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Abstract

Introduction: Based on an analysis of issues related to the anchorage and active adhesion between deformed
reinforcement and concrete, it is possible to identify major problems of concrete-to-steel bond breaking during the
operation of bearing building structures. Purpose of the study: The authors seek to determine the mechanism of
interaction between concrete and steel in the adhesion contact area, establish a relationship between external force
action and crack development in the contact area. Methods: The authors suggest some dependencies to evaluate
various test methods when determining the area where two materials, differing in physical characteristics, interact.
Approximation to the actual phenomena related to the interaction between concrete and reinforcement, starting from
the moment when through and non-through internal cracks form in the contact area and ending with destruction, is a
general problem of models describing the adhesion of materials. Results: The theoretical results were compared with the
experimental data and recommendations of modern regulatory documents, and it was found that they are in a satisfactory
agreement. It was established that the difference of axial deformations of the bar and the surrounding concrete goes into
the difference of bending displacements, which explains uneven load distribution across the protrusions. Discussion:
Using the suggested dependencies, it is possible to predict crack development in the contact area of the reinforcement
and cement binder as well as in the slip area in an extreme case. The concrete tensile strength in particular reinforced-
concrete elements in supporting cross-sections and with anchorage in tensile concrete represents a factor affecting the

strength of the concrete-to-steel bond.
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INTRODUCTION

According to the results of studying the concrete-to-
steel bond, no sufficiently reliable theories have been
developed yet, where the relationship between shear
stresses and displacements would be based on contact
problems. Such problems are solved using additional
assumptions, including numerical methods. Some
researchers (Karpenko and Gorshenina, 2006; Karpenko
and Karpenko, 2001; Prokopovich, 2000; Savrasov, 2009;
Sechenkov et al., 2007; Zikeev and Tsyba, 2009) modeled
the mechanical interaction of materials in the active
concrete-to steel bond area. This area is represented by
conical shells. In this case, the effect of moments, normal
and transverse forces, as well as circumferential cracks,
is taken into account (Karpenko and Karpenko, 2001).
The obtained resolving equations are represented in finite
differences. Solving a system of equations of the 26" order,
it is possible to determine reinforcement displacements
relative to concrete. One of the traditional tests performed
when studying the adhesion of materials is a pull-out test,
i.e. pulling reinforcement bars out of a concrete prism
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(cylinder) supported at its end face. Besides, reinforcement
anchorage in tensile concrete has received almost no
attention from researchers.

An analysis of studies related to the concrete-to-
steel bond reveals a mixed approach to the solution
(Kashevarova et al., 2016), a lack of a uniform and
theoretically substantiated method of calculation (including
under non-linear conditions): there is no unified approach
to the solution of a problem in obtaining an equation for
the compatibility of deformations for various types of
force application along the length of the contact area of
materials; the stress state of concrete and reinforcement
in the contact area (both in the presence and in the
absence of circumferential non-through cracks) has not
been studied sufficiently; there is no clarity regarding the
solution of a problem related to the adhesion of materials
and their relative displacement at the elastoplastic stage
of linear and non-linear concrete creep; materials of the
adhesion theory are not sufficiently widely used in practical
methods of designing reinforced-concrete structures and
analyzing their sections.
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BACKGROUND

Approximation to the actual phenomena related to
the interaction between concrete and reinforcement,
starting from the moment when through and non-through
internal cracks form in the contact area and ending with
destruction, is a general problem of the considered models
describing the adhesion of materials.

A bond between deformed reinforcement and concrete
was taken as a design model (Veselov, 2000) according
to the scheme shown in Figure 1. A short sample is pulled
out by forces applied to the concrete-free end of the bar
embedded in concrete on the one side, and concrete on
the other side. The forces are as follows: N3 = N, N4 = 0.
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Figure 1.

Concrete-to-steel bond design model

We suppose that inelastic deformations develop in
concrete protrusions and that reinforcement protrusions
in the contact area are characterized by elastic behavior.
Let us accept the following assumptions:

1. In areas of force application from rebars to concrete,
the bond is tight.

2. Contacts before and after deformations are observed
for all protrusions (Veselov, 2012; Veselov and Chepilko,
2010; Veselov and Pukharenko, 2015).

3. The concrete-to-steel bond is considered as a bond
with continuous protrusions.

METHODS
The authors analyze reinforcement anchorage —
that is most frequently used in reinforced-concrete

structures — pulled out of tensile concrete of a certain
area. In this case, tensile forces appear in the contact
area as well as the reinforcement. A case when
internal circumferential cracks form in the contact area
is considered.

CASE HISTORY

Adhesion between reinforcement and concrete can
be estimated by the value of shear adhesion acting along
the conventional cylindrical surface of the contact area
(Veselov, 2000). The convention is in the fact that, even in
case of plain reinforcement bars, materials contact along
the surface having various protrusions and irregularities.
As for plain reinforcement bars, shear adhesion of
materials is mainly provided by bonding between the
cement gel and reinforcement as well as lateral friction.
According to numerous researchers (Choi and Lee, 2002;
Choi and Yang, 2010; Karpenko, 2001; Kashevarova et
al., 2016, Plevkov et al., 2016), mechanical interlocking
due to transverse protrusions on the lateral surface is an
essential aspect in adhesion when it comes to deformed
reinforcement.

Kashevarova and her colleagues described factors
affecting the concrete-to-steel bond strength (Kashevarova
et al., 2016). The laws of interaction between concrete
and reinforcement determine the specifics of reinforced
concrete as a material. The concrete-to-steel bond
strength depends on the state of the metal surface,
concrete adhesion and cohesion, concrete hardening
conditions and age, degree of reinforcement compression
during shrinkage, and type of the stress state in the contact
area. During loading, the stress state is continuously
complicated due to the appearance and development
of new transverse and longitudinal cracks breaking the
contact between the reinforcement and concrete. Adhesion
is conditioned by molecular bonding forces between the
surfaces of two dissimilar or liquid contacting bodies.
During concrete laying, favorable conditions are created
for the manifestation of adhesion in the area of contact
with rigid reinforcement.

Concrete plasticity can be increased in the course of
vibration compaction. As a result, concrete approaches
the metal surface and continuity of contact between them
increases. It is known that non-treated steel is wettable
and has a tight adhesion with concrete. However, adhesion
between concrete and polished steel slightly decreases
as continuity of contact at the interface of concrete and
treated surfaces is quite high.

RESULTS

In case of the adopted design model of material
interaction and taken assumptions, under the action of the
force N, the reinforcement bar at some section of length z
will elongate by AB | and the body of the concrete prism at
this section will elongate by Ac . Under external loading,
reinforcement bar and concrete protrusions will be subject
to bending deformations. Let us denote rebar protrusion
deflection in the section z relative to its base by 0,(z),
and concrete protrusion deflection — by 0. (z) .
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Based on the taken assumptions and adhesion geometry (Karpenko and Gorshenina, 2006), the condition for the
compatibility of deformations can be written as follows:

AB—Ac=[0,(2)+0.(2)]-[05,(0)+.(0)] M

where 0,(z)+J,(z) is the sum of reinforcement and concrete protrusions’ displacements in the section at a distance
z; 6,(0)+0.(0) is the same but in the section z = 0.

It follows from equation (1) that the difference of axial deformations of the bar and the surrounding concrete goes into
the difference of bending displacements, which explains uneven load distribution across the protrusions. When deriving
dependency (1), the bond model is not significant. Therefore, equation (1) remains valid for other outlines of deformed
reinforcement as well (not only for helical).

Let us assume that stresses o, and o, uniformly distributed across the cross-section act in the bar and surrounding
concrete at some distance from the reinforcement surface. Linear displacements in equation (1) can be expressed by
force factors:

I—dz Ac =

)
0 E

where E, and E are reinforcement elasticity modulus and concrete deformation modulus, respectively.

Let us assume that dependency (1) is valid not for any point of the lateral surface regarding protrusions and their
outlines, but for points M, Ob, Oc.

Taking the pressure along the protrusions as uniformly distributed and their deformations as isolated from each other,
and considering the taken assumptions, linear displacements can be represented by the following equations:

r(2)S, p(2)S,,
9,(2) = Aioyi O(2) =54, 3
(z)? c(z)
Eb,v Ec v
where Scand S. — the height of the concrete and rebar protrusions in the contact area; in the absence of

circumferential cracks in concrete in the contact area,S. = S.,, where S.. — the spacing between the rebar protrusions.
laz)and )«C(Z) — dimensionless coefficients that depend on the geometry of the reinforcement, presence or absence
of cracks in the contact layer of concrete surrounding the bar, possible defects of concrete protrusions, etc.

Taking into account equations (2) and (3), basic equation (1) can be written as follows:

(4)

% o[ %oz = [ p(z) = p(O)] X[t
bz |~ dz =[p(2) = pO)] x4

0 b 0 ¢ b,v c,v

Let us set boundary conditions at the end faces of the element for the adopted design model:

z=lan Nb = N; Nc=0

z=0 Nc = N; Nb = 0. (5)
Then, taking into account (5) in the section z, forces in the reinforcement and concrete, respectively, will be as follows:

Iqbl dz; N,(z)= N—Nb(z):N—'Z[qbl(z)dz ®)

Let us establish a relationship between pressure p(z), ¢,,(z), and q,,(z). Based on the following equations:

dN,(z) = p(2)df = q,,(2)dz
and

dN, (2) = p(2)df =q, (Z)dZ

we obtain p(z) = q,, ()22 e and pla)=d, ™

f

where f = (rd, —2b)t, — the projection of the lateral surface of the protrusion on a plane perpendicular to the z
axis; d, — the average diameter of the protrusions, d, = 0.5 (d+d1) (Karpenko and Gorshenina, 2006) t1 — the effective
depth of a protrusion; b — the width of the longitudinal edge.
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Substituting initial data from equation (6) with account for equation (7) in equation (4), we obtain the
following:

zZ z z N
! B2l j Gy (2))dz — j ) dz = ¢,(2)7,(2) = q,, (0)7,(0) @)
lzm N
=1,, b1 0 b1 1 lan - d.
At z=1l,,  q,(0)= 1(o>[“ () j ” 2] o

Transforming equation (9) and taking into account equation (8) we obtain the following:

N N
()= )[j A(z)j G (2)dzdz ~ j fra 4t anln ) vl (10)

Equation (10) makes it possible to obtain the intensity of forces distribution along the length of a
reinforcement bar, considering the inelastic behavior of concrete in the contact area and beyond. Let us
define the line force in the element under consideration with account for the elastic behavior of materials. To
this end, we accept the following:

r(z)=y=const;  f(z)=p =const’

Having differentiated equation (10) with respect to z and taking g,,(z) = q,(z) , we obtain:

rq'(2)- B[ qb(z)dz+%:0 (11)

c e

Then we differentiate dependency (11) with respect to z:

qr(z)—m’q,(z)=0. (12)

where m*> = 8/y, or m=,//y is an adhesion characteristic, which in the general case can be represented

as follows:

(g

m=ply =

z /1(2 c
EbAb 'Scle(bfb( ) E( ) Sl)

Y c,v

All these values are presented in detail in a paper by Veselov and Chepilko (Veselov and Chepilko, 2010).
General integral (12) can be represented as follows:

q,(2) = Ashmz + Bchmz (13)

Having differentiated equation (13) with respect to z and taking the boundary conditions at z=0 ¢, =4,
z=lan q,,,, = Amchmz+Bmshmz
1 N B N 1 chml,
- ym E A4 - ymshml, E A E.A )
Substituting the values of the A and B constants in general integral (10) and transforming the equation, we
obtain the following:
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chmz
E 4,

____Nm
W= 1, ¢

chm-(l,, —z)
EC AC

)

CONCLUSIONS

Studying the concrete-to-steel bond, numerous
authors came to the conclusion that the compression
of reinforcement and concrete protrusions is the main
factor in the contact area. According to other researchers,
during the interaction of materials, tensile stresses
occur that lead to the formation of circumferential cracks
(Karpenko, 2001) in the contact area. Based on an
analysis of the proposed dependencies, the following can
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be concluded: regardless of force application, the
interaction of materials results in tensile or — when the
reinforcement is pulled out of a prism supported at its
end face — shear forces in concrete that depend on the
concrete tensile strength. The concrete tensile strength
in particular reinforced-concrete elements in supporting
cross-sections and with anchorage represents a factor
affecting the strength of the concrete-to-steel bond.
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AHHOTauuA

BBepeHue. AHanNn3 CoCTOSAHMUS BOMPOCOB aHKEPOBKM U aKTUBHOIO CLENfeHns apMaTypbl Nepmogmyeckoro
npocuns ¢ 6eTOHOM packpblBaeT OCHOBHbIE NPOBEMbl pa3pyLUeHUs CLEnneHms apmaTypbl ¢ 6eTOHOM B npoLecce
3KCMMyaTauumn HecyLnxX CTPOUTENbHbIX KOHCTPYKUn. Llenb. PackpbiTne mexaHn3ama B3aMMOAecTBUs Mexay 6eToHoM
M cTanbio B 30He aAre3noHHOro KOHTakTa, yCTaHOBMEHME CBA3eN MexXay BHELHUM CUMOBbIM BO3AENCTBMEM U
pasBMTMEM TPELUUH B 30HE KOHTakTa maTtepuanos. MeTtoabl. [MpeanaratoTcs 3aBUCUMOCTY ANS1 OLEHKN pasnmnyHbIX
MEeTOOO0B MUCMbITaHUA NPU onpeaeneHny 30Hbl B3auMOAENCTBUS OBYX PA3IIMYHbIX NO (PU3MYeCKMM XapakTepuctmkam
maTtepuanos. Obueln 3agaden mogenen cuensieHns MmaTepuanoB sBNSeTcs NpubnmxeHne K 4enCTBUTENbHOMY
XapakTepy npoTtekalLwmx SBeHUNn B3aMmMoaencTBus 6eToHa u apmaTypbl, Ha4yMHas ¢ MOMeHTa obpa3oBaHu4
HECKOBO3HbIX U CKBO3HbIX BHYTPEHHMX TPELLMH B MECTE KOHTaKkTa Matepuanos BNAOTb A0 pa3pyLleHus. Pe3ynbTaThbl.
lMpoBeaeHoO cpaBHEHWE TEOPETUYECKNX Pe3yNnbTaTOB C OMbITHbIMW AAHHBIMWU U MPESfoXKEHUSIMN COBPEMEHHbIX
HOPMaTMBHbIX JOKYMEHTOB, KOTOPbl€ YAOBMETBOPUTENBHO COrNacyTcs. YCTaHOBIEHO, YTO Pa3HOCTb OCEBbIX
Aeopmaunin CTepxKHSA 1 oKkpyxatoLlero 6eToHa nepexoauT B Pa3HOCTb U3MMBHbBIX NepeMeLLEeHNI, YTO N 0bbsACHAEeT
NPUYMHY HEPABHOMEPHOrO pacnpegerneHns Harpysku no soictynam. O6cyxaeHune. C NOMOLLbIO NpeanoXeHHbIX
3aBUCMMOCTEN MOXHO NPOrHO3MPOBaTb Pa3BUTUE TPELLUMH B 30HE KOHTaKTa apmaTypbl U LEMEHTHOIO CBA3YIOLLEro
N NpocKanb3biBaHUSA B nNpedenbHoM criydae. MNMpoyHocTb 6eToHa Ha pacTskeHUe B KOHKPETHbIX Kene300eTOHHbIX
3afieMeHTax B OMOPHbIX CEYEHUSIX N MPU aHKepPOBKe B pacTAHYTOM B6eToHe ABnseTcs (akTopoM, BAUSIOWMM Ha
NMPOYHOCTb CLENIEHNS B KOHTAaKTHOM Nape «cTanb-0eToH».
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