinkage defor-
mations of concrete as can be seen from Table 5 
and Figure 3. However, while the shrinkage 
strains of heavy concretes of classes B70–B100 
decay rapidly and stabilize at 120–140 days, 
lightweight concrete of class B60 is character-
ized by relatively linear shrinkage deformation 
curves up to 150–170 days of observation. This 
is likely due to the fact that, in the presence of 
porous aggregate in the composition of light-
weight concrete, in a partially water-saturated 
state, two mass-moisture transfer processes over-
lap. On the one hand, there is moisture loss from 
the cement paste due to evaporation at low rela-
tive air humidity. On the other hand, there is 
moisture influx into the cement paste from the 

porous aggregate, which acts as a reserve water 
volume uniformly distributed throughout the vol-
ume of the lightweight concrete. 
An analysis of the results of determining the 
creep strains of high-strength self-compacting 
heavy and lightweight concretes under long-term 
loading (over a period of 240 days) revealed the 
following patterns: 
- the time-dependent growth of creep strains fol-
lows a decaying exponential function, which for 
high-strength self-compacting heavy and light-
weight concretes stabilizes at 180–200 days, de-
pends on relative air humidity and does not con-
tradict known physical laws (see Figure 3); 
- The values of elastic strain el for all four con-
crete mixtures fall within a fairly narrow range of 
54.0–63.8 × 10 -5. Despite a significant difference 
in prismatic strength from 64.6 to 112.2 MPa and 
elastic modulus from 34.5 to 47.2 GPa, they dif-
fer by no more than 18%. This circumstance is a 
consequence of the wide range of specimen load-
ing levels, from 19.4 to 32.0 MPa, regulated by 
GOST 24452 and GOST 24544 at 0.3 times the 
prismatic strength as can be seen from Table 5; 
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porous aggregate in the composition of light-
weight concrete, in a partially water-saturated 
state, two mass-moisture transfer processes over-
lap. On the one hand, there is moisture loss from 
the cement paste due to evaporation at low rela-
tive air humidity. On the other hand, there is 
moisture influx into the cement paste from the 

porous aggregate, which acts as a reserve water 
volume uniformly distributed throughout the vol-
ume of the lightweight concrete. 
An analysis of the results of determining the 
creep strains of high-strength self-compacting 
heavy and lightweight concretes under long-term 
loading (over a period of 240 days) revealed the 
following patterns: 
- the time-dependent growth of creep strains fol-
lows a decaying exponential function, which for 
high-strength self-compacting heavy and light-
weight concretes stabilizes at 180–200 days, de-
pends on relative air humidity and does not con-
tradict known physical laws (see Figure 3); 
- The values of elastic strain el for all four con-
crete mixtures fall within a fairly narrow range of 
54.0–63.8 × 10 -5. Despite a significant difference 
in prismatic strength from 64.6 to 112.2 MPa and 
elastic modulus from 34.5 to 47.2 GPa, they dif-
fer by no more than 18%. This circumstance is a 
consequence of the wide range of specimen load-
ing levels, from 19.4 to 32.0 MPa, regulated by 
GOST 24452 and GOST 24544 at 0.3 times the 
prismatic strength as can be seen from Table 5; 

- As relative humidity decreases, the ultimate 
creep strains cr² of high-strength heavy and light-
weight concretes, obtained experimentally at 240 
days of age, increase and range from 10.1–23.9 × 
10 5 at 90% humidity, 19.0–27.5 × 10 5 at 60% 
humidity, and 25.8–40.5 × 10 5 at 20% humidity. 
At the same time, the strength of heavy concrete 
has virtually no effect on the ultimate relative 
creep strains, which for concrete grades B70–
B100 fall within a narrow range: at 90% humid-
ity—39.2–40.5 × 10 5, at 60% humidity—25.5–
27.5 × 10 5, and at 20% humidity—17.3–23.9 × 
10 5 as shown in Table 5; 
- The ultimate creep strains   of high-strength 
heavy and lightweight concretes, determined us-
ing the method specified in GOST 24544 with a 
regression line, exceed the experimental values 
by 4–9% to 21–61% as shown in Table 5. Con-
sidering that the duration of the long-term load 
was 240 days and exceeded the 180-day duration 
specified in GOST 24544 by 33%, as well as the 
stabilization of creep strains after 180–200 days 
of testing, it can be concluded that the values of 
ultimate creep strains calculated according to 
GOST 24544 are, in some cases, overestimated. 
At the same time, the accuracy of the standard 
method for calculating ultimate creep strains de-
creases with an increase in concrete class and a 
decrease in relative air humidity. This is clearly 
evident in a comparison of the values of ultimate 
creep strains in Table 5 and Figure 3a. Accord-
ingly, the creep coefficients calculated using 
Equation (3) will also be overestimated; 
- The creep strains of lightweight high-strength 
concrete of class B60 are lower than those of 
heavy concrete of classes B70–B100 (see Figure 
3 and Table 5). This result can be explained by 
the fact that the composition and volume of the 
cement paste, which characterizes creep strains 
under long-term loading, were practically identi-
cal for heavy concrete of class B100 and light-
weight concrete of class B60, while the loading 
levels applied to the specimens, taken as 0.3 
times the prismatic strength of the concrete, dif-
fered by 65% and ranged from 32.0 to 19.4 MPa. 
This is confirmed by the results of determining 
the creep modulus of high-strength concretes, 

which are practically identical for heavy concrete 
of class B100 and lightweight concrete of class 
B60 as shown in Table 5 and Figure 4; 
- the creep modulus of high-strength self-com-
pacting heavy and lightweight concretes of clas-
ses B60–B100 ranges from 0.52 to 1.65 × 10 5 
MPa 1 and does not exceed the value of 3.9 × 
10 5 MPa 1 recommended in [30] for B60 con-
crete in the absence of data on the characteristics 
of the concrete mix composition. As relative air 
humidity decreases, the creep modulus of high-
strength concretes increases and amounts to: 
0.52–0.85 × 10 5 MPa 1 at 90% humidity, 0.80–
1.12 × 10 5 MPa 1 at 60% humidity, and 1.23–
1.65 × 10 5 MPa 1 at 20% humidity as can be 
seen from Figure 4. 
 

 
Figure 4. Creep modulus of high-strength self-

compacting heavy and lightweight concretes un-
der prolonged (240-day) loading at various rel-

ative air humidity 

 
Based on the obtained results for elastic and ulti-
mate relative creep strains, the creep coefficients 
for high-strength self-compacting heavy and 
lightweight concretes of classes B60–B100 were 
determined using Equation (3), used for the de-
sign of reinforced concrete structures under long-
term loading, and a comparison was made with 
the values given in SP 63.13330.2018 and EN 
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12390. In this case, the values of the creep coef-
ficients were determined taking into account the 
ultimate relative creep strains calculated accord-
ing to the GOST 24544 method ( )  and ob-
tained from experimental data ( ) as shown in 
Table 5. 
Analysis of the results of determining the creep 
coefficients of high-strength self-compacting 
heavy and lightweight concretes under long-term 
loading revealed the following patterns: 
- As relative humidity decreases, the creep coef-
ficients ( b,cr1 and b,cr2) of high-strength heavy 
and lightweight concretes of classes B60–B100, 
obtained by calculation and experiment, increase 
and range from 0.16 to 0.46 at 90% humidity, 
0.32–0.59 at 60% humidity, and 0.44–0.99 at 
20% humidity as can be seen from Table 5; 
- The creep coefficients of high-strength heavy 
concretes of classes B70–B100 depend to a lesser 
extent on the compressive strength grade than on 
the relative humidity of the air, which can be ex-
plained by the similar quality of the cement paste, 
determined by the use of the organomineral mod-
ifier MB10 -50S in an amount of 14–24% of the 
cement mass, and the identical volume of cement 
paste (334–363 m³/m³) in the composition of 
self-compacting concretes; 

- The creep coefficients of lightweight concrete 
are 30–100% lower than those of heavy concrete, 
which is clearly due to the lower loading on light-
weight concrete specimens during long-term 
tests, while the quality, and the amount of cement 
paste (MB10-50S dosage of 21% of cement mass 
and true cement paste volume of 355 m³/m³); 
- The creep coefficients determined by calcula-
tion exceed the experimentally obtained values 
by 4 to 62%. At the same time, the differences in 
creep coefficient values for heavy concrete in-
crease with a decrease in relative air humidity 
and an increase in strength, while for lightweight 
concrete, they decrease with an increase in rela-
tive air humidity. These results show that the de-
termination of ultimate relative strains at low rel-
ative air humidity values using the calculation 
method specified in GOST 24544 requires ad-
justment. 
Table 5 and Figure 5 present a comparison of ex-
perimentally determined creep coefficients for 
high-strength self-compacting heavy and light-
weight concretes at various air humidity levels 
(20, 60, and 90%) and their standard values, ref-
erenced to the classification adopted in the code 
of rules SP 63.13330.2018 and Eurocode EN 
12390. 

 
Table 5. Experimental and standard values of the creep coefficients for high-strength concrete at 

different relative air humidity levels 

W, % 

Creep coefficient b,cr  for high-strength concrete of 60- 100 grades 

experimental data According to 
63.13330.2018 

According to 
EN 12390 

1) 2) 2) 2) -100 , % -  , % 

> 75 0.16 0.32 0.38 0.33 1.0 - 84) 0.97-0.71 - 83) 
40-75 0.32 0.50 0.45 0.41 1.4 -(64 77) 1.41-0.98 - 77) 
< 40 0.44 0.71 0.64 0.61 2.0 -(65 78) - - 

Notes :  W – re la t ive  humidi ty ;  1 )  –  l igh tweight  concre te ;  2 )  –  –  d i ffe rence  be tween  
exper imenta l  da ta  and  s tandard  va lues. 
 
A comparison of the creep coefficients of high-
strength self-compacting heavy and lightweight 
concretes of classes B60–B100, obtained experi-
mentally, with their standard values according to 
SP 63.13330.2018 and EN 12390 showed that: 
- The standard values of creep coefficients for 
concrete classes B60–B70 according to SP 

63.13330.2018 generally correspond to the val-
ues in EN 12390. However, for higher-grade con-
cretes (B80–B100), the standard values in EN 
12390 are 30% lower than those in SP 
63.13330.2018 (see Table 5); 
- values of the creep coefficients ( b,cr and b,cr) 
for high-strength heavy concretes of classes 
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Table 5. 
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20% humidity as can be seen from Table 5; 
- The creep coefficients of high-strength heavy 
concretes of classes B70–B100 depend to a lesser 
extent on the compressive strength grade than on 
the relative humidity of the air, which can be ex-
plained by the similar quality of the cement paste, 
determined by the use of the organomineral mod-
ifier MB10 -50S in an amount of 14–24% of the 
cement mass, and the identical volume of cement 
paste (334–363 m³/m³) in the composition of 
self-compacting concretes; 
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which is clearly due to the lower loading on light-
weight concrete specimens during long-term 
tests, while the quality, and the amount of cement 
paste (MB10-50S dosage of 21% of cement mass 
and true cement paste volume of 355 m³/m³); 
- The creep coefficients determined by calcula-
tion exceed the experimentally obtained values 
by 4 to 62%. At the same time, the differences in 
creep coefficient values for heavy concrete in-
crease with a decrease in relative air humidity 
and an increase in strength, while for lightweight 
concrete, they decrease with an increase in rela-
tive air humidity. These results show that the de-
termination of ultimate relative strains at low rel-
ative air humidity values using the calculation 
method specified in GOST 24544 requires ad-
justment. 
Table 5 and Figure 5 present a comparison of ex-
perimentally determined creep coefficients for 
high-strength self-compacting heavy and light-
weight concretes at various air humidity levels 
(20, 60, and 90%) and their standard values, ref-
erenced to the classification adopted in the code 
of rules SP 63.13330.2018 and Eurocode EN 
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A comparison of the creep coefficients of high-
strength self-compacting heavy and lightweight 
concretes of classes B60–B100, obtained experi-
mentally, with their standard values according to 
SP 63.13330.2018 and EN 12390 showed that: 
- The standard values of creep coefficients for 
concrete classes B60–B70 according to SP 

63.13330.2018 generally correspond to the val-
ues in EN 12390. However, for higher-grade con-
cretes (B80–B100), the standard values in EN 
12390 are 30% lower than those in SP 
63.13330.2018 (see Table 5); 
- values of the creep coefficients ( b,cr and b,cr) 
for high-strength heavy concretes of classes 

B70–B100, obtained by calculation and experi-
ment at various relative air humidity levels (from 
20% to 90%), do not exceed 1.0 and are more 
than two times lower than the standard values 
specified in SP 63. 13330.2018 and EN 12390 
(see Figure 5); 
- the insignificant difference in creep coefficients 
for heavy concretes of different classes B70, B80, 
and B100 indicates that a single value can be used 
for them at the same relative air humidity; 

- The values of the creep coefficients ( b,cr and 
b,cr) for high-strength lightweight concrete of 

class B60, obtained through calculation and ex-
perimentation at various relative air humidity 
(from 20% to 90%), do not exceed 0.5 and are 
four times lower than the standard values speci-
fied in SP 63.13330.2018 and EN 12390 (see Fig-
ure 5).

 

 
Figure 5. Comparison of experimental creep coefficients for high-strength heavy and lightweight 
concretes of classes B60–B100 at different relative air humidity levels with their standard values 

according to SP 63.13330.2018 and Eurocode EN 12390 
 

The results obtained are determined both by the 
structural characteristics of the modified cement 
paste and by its content in the concrete mixture, 
which determines the concrete’s strength and de-
formation properties. It can be assumed that in 
low-cement concretes of classes below B60, pre-
pared using organomineral modifiers of the MB 
type or individual components included in its 
composition (microsilica and fly ash), the values 
of the creep coefficients ( b,cr ) at various relative 

air humidity levels will be lower than those spec-
ified in the SP 63.13330.2018 code. 
 
 
4. CONCLUSIONS 
 
1. Comparative tests have been carried out on 
high-strength self-compacting heavy and light-
weight concretes of classes B60–B100 with a 
Portland cement content of 350–500 kg/m³ and 
an organo-mineral modifier MB10-50S added at 
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0.59 at 60% humidity, and 0.61–0.99 at 20% hu-
midity, which is two times or more lower than the 
standard values specified in Eurocode EN 12390 
and the code of rules SP 63.13330.2018.   
The creep coefficients of high-strength, self-
compacting lightweight concrete of class B60, 
obtained through calculation and experimenta-
tion, increase as relative air humidity decreases, 
ranging from 0.16 to 0.21 at 90% humidity, 0.32–
0.41 at 60% humidity, and 0.44–0.48 at 20% hu-
midity, which is four times lower than the stand-
ard values specified in Eurocode EN 12390 and 
the design code SP 63.13330.2018.   
8. Based on the results obtained, it is recom-
mended that GOST 24544 include a direct for-
mula for determining the creep coefficient of 
concrete, extend the duration of long-term tests 
on high-strength concretes to 270 days, and 
amend the procedure for determining the ulti-
mate creep strains of concrete in Appendix G, 
and to include in SP 63.13330.2018 a provision 
regarding the possibility of experimentally deter-
mining the concrete creep coefficient, which will 
significantly improve the efficiency of using 
modern modified concretes in the construction of 
unique buildings and structures. 
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of elasticity (from 34. 5 to 47.2 GPa), they differ 
by no more than 18%, which is a consequence of 
the wide range of specimen loading levels (from 
19.4 to 32.0 MPa), regulated by GOST 24452 
and GOST 24544 at a uniform value of 0.3 times 
the prismatic strength. 
5. The ultimate creep strains of high-strength 
heavy and lightweight concretes, obtained exper-
imentally at 240 days of age, increase with de-
creasing relative air humidity and range from 
10.1–23.9 × 10 5 at 90% humidity, 19.0–27.5 × 
10 5 at 60% humidity, and 25.8–40.5 × 10 5 at 
20% humidity. 
The ultimate creep strains, determined using the 
method specified in GOST 24544, exceed the ex-
perimental values by 4 to 61 percent. At the same 
time, the accuracy of the standard calculation 
method decreases as the concrete class increases 
and relative air humidity decreases, which neces-
sitates revisions to the method.  
6. The creep modulus of high-strength self-com-
pacting heavy and lightweight concretes of clas-
ses B60–B100 increases as relative air humidity 
decreases and is as follows: 0.52–0.85 × 10 5 
MPa 1 at 90% humidity, 0.80–1.12 × 10 5 MPa 1 
at 60% humidity, and 1.23–1.65 × 10 5 MPa 1 at 
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7. The creep coefficients of high-strength self-
compacting heavy concretes of classes B70–
B100, obtained by calculation and experiment, 
increase with decreasing relative air humidity 
and amount to 0.32–0.46 at 90% humidity, 0.41–
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0.59 at 60% humidity, and 0.61–0.99 at 20% hu-
midity, which is two times or more lower than the 
standard values specified in Eurocode EN 12390 
and the code of rules SP 63.13330.2018.   
The creep coefficients of high-strength, self-
compacting lightweight concrete of class B60, 
obtained through calculation and experimenta-
tion, increase as relative air humidity decreases, 
ranging from 0.16 to 0.21 at 90% humidity, 0.32–
0.41 at 60% humidity, and 0.44–0.48 at 20% hu-
midity, which is four times lower than the stand-
ard values specified in Eurocode EN 12390 and 
the design code SP 63.13330.2018.   
8. Based on the results obtained, it is recom-
mended that GOST 24544 include a direct for-
mula for determining the creep coefficient of 
concrete, extend the duration of long-term tests 
on high-strength concretes to 270 days, and 
amend the procedure for determining the ulti-
mate creep strains of concrete in Appendix G, 
and to include in SP 63.13330.2018 a provision 
regarding the possibility of experimentally deter-
mining the concrete creep coefficient, which will 
significantly improve the efficiency of using 
modern modified concretes in the construction of 
unique buildings and structures. 
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