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Abstract. High-strength steel fiber concrete, made on the basis of fine-grained high-strength 

concrete, is a quite promising building material, in particular, for the construction of high-rise 

buildings and structures of increased massiveness. The introduction of steel fiber into the concrete 

matrix can significantly reduce the influence of such shortcomings of fine-grained concrete as increased 

fragility and explosive nature of fracture, and also positively affects the tensile properties of concrete. 

However, the widespread use of high-strength steel fiber concrete is currently limited, among other 

things, by the lack of an experimentally relied normative framework for this material. The proposed 

article aims to bridge this gap. Modern engineering trends are aimed at introducing into practice 

diagram methods of calculation based on real diagrams of material deformation under load. This 

article describes the technique of constructing isochron diagrams for fine-grained high-strength 

concrete and steel fiber concrete with disperse reinforcement in the amount of 1.5% by weight, made 
from Russian-made components. Isochron diagrams allow you to calculate the deformation of the 

material depending on the level of load at any time, including during prolonged loading. There have 

been made changes to the existing methodology, allowing to take into account the nonlinearity of both 

current and ultimate creep characteristics depending on the level of loading. The proposed theoretical 

dependences give good convergence with the experimental data. 
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МЕТОД ПОСТРОЕНИЯ ДИАГРАММ-ИЗОХРОН ВЫСОКОПРОЧНОГО 

СТАЛЕФИБРОБЕТОНА И ЕГО МАТРИЦЫ 
 

Аннотация. Высокопрочный сталефибробетон, изготовленный на основе 

мелкозернистого высокопрочного бетона, является весьма перспективным строительным 
материалом, в частности, для строительства высотных зданий и сооружений повышенной 

массивности. Введение стальной фибры в матрицу бетона позволяет значительно снизить 

влияние таких недостатков мелкозернистого бетона, как повышенная хрупкость и взрывной 

характер разрушения, а также положительно влияет на свойства бетона при растяжении. 

Однако широкое использование высокопрочного сталефибробетона в настоящее время 

ограничено, среди прочего, отсутствием экспериментально обоснованной нормативной базы 

для этого материала. Предлагаемая статья призвана восполнить этот пробел. Современные 

направления техники направлены на внедрение в практику диаграммных методов расчета на 

основе реальных диаграмм деформирования материала под нагрузкой. В статье описана 

методика построения изохронных диаграмм для мелкозернистого высокопрочного бетона и 

фибробетона с дисперсным армированием в количестве 1,5% по массе, изготовленных из 
комплектующих российского производства. Изохронные диаграммы позволяют рассчитать 

деформацию материала в зависимости от уровня нагрузки в любой момент, в том числе при 

длительном нагружении. Внесены изменения в существующую методику, позволяющие 

учитывать нелинейность как текущих, так и предельных характеристик ползучести в 

зависимости от уровня нагрузки. Предложенные теоретические зависимости хорошо сходятся 

с экспериментальными данными. 

 

Ключевые слова: высокопрочный сталефибробетон, мелкозернистый высокопрочный 

бетон, диаграммный метод расчета, изохронные диаграммы, ползучесть бетона. 
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1. Introduction 

The rapid development of the construction industry, as well as modern trends in 

construction, aimed at the construction of unique, including high-rise and super-tall structures, 

require the development and improvement of the materials used. High-strength fine-grained 

concrete (HSFGC) opens up broad prospects for work in this direction. However, its main 

drawbacks, such as increased fragility and explosive nature of destruction, limit itsapplication 

area.One of the solutions to this problem is the introduction of dispersed reinforcement into 

concrete. In this regard, high-strength steel fiber concrete (HSSFC) is of increasing interest. Its 

widespread use is constrained by the relatively high cost of steel fiber and the lack of a regulatory 

framework necessary for the design based on experimental studies of its properties. The latter 

determines the relevance of the proposed study. 

The study of the behavior of varieties of HSSFC under various influences is carried out both 

in Russia [1, 2, 3, 4, 5, 6] andabroad [7, 8, 9, 10]. In our country, studies have been conducted of 

steel fiber reinforced concrete with a high fiber content, obtained according to the original 

technology from highly mobile and self-compacting mixtures of Russian production [11, 12, 13]. 

This article describes a study of a similar composition with a minimum effective percentage of 

dispersed reinforcement. 

According to [14], in modern design practice, diagram methods of calculation are 

increasingly used, which are based on real diagrams of material deformation under load. In this 

regard, for new types of investigated high-strength concrete, the development of a technique for 

constructing isochron diagrams, which make it possible to determine deformations depending on 

the load level at any moment of loading, seems to be very relevant. 

 

2. Methods 

For constructing isochron diagrams of the studied compositions, the results of extensive 

experimental studies [15] were used, covering a wide range of physicomechanical and rheological 

properties of high-strength steel fiber concrete in comparison with an unreinforced matrix, fine-

grained high-strength concrete. The composition of the matrix was assigned in accordance with [16, 

17, 18]. It was adoptedthe following: 

• Portland cement grade ПЦ 500 ДОН                          900 кг/м3; 

• superplasticizer МБ3-50К                  360 кг/м3; 

• sand with particle size Mк  = 2,5                             860 кг/м3; 

• water                                                                             190 кг/м3. 

To evaluate the effect of steel fiber on creep and shrinkage deformations, two series of prism 

samples 7x7x28 (cm) in size were used. The first series was made without steel fiber, and in the 

second series direct brass high-strength fiber with Ø 0.3 mm and a length of 13 mm in the amount 

of 1.5% of the volume was introduced. According to the results of [15], such a percentage of fiber 

content is a kind of minimum efficiency threshold for a given type of concrete. Concrete 

compositions can be attributed to self-compacting, since the cone spread is more than 60 cm. 

After formwork removal carried out in two days, the samples were placed in a chamber of 

normal hardening. According to the research program, the loading of samples was carried out at the 

age of 7, 28 and 100 days for both series. Before loading started, samples were removed from the 

chamber at that time and were isolated with two layers of paraffin to maintain the temperature and 

humidity conditions inside the sample. Further, they were mounted frames for the installation of 

instruments for measuring longitudinal and transverse strains.To measure longitudinal and 

transverse strains, dial gauges with a division value of 0.01 and 0.001 mm were used. 

Before loading on a long-term exposure, short-term tests were conducted to determine the 

prism strength and other physical and mechanical characteristics for a given age. 

The average level of prism strength was used to determine the relative level of 0.3Rb , 0.6Rb 

and 0.8Rb for long-term tests. 
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Let us dwell on the description of longitudinal deformations. 

3. Results and discussion 

Table 1 shows the values of longitudinal creep deformations of samples c

b1 measured at 180 

days of age, instantly elastic deformations e

b1 measured at the beginning of loading, as well as the 

values of total deformations ( e

b1 + c

b1 ) for samples loading at 7, 28 and 100 days. 
 

Table 1 - The results of experimental studies 
 

 Age, days 

b

b

R


 5

1 10e

b
 5

1 10c

b  
5

11 10 ) + ( c

b

e

b   

HSFGC 

7 
0.3 77.00 91.61 168.61 

0.6 156.91 267.24 424.15 

28 

0.3 84.92 78.20 163.12 

0.6 180.16 212.22 392.38 

0.8 221.50 285.13 506.63 

100 
0.3 104.49 72.25 176.74 

0.6 171.24 163.49 334.73 

HSSFC 

7 
0.3 70.67 73.42 144.09 

0.6 139.83 165.42 305.25 

28 

0.3 76.67 59.17 135.84 

0.6 166.01 165.77 331.78 

0.8 204.58 245.31 449.89 

100 
0.3 76.09 50.26 126.35 

0.6 165.33 122.00 287.33 

The experimental studies performed correspond to the rigid loading regime according to 

[14]. In this mode, the load applied to the test samples is brought to the design level in a short time 

(within one hour) and then kept constant for a long time. 

To construct isochron diagrams, we apply the traditional theoretical approach described in 

[19] and developed in [14], and we will correct it as applied to the materials under study on the base 

of experimental data. 

First of all, it is necessary to determine the vertices of the isochron diagrams by plotting the 

long-term resistance curves of concrete. For each investigated moment of loading time, the load 

level will be determined from the value of long-term resistance at this point. Studies by various 

authors [20-22] suggest that during prolonged loading of concrete with high level compressive 

stresses, its strength decreases by an average of 10-25%. In the case of a rigid loading regime, the 

long-term resistance curve has a section of a sharp decrease in strength and then stabilizes. When 

constructing the curve, the age of the concrete at loading t0 and the loading time t – t0 are taken into 

account. For this, the following dependence is used: 

𝑅𝑏,𝑠𝑒𝑟(𝑡, 𝑡0) = 𝑅𝑏,𝑠𝑒𝑟(𝑡0) {[0.95 − 1.57 ∙ 10
−2 ln(𝑡 − 𝑡0)]𝛾𝑡 +

𝛾̅𝑏2(1−𝛾𝑡)

1−(1−𝛾̅𝑏2)𝑒
−4𝛾1(𝑡−𝑡0)

}, (1) 

whe re𝛾𝑡 = 1for rigid loading regime; 

𝛾𝑏2is the coefficient taking into account concrete age and the effect of hardening conditions on 

long-term resistance, under normal hardening conditions is calculated by the formula 

𝛾𝑏2 = 0.85 + 1.44𝑒−0.12𝑡0;      

𝑅𝑏,𝑠𝑒𝑟(𝑡0) isinitial compressive strength depending on load age. 

According to [14], by the time moment t, the deformations of the sample under the rigid 

loading regime are composed of the instantly elastic component and creep deformations. In general 

terms, this can be represented by the following dependence (2): 

𝜀𝑏(𝑡) = 𝜎𝑏(𝑡0) [
1

𝐸𝑏(𝑡0)𝜈𝑏
+ 𝑓𝐶𝐶(𝑡, 𝑡0)] =

𝜎𝑏(𝑡0)

𝐸𝑏(𝑡0)
[
1

𝜈𝑏
+ 𝑓𝐶𝜑(𝑡, 𝑡0)],  (2) 
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where𝐸𝑏(𝑡0) is modulus of elasticity of concrete corresponding to the age of loading t0; 𝜈𝑏is the 

coefficient of change of the secant modulus during short-term compression; 𝐶(𝑡, 𝑡0) islinear creep 

measure; 𝑓𝐶  is nonlinearity function; 𝜑(𝑡, 𝑡0)is creep characteristic, while 

𝜑(𝑡, 𝑡0) = 𝐸𝑏(𝑡0)𝐶(𝑡, 𝑡0).     (3) 

Anoverall measure of linear and nonlinear creep is presented in the form (4): 

𝐶(𝑡, 𝑡0, 𝜂) = 𝑓𝐶𝐶(𝑡, 𝑡0) =
𝑓𝐶𝜑(𝑡,𝑡0)

𝐸𝑏(𝑡0)
.    (4) 

The creep characteristic is determined by the expression 

𝜑(𝑡, 𝑡0) = 𝜑𝑓(𝑡 − 𝑡0),     (5) 

where𝜑 = 𝜑(∞, 𝑡0)is ultimate characteristic of linear creep, the expression for which is constructed 

as follows: 

𝜑 = 𝜑𝑁𝜉1𝜉2Ω(𝑡0)      (6) 

The functions 𝑓(𝑡 − 𝑡0) and Ω(𝑡0), respectively, taking into account the development of 

creep deformations in time and the influence of the loading age on the creep characteristic, are 

calculated by the formulas: 

𝑓(𝑡 − 𝑡0) = 1 − 𝐷𝑒−𝛼(𝑡−𝑡0) − 𝐵𝑒−𝛾1(𝑡−𝑡0),      
 

Ω(𝑡0) = 0.5 + 𝑑𝑒
−2𝛾1𝑡0;       

a description of the parameters included in these relationships and their adjustment in relation to the 

HSFGC and HSSFC of the type under study are described in [19]. 

The coefficients 𝜉1 and 𝜉2 are introduced to take into account, respectively, the influence of 

humidity of the medium and the conditions of moisture exchange with the medium and are assigned 

in accordance with [14]. 

For the conditions in which our experiments were conducted, these coefficients are accepted 

as follows: 𝜉1 =0.47, 𝜉2 = 0.52. 

The parameter 𝜑𝑁 represents the limiting function for concretes under reference conditions 

and depends mainly on the type of concrete. For the materials under study, it was found based on a 

comparison of theoretical and experimental data and amounted to: 

 𝜑𝑁 = 4.5 for HSFGC; 

 𝜑𝑁 = 3.6 for HSSFC. 

Expressions (5) and (6) can be brought into correspondence with the classical formula of the 

experimental approach to the description of creep measures: 

𝐶(𝑡, 𝑡0) = 𝐶(∞, 28)Ω(𝑡0)𝑓(𝑡 − 𝑡0),      

whence, taking into account (3), we obtain 

𝐶(∞, 28) =
𝜑𝑁𝜉1𝜉2

𝐸𝑏(𝑡0)
.       

The nonlinearity function is traditionally constructed as 

𝑓𝐶 = 1 + 𝜐𝑐𝜂
4(𝑡0).       

For isochron diagrams, it is necessary to go to the current stress level; presenting it in the 

form 

𝜂(𝑡, 𝑡0) = 𝜂(𝑡0)𝛾̃𝑏2,       

where 𝛾̃𝑏2 =
𝑅𝑏(𝑡,𝑡0)

𝑅𝑏(𝑡0)
, we get 

𝑓𝐶 = 1 + 𝜐𝑐 𝛾̃𝑏2
4𝜂4(𝑡, 𝑡0).       

 

For practical construction of isochron diagrams at any time t, the expression for determining 

the deformations of the sample is presented by analogy with the case of short-term compression, but 

the parameters included in it are calculated for the current loading moment t – t0: 

𝜀𝑏(𝑡) =
𝜎𝑏(𝑡,𝑡0)

𝐸𝑏(𝑡,𝑡0)𝜈𝑏(𝑡,𝑡0)
,    (7) 
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where the level of loading 𝜂(𝑡, 𝑡0) =
𝜎𝑏(𝑡,𝑡0)

𝑅𝑏(𝑡,𝑡0)
; the values of the coefficient of change of the secant 

module can be calculated by the formulas: 

𝜈𝑏(𝑡, 𝑡0) = 𝜈̂𝑏(𝑡, 𝑡0) + [𝜈0(𝑡, 𝑡0) − 𝜈̂𝑏(𝑡, 𝑡0)]√1 − 𝜔𝜂(𝑡, 𝑡0) − (1 − 𝜔)𝜂2(𝑡, 𝑡0), (8) 
 

𝜔 = 2− 2.5𝜈̂𝑏(𝑡, 𝑡0).       

The expressions for the boundary values at the beginning and at the top of the diagram are as 

follows. Equating the deformation values calculated by (3) and (7), we obtain 

𝜈𝑏(𝑡, 𝑡0) =
𝜈𝑏

1+𝜈𝑏𝑓𝐶𝜑(𝑡,𝑡0)
     (9) 

Given that at the beginning of the diagram 𝜈𝑏 = 1, 𝑓𝐶 = 1; at the top of thediagram 𝜈𝑏 = 𝜈̂𝑏, 

𝑓𝐶 = 1 + 𝜐𝑐 𝛾̃𝑏2
4
, for the ascending branch, the boundary values are 

𝜈0(𝑡, 𝑡0) =
1

1+𝜑(𝑡,𝑡0)
     (10) 

𝜈̂𝑏(𝑡, 𝑡0) =
𝜈̂𝑏

1+𝜈̂𝑏(1+𝜐𝑐𝛾̃𝑏2
4)𝜑(𝑡,𝑡0)

,   (11) 

where𝜈̂𝑏is the coefficient of change of the secant modulus during short-term compression calculated 

for the studied compositions according to the method described in [24]. 

It should be noted that expression (9) can be used both for directly calculating the coefficient 

of change of the secant modulus at the current moment of time and for determining boundary 

values, and the overall expression for the current value can be taken from (8). We use the second 

approach, which gives according to [14] a more accurate agreement with experimental data. 

The elastic modulus 𝐸𝑏(𝑡, 𝑡0) included in expression (7) can be taken in different ways: as 

the initial module for a given loading age 𝐸𝑏(𝑡0), as the current value for time t, as an average 

module in the time interval t – t0. For the rigid loading regime, we will take the first version of the 

calculation of the elastic modulus. 

The construction of the theoretical isochron under infinitely long loading (with𝑡 → ∞) is 

also performed according to the presented dependences with the difference that in formulas (9) and 

(10) the current creep characteristic 𝜑(𝑡, 𝑡0) is replaced by the ultimate𝜑. When calculating the 

long-term resistance at infinity by formula (1), the interval t – t0 is taken to be 365 days. 

When constructing the isochron diagrams of HSFGC and HSSFC and comparing the results 

with experimental data, it became necessary to correct the described calculation algorithm. The 

following additions and changes are proposed. 

1. Taking into account that the function𝑓(𝑡 − 𝑡0), which takes into account the development 

of creep in time, gives large errors at the initial stages of loading, it is necessary to introduce the 

factor Δ(𝑡, 𝑡0), which takes into account the influence of fast-flowing creep. Traditionally, it is used 

under soft loading regimes, however, a comparison with experimental data indicates the need for its 

application for rigid loading regimes. At 𝑡 − 𝑡0 ≤ 1 day, we multiply the function 𝑓(𝑡 − 𝑡0) by the 

expression 

Δ(𝑡, 𝑡0) = √1 + 0,314 ln(𝑡 − 𝑡0),      

then formula (5) takes the form 

𝜑(𝑡, 𝑡0) = 𝜑𝑓(𝑡 − 𝑡0)Δ(𝑡, 𝑡0).      

When 𝑡 − 𝑡0 > 1 day, the multiplier Δ(𝑡, 𝑡0) = 1. 
2. It is proposed to modify the structure of the creep characteristic 𝜑, converting it from 

linear to overall using the nonlinearity function. We represent (7) in the form: 

𝜑 = 𝜑𝑁𝜉1𝜉2Ω(𝑡0) 𝑓𝐶        

Such a record makes it possible to lay nonlinearity depending on the level of acting stresses 

in the creep characteristic, i.e., (3) takes the form 

𝐶(𝑡, 𝑡0, 𝜂) =
𝜑(𝑡,𝑡0)

𝐸𝑏(𝑡0)
     (12) 
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In this case, the ultimate measure of creep at a loading age of 28 days, as a comparison of 

theoretical and experimental data shows, with an acceptable degree of error can also be calculated 

by the formula 

𝐶(∞, 28) =
𝜑𝑁𝜉1𝜉2

𝐸𝑏(𝑡0)
𝑓𝐶      (13) 

The nonlinearity function also needs to be adjusted based on agreement with the 

experimental data. We accept 𝑓𝐶  as 

𝑓𝐶 = 1 + 𝜐𝑐 𝛾̃𝑏2
2𝜂2(𝑡, 𝑡0)      

When changing the age of loading of concrete, the nonlinearity function, while maintaining 

the general structure, changes its "amplitude". This can be taken into account by the coefficient 𝜐𝑐, 
which depends on the type of concrete and the age of loading. The selected values for the studied 

materials are shown in table 2. 
 

Table 2 - Coefficients 𝜐𝑐 for HSFGC and HSSFC depending on age of loading 
 

Loading aget0 HSFGC HSSFC 

7 days 0.2 0.08 

28 days 0.9 0.9 

100 days 1.9 1.4 
 

The proposed changes make it possible to uniformly describe the nonlinearity of the creep 

characteristics, as well as to verify the experimental creep measures obtained. It should be noted 

that at high load levels close to 1, the proposed designs of creep measures and nonlinearity 

functions require refinement and additional studies. 

When using the proposed expressions of creep characteristics, formulas (10), (11) to 

calculate the boundary values of the coefficient of change of the secant module take the form: 

𝜈0(𝑡, 𝑡0) =
1

1+𝜑0(𝑡,𝑡0)
         

𝜈̂𝑏(𝑡, 𝑡0) =
𝜈̂𝑏

1+𝜈̂𝑏𝜑̂(𝑡,𝑡0)
,        

where 𝜑0(𝑡, 𝑡0) and 𝜑̂(𝑡, 𝑡0) are accordingly the creep characteristics at the beginning of the 

diagram for 𝜂(𝑡, 𝑡0) = 0 and at the top of the diagram for 𝜂(𝑡, 𝑡0) = 1. 

The results of constructing theoretical isochron diagrams with the indicated changes must be 

verified by comparison with experimental data. 

The main check will be the superposition of isochron diagrams for time instants of 0.05 day 

and 180 days on experimental diagrams constructed according to the data in Table 1. A comparison 

of the diagrams is shown in figure 1 - 6. For concrete loaded in 28 days, we also give diagrams of 

short-term compression for comparison with isochrone of 0.05 day. The technique for obtaining 

short-term compression diagrams for the concrete under study is described in detail in [24]. 

 
 

Figure 1 - Comparison of theoretical and experimental isochron diagrams for the HSFGC loaded in 7 days 
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Figure 2 - Comparison of theoretical and experimental isochron diagrams for the HSFGC loaded in 28 days 
 

 
 

Figure 3 - Comparison of theoretical and experimental isochron diagrams for the HSFGC loaded in 100 days 
 

 
 

Figure 4 - Comparison of theoretical and experimental isochron diagrams for the HSSFC loaded in 7 days 

 

We also compare the ultimate creep measures calculated experimentally by the technique of 

[25] with the theoretical data by formula (13). The comparison results are shown in figure 7 - 8. 
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Figure 5 - Comparison of theoretical and experimental isochron diagrams for the HSSFC loaded in 28 days 
 

 
 

Figure 6 - Comparison of theoretical and experimental isochron diagrams for the HSSFC loaded in 100 days 
 

 
 

Figure 7 - Comparison of theoretical and experimental ultimate creep measures for the HSFGC loaded in 28 days 
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Figure8 - Comparison of theoretical and experimental ultimate creep measures for the HSSFC loaded in 28 days 

 

Finally, we compare the theoretical curves of the current overall creep measures obtained 

using formula (12) with the experimental ones. The results are presented in figure 9-14. 

Experimental charts of overall creep measures were obtained on the basis of the curves of 

relative creep deformations  0br , tt constructed when measuring creep deformations in a study [15]: 

     000 /,t,, ttttС bbr   ,       
 

where  0tb is stresses equal  0bR3.0 t ,  0bR6.0 t ,  0bR8.0 t , which were applied to samples at 

the age of dayst 70  , dayst 280  , dayst 1000  ; tis the current time of the sample under load    

( 0t t ). 

 

 
 

Figure 9 - Comparison of theoretical and experimental current creep measures for the HSFGC loaded in 7 days 
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Figure 10 - Comparison of theoretical and experimental current creep measures for the HSFGC loaded in 28 days 
 

 
 

Figure11 - Comparison of theoretical and experimental current creep measures for the HSFGC loaded in 100 days 

 

 
 

Figure 12 - Comparison of theoretical and experimental current creep measures for the HSSFC loaded in 7 days 
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Figure 13 - Comparison of theoretical and experimental current creep measures for the HSSFC loaded in 28 days 

 

 
 

Figure 14 - Comparison of theoretical and experimental current creep measures for the HSSFC loaded in 7 days 

 

4. Conclusions 

Based on the results of the study, we can draw the following conclusions: 

 A methodology has been developed for constructing the full range of isochron diagrams, 

starting from 1 hour of loading, for a new type of HSFGC and HSSFC of different ages. 

Comparison of the curves obtained theoretically shows good convergence with the data of 

experimental studies. 

 Suggestions were made to improve the existing approach to the description of creep 

characteristics. Modified dependencies are proposed that allow to take into account the nonlinearity 

of both current and limiting creep measures depending on the load level. 

 The proposed methods and dependencies can be used in the design and calculation of 

structures basing on modern diagram methods. 
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