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Abstract: During the reconstruction, or upon expiration of the service life, as well as after external impact,
reinforced concrete structures require examination and verification calculations. Existing diagrams of concrete
deformation are focused on designing new structures and are not adapted to the concretes of the reconstructed
structures. Using the world experience in describing alloy deformation, the concrete deformation model based on
using the Arrhenius equation is proposed in this article. A technique for creating an individual deformations
model during the reconstruction is demonstrated on a specific example. The physical meaning of the coefficients
used in the proposed model is illustrated. Examples confirming the adequacy of the proposed concrete
deformations model during the reconstruction are given.
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AnHotanusi: Ilpm pEeKOHCTPYKIIMM BO BpeMsl ODKCIUTyaTallid COOPYXKEHHs, JHOO MpH HEOOXOANMOCTH
MIPOJUIEHHSI CPOKa €ro 3KCIUTyaTaluH, JKele300eTOHHbIE KOHCTPYKIMH TPEOYIOT 00CIe/0BaHHs U MPOBEJICHUS
MMOBEpOoUHbIX pacueToB. CymiecTBylomue JuarpaMMbl  a1eOPMHUpOBaHUS OETOHA OpPUEHTHPOBAaHBI Ha
MIPOCKTUPOBAHNE HOBBIX KOHCTPYKIMH M HE aalTHPOBAHbI Ul OCTOHOB PEKOHCTPYHPYEMBIX COOPYKECHHH.
Vcnone3yss MHpOBOH ONBIT OmuMcaHus AeOPMUPOBAHUS METALIMYECKUX CIUIABOB, IPEUIOKECHA MOJIECIh
nedopmupoBanns 6eToHa Ha OCHOBE ypaBHEHUsI AppeHnyca. Onncana METOUKa TOCTPOSHHS WHIUBHTYJIbHON
MoJenH Je(opMUPOBaHMS TIPH PEKOHCTPYKIIMHU C UCTIONb30BAHUEM KOHKPETHOro mpumepa. IIpomumoctpupoBan
¢dusmueckuit  cMbUT  KOA((PUIIMEHTOB, HCIOIb3YeMbIX B mpemnaraeMoil Mmoznenu. [IpuBeneHBl HpUMEpSI,
MIOJTBEPIKAAIOIIHNE aIeKBATHOCTh NTpeyIaraeMoi Mozenu 1eOpMUPOBAHISI OETOHA ITPU PEKOHCTPYKIHH.

KiioueBble cjioBa: quarpamma aedopMupoBaHus 0eTOHA, PEKOHCTPYKINUS, JKeNIe300€TOH,
OTHOCHTEJNbHbIE Jiehopmanuu

different  proposals  describing

the

The number of structures that require inspection
and verification calculations increases every
year. One of the most modern and accurate
calculation method is the diagram method. The
basis of such method is a mathematically
described dependence that relates strain to
stress (o6—¢) [1]. There are a significant number
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dependence (o—¢) [2], however all of them are
focused on the design of new structures. This
means that they are developed for a range of
concrete characteristics that fall within the
framework  established by  regulatory
documents. During the long-term operation,
concrete changes its deformation and strength
characteristics, especially when it exposed to an
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aggressive environment or high temperatures.
For such concretes, the ratio between strength
and deformability goes beyond the standard
one. Therefore, the existing relations (c—¢)
require adjustment, which is impossible without
additional  labor-intensive  scientific  and
experimental studies.

METHOD

There are a number of analytical descriptions of
the o—¢ curves for metals and alloys based on
the well-known Arrhenius equation obtained to
describe the kinetic processes occurring in
gases:

k:A.e—Ea/R'T , (1)
where k is the constant for chemical reaction
rate; A= (a - T'?) is the total number of
molecular interactions; e is base of natural
logarithm; Ea is the activation energy J/mol; R
is the gas constant 8.31 J/mol-T; T is the
temperature measured in K.
Based on the well-known Arrhenius equation,
Zeger [3] proposed a logarithmic dependence of
the relationship between stresses, temperature
and metal strain rate. Davidenkov, using the
Arrhenius equation, obtained the relationship
between the yield strength of the metal and the
strain rate [4]. A number of researchers noted
that the logarithmic dependences of strains and
stresses are in good agreement with
experimental data for aluminum [5] at room
temperatures.
Polukhin [5] proposed to use the Arrhenius
equations in order to obtain the relationship
between temperature, stresses and strains in
metals. Besides, he applied a similar equation to
determine the number of equilibria point defects
in a metal, which allow consideration of
microdefects in the material.
Let us focuses on the features of the application
of the Arrhenius equation for concrete, which is
a more complex multicomponent and
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inhomogeneous material that has many more
structural defects compared to metals.
Taking into account the defects and microcracks
in concrete, which close with increasing strains
under load, and involve an increasing number of
bonds, the coefficient A should obviously be a
function of strains.
For concrete, it can be taken in the form
A=@-T"?)=a-¢b, ()
where a and b are the coefficients determined
from boundary conditions; € is the strain.
As in equation (1), coefficient a reflects the
number of connections involved, i.e., actually
reflects the strength properties of concrete. In
the Arrhenius equation, the total number of
bonds involved changes with temperature,
which is typical for a gas. If there is no
dependence of concrete strain on temperature,
the variable T - was replaced by the variable ¢
similarly to the assumptions of Seger. Thus, the
dependence of stresses on strain for concrete
can be represented as:

-be

oe)=a-e"-or (3)

The resulting expression (3) is recommended to
be used to describe the dependence (o—¢) of
concrete during reconstruction. The values of
the coefficients a and b are finded from the
survey results.

RESULTS AND DISCUSSION

As an example, a diagram of a concrete
specimen cut from a reinforced concrete girder
of rectangular cross section of 400 x 200 mm
have been constructed using the test results.
Design reinforcement consisted of 3 bars of @28
placed in one row (Rs=400MPa, Es=200
103MPa). At the time of the survey, the
structure had been under operation for over 30
years. The maximum compressive stress in
concrete during testing was 32 MPa, the strain
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was 0.003. In addition, it was found that
compressive stress in concrete of 6.4 MPa
corresponded to strain of 0.0005. The
expression (3) was written using the data
established during the testing of the specimen:

-b0,003

32-10°=a-0,003"- o » (4)
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—b-0,0005

6,4-10°=a-0,0005" - o » (5)

Having solved equations (4) and (5) together,
the values of the coefficients for expression (3)
have been determined as follows: a = 2.958-10"
and b = 1.679. The curve ob(eb) has been
developed for the reduced values of these
coefficients as illustrated in fig. 1.
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Figure 1. Concrete stress-strain diagrams for various values of the coefficient a

Analysis of equation (3) shows that an increase
in the coefficient a lead to a proportional change
in the maximum stresses in the diagram. The
curves cl(g), o03(g), o5(¢) are plotted for the
coefficients a increased in 1.1; 1.3 and 1.5
times, respectively. As a result, the value of the
maximum stresses in the diagram increased to
35.2 MPa, 41.6 MPa, and 48 MPa, respectively.
The strain value at the maximum stress did not
change.

Concrete is a heterogeneous material with pores
and structural defects, which lead to a decrease
in the angle of inclination of the tangent to the
axis of strain at the initial stage of loading. This
fact was demonstrated in the studies of many
authors, including Berg [6]. The coefficient b of
the proposed deformation model accounts the
effects of the physical and mechanical
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properties of an inhomogeneous material with
pores and structural defects.

The effects of the coefficient b on the diagram
are illustrated in fig. 2. The curves cl(g), 03(¢),
o5(¢) were constructed for the coefficients b
increased in 1.1, 1.3, and 1.5 times, respectively,
with simultaneous proportional correction of the
coefficient a to the initial level of maximum
stresses on the diagram. Such correction is
necessary due to the fact that the coefficient b is
also included in the first part of equation (3).
Respectively, one numerically affects the
reflection of the strength characteristic. This does
not contradict the meaning of the coefficient b,
since pores and structural defects affect the
strength of the material. In this case, the
correction was aimed to demonstrate the effect of
the coefficient b.
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Figure 2. Concrete stress-strain diagrams obtained for variable coefficient b

The more structure defects in concrete, the
faster destruction occurs under extreme loads. In
such problems, it is often necessary to consider
the descending branch. If there is a need to
clarify the descending branch on the diagram,
the coefficient ¢ should be added to the
analytical expression (3). Its physical meaning
is similar to the coefficient b only on the
outrageous section of the diagram. The
coefficient ¢ can be obtained from any point on
the descending branch of the diagram when
testing a specimen.

This ensures correctness of the deformation
graph in the most difficult area of the
fracture:

—C&

oe)=a-¢e"-pr

The reliability of the expression (3) to relation
(o0—€) was confirmed by studies that were
published in [7] and [8]. The work [7] presents
experimental studies confirming the adequacy
of using expression (3) for concrete with a
strength of 32 MPa after 30 years of operation.
The paper [8] provides an analysis of the
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application of equation (3) for construction of a
stress-strain diagram of concrete exposured to
fire at temperatures of 400° C and 600° C,
according to experimental data obtained by
VNIIPO [9] and polymer concrete tested at
Mordovian State University [10].

CONCLUSION

Thus, the application of the proposed
exponential relation in order to create a
concrete  deformation  model  allows
approximation of a stress-strain curve (c—¢)
in a fairly simple expression with reflection
of the main specific properties of concrete
associated with an inhomogeneous structure,
the presence of microcracks, pores and other
microdefects. Besides, this is urgent in the
case of reconstruction, when the strength
and deformation properties of concrete are
determined during the survey of structures.
It allows construct a concrete deformation
model based on a small number of test
results directly for the reconstructed
structure.
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