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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.

Keywords: high-strength steel fiber concrete, fine-grained high-strength concrete, diagram
method of calculation, isochron diagrams, creep of concrete.
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'Hayuno-uccrnenoBaTesbCkuii MHCTUTYT cTpouTebHOM gusnku PAABC, . Mocksa, Poccus

METOJ HOCTPOEHUA TMATPAMM-N30XPOH BBICOKOITPOYHOI'O
CTAJIE®UBPOBETOHA U ET'O MATPHUIIbI

Annomauusn.  Buvicokonpounvlii  cmanepuOpodemon, — U320MOGIEHHbIE  HA — OCHOGe
MENKO3EPHUCINO20 BbICOKONPOUHO20 OEmoHa, ABNAEMCA 6ecbMad NEPCHEKMUBHLIM CMPOUTNETbHbIM
Mamepuanom, 8 4acmHOCMU, O CTPOUTNENbCTNGA SbICOMHBIX 30AHULL U COOPYHCEHULl NOBLIUEHHOI
maccusHocmu. Beedenue cmanvhou ubpvl 6 mampuyy 6emoHa NO360J4em 3HAYUMETbHO CHUUND
GNUAHUE MAKUX HEOOCMAMKO8 MEIKO3EPHUCTNO20 OEeMOHA, KAK NOBbIUEHHAA XPYNKOCHb U 83DbIEHOT
xXapakmep paspywienus, a maxdce NOJOMCUMENbHO IUAET HA CE0UCMEa OemoHa npu PacmsadCeHuu.
O0Hako wupoKoe UCNONb308AHUE BbICOKONPOUHO2O Ccmanedubpobemona 6 Hacmosujee 6pems
02pPaHUYeHO, cpedu Npoye2o, OMCYMCMeUuemM KCHEPUMEHMATLHO 0OOCHOBAHHOU HOPMAMUSHOU 0a3bl
015 3moeo mamepuana. Ilpedrazaemas cmamvs npusgana 60CnoIHumMs smom npoden. CospemeHHble
HANpaeneHus MexHUKU HAnpasienvl Ha eHeOpeHue 6 NPAKMuKy OUASPAMMHBIX MemoOdo8 pacyema Ha
OCHOBE PeanbHbIX Ouaspamm Oepopmuposanus mamepuana noo Hazpyskou. B cmamwve onucana
MEMOoOUKa NOCMPOEHUSL. U3OXPOHHBIX OUASPAMM OJi MENKO3EPHUCTOZ0 BbICOKONPOUHO20 OemoHa u
gubpobemona c Oucnepcuvim apmuposanuem 6 koauwecmee 1,5% no macce, u320moneHHbIX U3
KOMIIEKMYIOWUX POCCUTICKO20 Npou3eoocmed. H30xpoHHbie Ouaspammuvl NO3GONANM PACCYUMAb
Odeghopmayuro mamepuana 8 3a8UCUMOCU OM YPOGHS HASPY3KU 6 JIH0OOU MOMEHM, 8 MOM Hucie npu
ONUMENbHOM HacpydceHuu. BHecenvl usmeneHus 6 Cywecmsyowyo Memoouxy, Ho360a0uue
VUUMDBIBATb  HEAUHENHOCIb KAK MEeKVWUX, MaK U NpedeibHblX Xapakmepucmux Rnoi3yyecmu 6
3asucumocmu om ypogHs Hacpysku. Ilpeonoscennvie meopemuyeckue 3a8UCUMOCIU XOPOWO CXOOAMCSL
€ 9KCNEPUMEHMATLHBIMU OAHHBIMU.

Knrouesvle cnoea: 8vicokonpouHulii cmane@uopodoemon, MeaKo3epHUCmbvlil 8blCOKONPOUHbLI
OemoH, OuaspamMmHblil Memoo pacyemd, U30XPOHHble OUASPAMMbBL, NOA3YYeCHb DemoHd.
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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 IT11 500 JIOH 900 kr/m3;
. superplasticizer MB3-50K 360 kr/m>;
. sand with particle size M = 2,5 860 kr/m>;
. water 190 xr/nm®.

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 @ 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 0.3R, , 0.6Rp
and 0.8Ry, 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 ¢;, measured at 180

days of age, instantly elastic deformations &;, measured at the beginning of loading, as well as the
values of total deformations ( &, + &, ) for samples loading at 7, 28 and 100 days.

Table 1 - The results of experimental studies

Age, days % gg, x10° gg x10° (e, + &5, ) x10°
b
7 0.3 77.00 91.61 168.61
0.6 156.91 267.24 424.15
0.3 84.92 78.20 163.12
HSFGC 28 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
7 0.3 70.67 73.42 144.09
0.6 139.83 165.42 305.25
0.3 76.67 59.17 135.84
HSSFC 28 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 to and the loading time t — to are taken into
account. For this, the following dependence is used:

Rb,ser (t: to) = Rb,ser(to) {[0-95 - 1.57- 10_2 ln(t - to)]yt + VooUo) }, (1)

1-(1-¥pp)e~4r1(t-to)

whe rey, = 1for rigid loading regime;
¥p21S 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
Vb2 = 0.85 + 1.44¢7012t0;
Ry, ser (to) 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):

£(8) = 0 (t0) [ + feC 6 t0)| = 282 [ L+ frop(t, o) )

Ep(to)vp Ep(to)
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whereE}, (t,) is modulus of elasticity of concrete corresponding to the age of loading to; v, is the
coefficient of change of the secant modulus during short-term compression; C(t, t,) islinear creep
measure; f, is nonlinearity function; ¢(t, t,)is creep characteristic, while

@(t, to) = Ep(to)C (L, to). (3)
Anoverall measure of linear and nonlinear creep is presented in the form (4):

C(tto,m) = feClt, o) = 22202 (4)
The creep characteristic is determined by the expression '

@(t,to) = @f (t — to), (5)

wherep = ¢ (o0, t,)is ultimate characteristic of linear creep, the expression for which is constructed
as follows:
¢ = o"§150(t) (6)
The functions f(t —t,) and Q(t,), 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 — tO) =1— De~%t-to) _ Be—h(t—to),

Q(ty) = 0.5 + de~2r1to;
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 &; and &, 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: &, =0.47, &, = 0.52.

The parameter " 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:

o ¢V =45 for HSFGC;
e ¢V = 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, tg) = C(,28)Q(to)f (t — to),
whence, taking into account (3), we obtain
¢Nf1fz
C(0,28) = Entto) "

The nonlinearity function is traditionally constructed as

fo=1+vn*(t).

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

n(t, to) =n(to) V2,
Rp(tto)
Rp(to) '

where 7, = we get

fc=1+ Uc)7b24774(t' to).

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 — to:

_ ap(tto)
& (t) = Ep(t,to)vp(tity)’ (7)
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where the level of loading n(t, t,) = ;”gz"; the values of the coefficient of change of the secant
b\“to
module can be calculated by the formulas:
v (t,tg) = Uy (8, tg) + [vo (t, to) — Dy (£, t0) ] 1 — wn(t, to) — (1 — w)n?(t, to), (8)

w=2—2.57,(tty).
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

vp(t ) = 2 (9)

) o ) 1+vpfee(tito) )
Given that at the beginning of the diagram v, = 1, f = 1; at the top of thediagram v,, = ¥,

fo =1+ v.7,," for the ascending branch, the boundary values are

1
Vo(t, to) = oty (10)

N _ Vb

Vb (& to) T 149, (10T e ()] (11)
wherev, is 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 E, (t, t,) included in expression (7) can be taken in different ways: as
the initial module for a given loading age E,(t,), as the current value for time t, as an average
module in the time interval t — to. 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 — oo) is
also performed according to the presented dependences with the difference that in formulas (9) and
(10) the current creep characteristic ¢@(t,t,) is replaced by the ultimatee. When calculating the
long-term resistance at infinity by formula (1), the interval t — to 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 — t,), 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 A(t, t,), 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 — t, < 1 day, we multiply the function f(t —t,) by the
expression

A(t, to) = /1 + 0,3141In(t — to),
then formula (5) takes the form
(p(t, tO) = (pf(t - tO)A(tJ tO)-
When t — t, > 1 day, the multiplier A(t,t,) = 1.
2. It is proposed to modify the structure of the creep characteristic ¢, converting it from
linear to overall using the nonlinearity function. We represent (7) in the form:
@ = o"V§150(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, ty,n) = Lk (12)

Ep(to)
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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

‘PNﬁfz
C(e,28) = =12 f, (13)

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

experimental data. We accept f- as
fo = 1+ v 2 (L, to)
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 v,
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 v, for HSFGC and HSSFC depending on age of loading

Loading agety 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:
1

vo(t,to) = 7=
~ _ Vp
It to) = 135 5 ey

where @, (t,t,) and @(t,t,) are accordingly the creep characteristics at the beginning of the
diagram for n(t, t,) = 0 and at the top of the diagram for n (¢, t,) = 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].

Isohron diagrams for HSFGC at t,= 7 days
90

80

70 —

exp. instant elastic

60 .
deformations

50 .
exp. elasticrcreep

Stress, MPa

40 deformations at 180 days

30 : theor. isochron diagram at
0,05 day

20 —f——F
theor. isochron diagram at

10 [/, 180 days

0
0 0,002 0,004 0,006 0,008

Longitudinal deformations

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

N 5 (91) 2020 37




CTponTe/IbCTBO H PEKOHCTPYKIHSI

Isohron diagrams for HSFGC at t,= 28 days

120

100 #
—+— exp. short-term

/ compression diagram
80 ~

g —=— exp. instant elastic
E_ deformations
g 60
g exp. elastic+creep
n 40 deformations at 180 days
/1 theor. isochron diagram at
20 | d 0,05 day
'/ —+#—theor. isochron diagram at
0 180 days
0 0,002 0,004 0,006 0,008

Longitudinal deformations

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

Isohron diagrams for HSFGC at t,= 100 days
120
100
20 —+—exp. instant elastic
© deformations
a
f.. 60 $ A —l—exp. elastic+creep
§ 7 deformations at 180 days
5
@ 40 / theor. isochron diagram at
/ 0,05 day
20 theor. isochron diagram at
180 days
0 r
0 0,002 0,004 0,006 0,008
Longitudinal deformations

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

Isohron diagrams for HSSFC at t, = 7 days

100
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70 ——exp. instant elastic
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E. 50 2 . —i—exp. elastic+creep
@ / deformations at 180 days
E 40
@ / theor. isochron diagram at

30 4 0,05 day

20 theor. isochron diagram at

10 180 days

0 ¢
0 0,002 0,004 0,006

Longitudinal deformations

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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Isohron diagrams for HSSFC at t, = 28 days
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Figure 5 - Comparison of theoretical and experimental isochron diagrams for the HSSFC loaded in 28 days

Isohron diagrams for HSSFC at t, = 100 days

140
120
100 ——exp. instant elastic
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g =0
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E 60 deformations at 180 days
-]
@ / theor. isochron diagram at
40 ; 0,05 day
20 theor. isochron diagram at
/ 180 days
0"
0 0,002 0,004 0,006

Longitudinal deformations

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

Ultimate creep measures for HSFGC
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0,000015 —m—theor.
0,00001 /
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od

0 20 40 60 80 100
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Ultimate creep measure

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

0,000035

0,00003

0’000025 . /0/'_~
0,00002 /'/
0,000015 ——exp.
/ theor.
0,00001 /
0,000005 |

0

Ultimate creep measure
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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 s, (t,t, ) constructed when measuring creep deformations in a study [15]:

C(771t’ to): Eor (t’to)/o'b (to)’
where o, (t, )is stresses equal 0.3R, (t,), 0.6R,(t,), 0.8R,(t,), which were applied to samples at
the age of t, =7 days, t, =28 days, t, =100 days; tis the current time of the sample under load
(t>1,).

Overall creep measures for HSFGC at t, = 7 days

0,00006

0,00005
2
=
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o |
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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
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Figurell - Comparison of theoretical and experimental current creep measures for the HSFGC loaded in 100 days
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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
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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:
e 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.

e 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.

e The proposed methods and dependencies can be used in the design and calculation of
structures basing on modern diagram methods.
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