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A study of bond between steel rebar and concrete
under a friction-based approach

Léon Chiriatti, Hugo Mercado-Mendoza, Komla Lolonyo Apedo,
Christophe Fond, Frangoise Feugeas

1 Abstract

> Longitudinal (rebar-axis oriented) bond behavior between ribbed re-
s bar and concrete is closely related to the cross-sectional confinement
+ provided by the concrete cover. Few experimental data characteriz-
s ing the concrete cover damage induced by the rebar-concrete interac-
¢ tion are available. The present work aims to expand this limited exist-
7 ing database by means of an experimental campaign that includes the
s measurement of splitting-crack development through the concrete cover.
o Moreover, an analytical model of the rebar-concrete bond, involving the
10 introduction of only three physically-based parameters characterizing the
u rebar-concrete interface, is proposed. These parameters are experimen-

12 tally determined through the aforementioned experimental campaign.

1 Keywords: Bond Strength (C.), Pull-Out Strength (C.), Mechanical

1 Properties (C.), Reinforcement (D.), Concrete (E.).
15 1 Introduction

16 The mechanical response of reinforced concrete (RC) structures (crack
v width, crack spacing, deflection, tension stiffening) is highly dependent
18 on the efficiency of the shear (i.e. bond) stress transfer evenly distributed
1 all along the rough contact surface between the reinforcing bar (rebar)
20

21

22

2 phenemena- According to the state of the art [1], the description of

2 the rebar-concrete bond is essentially based on an empirical approach.

1
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However, the restricted scope of empirical correlations conflicts with the
actual growing diversity of concretes. Indeed, empirical relationships
mostly depend on adjustable parameters which generally lack physical
meaning and which should be calibrated for each type of concrete [2, 3].
In that sense, the present work aims to introduce a more predictive
model, based on a greater comprehension of the damage mechanisms
induced by the rebar-concrete interaction. This approach could lead to
an improvement in the design of RC structures made of conventional

concrete, as well as those made of new types of concrete.

Besides the longitudinal bond stress, pioneering studies [4, 5, 6, 7, §]
found that the irregular shape of ribbed rebar also led to the devel-
opment of a cross-sectional radial stress. The possibility that the en-
hanced longitudinal bond capability of ribbed rebar could be related to
this cross-sectional radial stress was supported by numerous experimen-
tal studies [8, 9, 10, 11, 12]. As a result, a relationship between the
longitudinal bond stress and the cross-sectional radial stress, using a
Mohr-Coulomb failure criterion, was suggested. Meanwhile, a kinematic
relashionship between the longitudinal displacement (i.e. slip) of the re-
bar and the radial displacement of the concrete cover was proposed [13].
Both aforementioned limit equilibrium and kinematic assumption were
recently coupled [14], laying the foundation for the predictive model of
the rebar-concrete bond;-depending-on—a-limited-amount-of physically—
based-parameters: that is proposed in the present work.

the-conerete—ecover- Unlike flexural cracks, splitting-cracks induced by

the rebar-concrete interaction initiate inside the concrete bulk and pro-

gressively develop toward the surface of the concrete cover. However,
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monitoring of the crack opening is usually performed from the surface of
the RC member [15, 16]. Hence, many authors [14, 17, 18] highlighted a
lack of experimental measurements characterizing the damage develop-

ment preceding the complete splitting of the concrete cover. The present

work aims to expand this limited existing database [19, 20, 21]. For this

developed- the conventional design of the sample that is generally used
to perform the standard pull-out test [3, 22, 23] has been modified. This
novel pull-out sample (see section 4) allowed the splitting-crack develop-

ment at the rebar-concrete interface to be measured.

In addition, an analytical model of the rebar-concrete bond, involving
the coupling between both longitudinal and cross-sectional bond-related
phenomena through a friction-based approach, is proposed. On the
basis of Tepfers’ hydraulic-pressure analogy [7] and fracture mechanics
considerations, this model suggests that the rebar-concrete bond could
be analytically described by means of the introduction of only three
physically-based parameters characterizing the rebar-concrete interface.
Within this framework, an analytical expression of the rebar-concrete in-
terface shear stiffness (a key parameter with regard to the cracking of RC
structures) has been derived. All three model parameters were exper-
imentally determined through a pull-out test campaign including both
conventional and modified (see preceding paragraph) pull-out samples.
The comparison between measured and predicted values of the rebar-
concrete interface shear stiffness allowed the analytical model, that is

proposed in the present work, to be validated.

2 Theoretical background

2.1 Longitudinal interface behavior
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2.1.1 Bond stress

The pull-out test, which consists in pulling a piece of rebar out of a
concrete bulk, is a widespread and standard technique used to charac-
terize the rebar-concrete bond performance [1]. According to standard
approaches [3, 22, 23], the conventional bond stress T,om, is defined as
the ratio between the pull-out force F' and the nominal area of the an-
chorage (Eq. 1, where d,,,, is the nominal diameter of the rebar and l,4
is the initial length of the anchorage). This definition, while appropriate
in the context of comparative studies [24, 25, 26], has been adjusted, in
the present work, in an attempt to characterize the physical mechanisms

which develop at the rebar-concrete interface.

F

Tnom — ——5; 7
m dnom ladh

(1)
The first adjustment concerns the effective surface area of the rebar-

concrete interface. Depending on concrete properties and rebar geome-

try, experimental studies have shown that-threelocalfailure-mechanisms
. : (Fie 2} 127} (i} slip-al
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the-eonerete—trapped-between—theribs{meeh—3)- that shear failure of

the concrete trapped between the rebar ribs (i.e. formation of a cylin-
drical crack around the rebar) may occur. In this case, shear (i.e. bond)
stress transfer likely stems from the friction that develops between the
two flanks of the aforementioned cylindrical crack. In the present work
and according to [27], the contribution of the steel-concrete contact to
this friction has been neglected in comparison with that of the relatively
rough concrete-concrete contact. In practice, this assumption has been
taken into account through the introduction of the parameter n (Eq. 2,

where 0 <7 < 1).

The second adjustment concerns the evolving character of the initial

anchorage length [,4,, which constantly decreases with increasing rebar
slip values s. As discussed above, bond mechanisms strongly depend on
the presence of concrete trapped between the rebar ribs. Hence, during a
pull-out test (i.e. rebar slip), the bond efficiency of the upper unbonded
(i.e. free of concrete, Fig. 1-a) portion of the rebar, which progressively
enters into the sample, is practically nullified. In the present work, this
issue has been addressed by adjusting the initial anchorage length [,45, as
a function of the rebar slip measurement s (Eq. 2). Hence, the effective

bond stress 7 was calculated using Eq. 2.

F
T = 2
nm dnom (ladh - 3) ( )




153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

2.1.2 Bond parameters

Longitudinal bond behavior is commonly characterized expressing the
average bond stress 7 as a function of the rebar-concrete slip s (Fig. 2)
[24, 25, 26]. Given the short anchorage length that has been adopted
in the present work (see section 4), two failure scenarios of the pull-out

sample were observed:
(i) splitting-type failure: cracking of the concrete cover surrounding

the rebar (curve [A] in Fig. 2) ;

(ii) pull-out failure (or partial splitting): shear failure of the rebar-

concrete interface layer (curve [B] in Fig. 2).

On a comparative purpose, the following bond parameters can be defined

(Fig. 2) [1]:

(i) chemical adhesion strength 7,45: the upper bond stress reached by

the interface before noticeable slip ;

(ii) interface shear stiffness ks: the average slope of the practically

linear portion of the 7 — s curve beyond 7441, ;
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(iii) bond strength 7,,4.: the peak stress value reached by the interface

throughout the pull-out test ;

(iv) residual friction 7,.s: the remaining nearly constant bond stress

after large slip values.

Tensile-failure—of-conerete (moved into position 2.2.1 and re-

named “Tension softening model for concrete”)

2.2 Cross-sectional interface behavior
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The successive degradation mechanisms involved in concrete tensile fail-
ure are conventionally modeled through a tension softening curve [28,
29, 30]. This curve expresses the tensile damaged-concrete stress op,
bridging the two flanks of the Fracture Process Zone (FPZ), as a func-
tion of the FPZ damage level. Different approaches were developed to
theoretically assess the FPZ damage level [31, 32]. The fictitious-crack
approach developed by Hillerborg et al. [31] is adopted in the present
work. According to this approach, the FPZ is modeled as a discrete
crack, whose width w eausing-a-displacementleap-Aw—=—w-concentrated
in-a-zero-breadeh-linedocated-at -y —along thematerial {(Fig5)-The
fetitious-erack-opening4w accounts for all damage-related displacements
developing from the microscale level to the macroscale one. Thus;ten-
. o Lated Lo fetiti ! o] ]

Jod i : . E the fetiti !

Numerous tension softening models, for instance bi-linear [13], power

[33, 34] or exponential [35], can be found in the literature [29]. Hew-
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However, on the basis of preceding studies [36, 37, 38, 39], Regarding

damage of

the concrete bulk surrounding the rebar was taken into account, in the
present work, through a constant damaged-concrete stress op equal to

the tensile strength of concrete fe, (Eq. 3). Heneergiven-this-assuwmp-
iond o E il £ . ¢

sary- As regards the undamaged concrete, a linear behavior characterized

by a Young modulus denoted as E.,, was adopted.

Op = fctnL (3)

2.2.2 Splitting-crack distribution

During a pull-out test, the cross-sectional radial stress ¢ acting at the
rebar-concrete interface is balanced by internal circumferential (i.e. hoop)
stresses oy that develop within the concrete cover (Fig. 3). These hoop
stresses may eventually lead to radial cracking (i.e. splitting) of the
concrete cover all along the rebar longitudinal axis. This type of crack,

which has been experimentally observed [10, 11], is conventionally named
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splitting-crack [19, 18].

Lura et al. [18] showed by means of finite-element modeling that these

splitting-cracks generally develop in preferential planes. The-nuwmber

figuration-and-using numericalmodeling; In addition, Plizzari et al. [19]
highlighted that only two main splitting-cracks tend to form around

rebars with a non-uniform rib shape similar to the crescent-ribbed rebar
that has been used in the present work (Fig. 4). Recent acoustic emission
measurements [40] confirmed this high correlation between rib shape

and damage distribution in the immediate vicinity of the rebar-concrete

interface. hn-thepresent-workanon-uniforn-crescent—ribbedvebar{(Fig:
0} which s simil | : | 1 Pl . Tl 1

Consequently, a number n of two splitting-cracks was assumed (Eq. 4).
Hence, the development of a single splitting-plane, orthogonal to the axis

defined by the diametrically-opposed rib tips, was expected.

The analytical model of the rebar-concrete bond proposed in the present

10
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342

work is based on Tepfers’ double cylinder model, for which comprehen-
sive mathematical developments can be found in the literature [7, 9,
13, 35, 33, 41]. On the basis of this existing model, the radial stress
field o,.(r) that develops along the concrete cover thickness (i.e. between
r =rs and r = r,, Fig. 3) can be determined as a function of the con-

crete cover damage level within the range of 0% (undamaged concrete

cover) to 100% (totally damaged concrete cover).

According to section 2.2.1, the behavior of the concrete cover is assumed
elastic until its maximum circumferential tensile stress og(rs), which
is located at the rebar-concrete interface coordinate » = r,, reaches
the concrete tensile strength f.;,. Beyond this limit, damage initiates.
Damage development is then modeled by dividing the concrete cover into

two rings (Fig. 3-a):

(i) adamaged inner ring (rs < r < r.,.) governed by fracture mechanics

(ii) an elastic outer ring (1. <7 < r.) governed by solid mechanics.

The boundary between these two rings is identified by the radius r¢, (rs <

Ter < 7¢), which corresponds to the location where the hoop stress

o¢(rer) is equal to the concrete tensile strength fot,,. Thisboundarycon-

11
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a-givenlower radiusro{rs<ro<rand-the-upperradius+s- giving
the radial stress o,.(r¢) acting at an arbitrary coordinate o along the

thickness of the damaged inner ring (Fig. 3-b), can be derived.

other respects, a linear relationship (Eq. 6) [13, 33] between the radial

coordinate r* (Fig. 3-b) and Hillerborg’s fictitious-crack width w can

also be stated.




369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

3 Analytical modeling
3.1 Radial stress equation

The general equations Eq. 5 and Eq. 6 taken from the literature can be
rewritten considering both Eq. 3 and Eq. 4 proposed in the present work,
and estimated in the particular case where o = r5, which corresponds to
the rebar-concrete interface coordinate. Since concrete-concrete contact
is found only on a fraction of the rebar-concrete interface, the parameter
7, previously used to determine the effective bond stress 7 (Eq. 2), was
also used here. As-discussed-in-section2.2.1the-effective surface-area
the-parameter#- Accordingly, the radial stress o and the FPZ opening
Wfpz, both related to the rebar-concrete interface, are given by Eq. 7

and Eq. 8, respectively.

In terms of FPZ opening, the domain of the present analytical description

ranges from wyp,, = 0 (rer = s, i.e. 100% elastic concrete cover) to the

l

FPZ opening corresponding to the maximum damage depth wy,, = wﬁpz

(rer = re, i.6. 0% elastic concrete cover). This upper bound is given by

Eq. 9.

o 1 [rer ]
=2 | (v +1)—1 7
= [ 1) @
fctm
waZ = ﬂ-Ecm (rcr Ts) (8)
l fctm
e = TR (re = 1) o)

13
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Pz )

The combination of Eq. 7 and Eq. 8 leads to an analytical relation-
ship (Eq. 10) between the FPZ opening wy,. and the radial stress o,
both related to the rebar-concrete interface. It can be noticed that Eq.
10, established in the present work, is based on a limited number of
physical and geometrical parameters, directly accessible or measurable

in laboratory conditions.

70(wfpz) = E with:
fetm n
B e T e
Ts Wiy, + 2X 12 Weps + X2 7s(r2 +12)
fctm
=7 10
X=mp (10)

3.2 Longitudinal/cross-sectional coupling

As far as rebar-concrete interaction is concerned, the global mechanical
behavior of RC structures (crack width, crack spacing, deflection, ten-
sion stiffening) is mainly influenced by the longitudinal bond behavior.
On the one hand, the longitudinal bond behavior 7 —s (Fig. 2) is mainly
described on the basis of empirical knowledge. On the other hand, Eq.
10 represents a physically-based model of the cross-sectional bond be-
havior o — wyp.. Hence, the coupling between the parameters related to
these two directions should allow the longitudinal bond behavior to be

characterized from a physical point of view.

3.2.1 Mohr-Coulomb failure criterion

The radial stress o exerted perpendicularly to the rebar-concrete in-
terface can be correlated to the rebar-concrete interface longitudinal

shear strength 7 assuming the Mohr-Coulomb failure criterion (Eq. 11)

14
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[11, 13, 14, 33, 41]. The parameter u is the coefficient of friction of the
rebar-concrete interface and quantifies the increase of the shear strength
7 due to the radial stress 0. The parameter ¢, called cohesion, reflects
the ability of the rebar-concrete interface to withstand pure shear (i.e.

T when o = 0).

T=po+ec (11)

3.2.2 Kinematic compatibility equation

The early study carried out by Den Uijl and Bigaj [13] on rebar-concrete

bond modeling stated a linear relationship between the longitudinal slip
of the rebar s and the radial displacement of the concrete cover. This
assumption was successfully implemented by Lura et al. [18] in a finite-

element model using a local linear kinematic relationship between—+twe

tien-was-alse which was further used by Tastani and Pantazopoulou [14]

in order to develop a multidirectional bond model.

Analogously, and assuming linear proportionality between the FPZ open-
ing wy,, and the aforementioned radial displacement, a coefficient ¢ (Eq.
12) has been defined in the present work. This coefficient can be inter-

preted as the dilation rate of the rebar-concrete interface.

Wepz = ’l/)S (12)

3.3 Shear stiffness equation

and-slip-initiation-{Fig—3)—As-aresult; In mathematical terms, the shear

15
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stiffness of the rebar-concrete interface ks g (section 2.1.2) is the limit
of the derivative of the 7— s curve as the rebar-concrete slip s approaches

zero (Eq. 13).

or
=i — 1
ksrH lim { 85} (13)
Eq. 14 is obtained from Eq. 13 by taking into consideration the Mohr-
Coulomb failure criterion (Eq. 11). The coefficient of friction p and the
cohesion ¢ are both assumed to be constant with respect to the slip s

(see section 5.5).

ksrp = plim {80} (14)

—0 | Os
Eq. 15 is then obtained from Eq. 14 by taking into consideration the

kinematic compatibility between the rebar-concrete slip s and the FPZ

opening w¢p. (Eq. 12).

k&TH_Mhm{awa.aa} (15)
s—

The solution of the first derivative % is obtained from Eq. 12 and

corresponds to the dilation rate 1, which is assumed to be constant with

Jdo

3 can be
Wipz

respect to the slip s (see section 5.4). The second derivative

calculated from Eq. 10. Hence, the analytical expression of the interface

shear stiffness ks 7 is given by Eq. 16.

4 Y Yeor Eem

with veyr =
"7 ™ dnom

ksrH =

4 Materials and methods
4.1 Pull-out sample design

Pull-out samples tested in the present work (Fig. 1 and Fig. 5) com-
prised a single rebar concentrically embedded inside a dodecagonal pris-

matic concrete sample. As explained below, two unbonded areas were

16
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implemented along the upper and lower embedded portions of the rebar.
Due to the non-uniform rib shape of the rebar used in this study, the
development of a single splitting-plane, perpendicular to the rib-tip axis,

was expected.

With reference to the conventional configuration of a pull-out sample
(Fig. 1-a), the geometry of the pull-out samples tested in the present
work (Fig. 1-b and Fig. 5) was adapted considering the following cri-
teria. On the one hand, the spreading of the stresses generated along
the anchorage area, into the concrete bulk surrounding the lower un-
bonded area, leads to a complex three-dimensional state of stress inside
the pull-out sample. Now, theoretical expressions stated in section 3 were
developed within a two-dimensional framework. On the other hand, due
to hoop stresses, the concrete bulks surrounding both the upper and
the lower unbonded rebar portions are likely to strongly restrain the
splitting-plane damage processes within the loaded anchorage area of

interest.

Thus, the pull-out sample formwork was fitted with two removable steel
windows positioned on both sides of the rib-dependent splitting-plane
(Fig. 1-b and Fig. 5-a). These steel windows, arranged so as to coincide
with the preferential splitting-plane, were used to split into two parts
the concrete bulks surrounding both the upper and the lower unbonded
rebar portions (Fig. 1-b and Fig. 5-b). In addition, these steel windows
allowed the effective (i.e. splitting-plane oriented) concrete cover c.ss to
be modulated, with the aim of studying the influence of its thickness on

the sample response.

This technical solution (i.e. steel windows) allowed a single formwork to
be used for the manufacturing of different concrete covers. However, the
resulting set-up could likely lead to parasitic notch effects along the outer
edges of the effective concrete cover. The influence of these notch effects
was assessed by means of an exploratory numerical simulation which
showed that the corresponding stress concentration remains marginal
until an advanced (i.e. clearly beyond the scope of the model proposed in
this work) damage development along the splitting-plane. Furthermore,

regardless of the concrete cover c.ss, no noticeable influence related to

17
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these aforementioned notch effects has been experimentally observed in

terms of failure mode of the pull-out samples (see section 5).

A first type of pull-out sample, casted in a formwork fitted with two re-
movable steel windows, is hereafter referred to as beta-sample (Fig. 1-b
and Fig. 5). A second type of pull-out sample, named hereafter refer-
ence sample, was casted in a formwork without the use of steel window
(Fig. 1-a). The notch machined on the steel window (Fig. 5-a) was
designed to provide three different effective concrete covers c.ry (MAX,
MED and MIN, Table 1). The concrete cover of reference samples (REF)
was defined by the formwork inscribed radius (Fig. 5-a and Table 1).
Pull-out samples were casted vertically so as to ensure a uniform distri-
bution of the concrete around the rebar. Any traces of superficial cor-
rosion were removed from the rebar surface with a metallic brush. Any
contact between the rebar and the formwork oil was carefully avoided.
All samples were vibrated and cured in an indoor stable environnement

(T'=22+1°C,RH =72 £ 5%) for 28 days.

designation type Cers (mm)  quantity

MIN beta 42 3
MED beta 57 3
MAX beta 72 3
REF reference 87 3

Table 1: Pull-out sample categories.

The initial anchorage length .4, was defined using Eq. 17 so as to
take into account both the rebar RVE [22, 23] and the concrete RVE
[30]. D is the maximum aggregate size and is equal to 20 mm. dy,om
is the nominal diameter of the rebar and is equal to 12 mm. Thus, an
initial anchorage length l,qn, of 100 mm was implemented (Fig. 1-b).
This anchorage length was short enough to ensure that the rebar state

of stress remained within the elastic domain.

ladh = ma:c[5 dnom; ) D] (17)

Standard prescriptions recommend an unbonded distance of at least five

times the rebar diameter between the rebar-concrete anchorage area and

18
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the support plate [22, 23]. This provision intends to preserve the anchor-
age area from parasitic stresses occurring in the vicinity of the contact
surface between the pull-out sample and the support plate. For this
purpose, the lower portion of the rebar was uncoupled from the concrete
cover using adhesive tape coating. A lower unbonded length of 105 mm,
which corresponds to the height of the steel window lower wing, was
chosen (Fig. 1-b). The two gaps between the steel window lower wing
and the lower unbonded portion of the rebar were filled with thin foam

stripes (Fig. 1-b and Fig. 5-a).

An upper unbonded length of 35 mm, larger than the maximum aggre-
gate size of 20 mm, was implemented using a foam tube (Fig. 1-b and
Fig. 5-a). This provision allowed any parasitic effect ensuing from phe-
nomena such as concrete bleeding, segregation and any disruption of the
granular stacking due to the levelling of the pull-out sample top surface,
to be avoided. The height of the steel window upper wing matched this
upper unbonded length. Ribs located above the anchorage area were

planed in accordance with criteria related to Eq. 2.
4.2 Concrete properties

The concrete of the pull-out samples was based on a Portland-composite
cement CEM II/A 42.5N, compliant with NF EN 197-1 [42], with a
water-to-cement ratio of 0.67. Aggregates were graded according to three
particle size cuts ranging from 0 mm to 20 mm. Concrete mix propor-
tions, designed to achieve a target compressive strength of 25 MPa, are

detailed in Table 2.

constituent quantity (24)
0/4 sand 780
4/10 fine gravel 267
6.3/20 gravel 820
limestone filler 45
Portland-composite cement 270
superplasticizer 1.31
effective water 180

Table 2: Concrete mix proportions.

Average values of the main hardened concrete mechanical properties,

determined 28 days after casting on the basis of at least three measure-
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ments compliant with NF EN 12390 [43], are listed in Table 3. Direct
tensile strength f.;,,, was determined by means of indirect testing meth-
ods (flexural strength and splitting tensile strength), using the corre-

sponding correlations prescribed by NF EN 1992-1-1 [44].

property symbol unit value
bulk density p (%) 2350 (6

(6)
compressive strength fem (MPa) 27.2(0.7)
direct tensile strength  feim (MPa) 24 (0.3)
Young modulus Ecp, (GPa) 31.4 (0.6)

Table 3: Concrete mechanical properties (standard deviations in paren-
theses).

4.3 Rebar characteristics

A crescent-ribbed steel rebar, 12 mm in nominal diameter, was used.
The geometrical characteristics of the two opposite ribbed rows, shaped
along the rebar axis, are given in Fig. 4. According to supplier data, the
Young modulus and the characteristic yield strength of the rebar steel

were 200 GPa and 500 MPa, respectively.
4.4 Experimental set-up

A steel frame composed of two plates, 18 mm in thickness, connected
with four threaded rods, 16 mm in diameter, was fastened to a 150 kN
INSTRON 3384 testing machine (Fig. 6). The pull-out sample was
positioned on the drilled lower support plate. The lower rebar end was
fastened using the bottom immobile jaw of the testing machine. The
upper moving jaw was used to induce a vertical displacement of the
whole testing frame at a constant velocity of 0.5 mm.min~'. Therefore,
the rebar pull-out was induced by the relative displacement between the

ascending concrete bulk and the fastened rebar.

The pull-out force F' was measured using a force sensor with an ac-
curacy of 0.01 kN. Rebar-concrete slip s was measured using a RDP
Electronics D5/300AGRA displacement sensor (LVDT) with a measur-
ing range of 15 mm 4+ 0.5 um. Beyond this range, the rebar-concrete
slip was determined using the built-in displacement monitoring device
of the testing machine. The testing machine was computer-controlled

using the INSTRON Bluehill2 manufacturer software.
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According to section 2.2.2, the development of two distinct FPZs, ex-
panding in opposite directions from the rebar-concrete interface to the
edge of the concrete cover, was expected. In order to characterize this
damage development, splitting-plane opening wxp was measured on
both sides of the rebar with an accuracy of 1.2 um using two LVDTs
(Fig. 6). These LVDTs were positioned at a distance of 14 mm from
the rebar-concrete interface (the shortest distance given the dimensions
of the LVDT support). Two additional LVDTs, with an identical accu-
racy of 1.2 pum, were positioned along the splitting-plane at a distance
of 54 mm from the rebar-concrete interface. These two external LVDTs,
used as a control measurement, showed results that were consistent with
those of the internal LVDTs. However, as the parameter wg¢,, refers
to the FPZ opening at the rebar-concrete interface coordinate, only the
measurements obtained from the internal LVDTSs (i.e. wxp) were used
in the present work. In order to carry out a comparative analysis, this
splitting-plane opening measurement device composed of four LVDTs
was implemented on both beta and reference samples. In the specific
case of reference samples (i.e. in absence of steel windows), this de-
vice was arranged so as to coincide with the presumed splitting-plane

considering the orientation of the rib-tip axis.

5 Results and discussion

Due to technical problems, the pull-out tests performed on the first two
samples of category MAX (Table 1) were not achieved normally. There-
fore, the corresponding measurements were unusable and, thus, not con-

sidered hereafter.

5.1 Interface failure mechanism

The analysis of the rebar-concrete interfaces that have been performed
after the different pull-out tests (Fig. 7) showed that, in all cases, shear
failure of the concrete trapped between the ribs occurred. Thus, in ac-
cordance with the basic premise of the analytical model that is proposed
here, stress transfer along the rebar-concrete interface mainly took place
between the concrete fractured surfaces. The percentage of the rebar-

concrete interface providing a rough concrete-concrete contact was esti-
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mated at 70 % using the rebar geometrical characteristics (Fig. 4). As
in [27], the potential contribution of the relatively smooth steel-concrete

contact was neglected. Hence, a coefficient n = 0.7 (Eq. 2) was assumed.
5.2 7T — s curves

For the different pull-out tests carried out in the present work (Table
1), Fig. 8-a shows the bond stress 7 (Eq. 2) as a function of the cor-
responding free-end slip s, up to a slip value of 1.5 mm (pre-peak slip
range). The complete curves (i.e. slip values ranging from 0 to 30 mm)
are depicted in Fig. 8-b. As showed in Fig. 8-b, all reference samples
were subjected to pull-out failure. Splitting-type failure prevailed for all
the beta-samples (Fig. 1-b), except for MED-3 which underwent pull-
out failure. For each pull-out sample category (Table 1), average values
of the four bond parameters introduced in section 2.1.2 are gathered in

Table 4.

The experimental value of the interface shear stiffness ks (Table 4) was
determined using a linear regression analysis (correlation coefficient of
at least 0.98) performed within the practically linear portion with slip

values ranging from 50 pm to 200 pm (ks range in Fig. 8-a).

The experimental value of the chemical adhesion strength 7,4, was de-
termined as the bond stress level for a conventional slip value s of 5
pum which, according to Fig. 9, corresponds to the transition between
the strain domain (i.e. chemical adhesion stage) and the slip initiation.
The experimental values of 7,4, gathered in Table 4 suggest that this
parameter is not correlated with the concrete cover c.r¢. Accordingly,
Tadh appears related to physical mechanisms occurring in the immedi-
ate vicinity of the rebar-concrete interface. In that sense, based on [45],
the so-called chemical adhesion stage could plausibly result from a state
of stress of the concrete trapped between the ribs close to pure shear.
Indeed, in accordance with the experimental results obtained by Elige-
hausen et al. [25], the average value of the measured chemical adhesion
strength 7,45, (about 2.0 MPa in Table 4) was found to be close, although
rather lower, to the concrete tensile strength fei, (2.4 MPa in Table 3).

Moreover, as noticed by Tixier [46], due to rib arrangement, the internal
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structure of the concrete trapped between the ribs tends to be closer to
that of mortar (cement paste and fine aggregates). This could explain,

at least partially, the difference between 7,4, and fem.

Concerning beta-samples, the bond strength 7,,,, appeared directly cor-
related with the concrete cover c.¢s (Table 4). In fact, through Eq. 10,
it can be noticed that as c.yy grows, the radial stress acting at the
rebar-concrete interface o increases. This, given Eq. 11, could plausi-
bly explain this correlation. Conversely, it is worth noting that, despite
their larger concrete cover, reference samples generated the lowest bond
strength (Table 4). This could be ascribed to the global geometry of
this sample.  Indeed—as—mentioned-in-—section—d—the-coneretebulks

ing-measurement: Indeed, as mentioned in section 4.1 and confirmed by

the splitting-plane opening measurements (see section 5.4), the concrete
bulks surrounding both the upper and the lower unbonded rebar por-
tions of reference samples tend to strongly restrain the FPZ development
(i.e. wyp,) within the loaded anchorage area. Hence, according to Eq.
10, the larger concrete cover c.rs of reference samples was seemingly
counterbalanced by the lower FPZ opening wy,., resulting in a decrease
in . This, given Eq. 11, could explain the relatively low bond strength

Tmaz that has been observed for reference samples.

The only beta-sample which underwent a pull-out failure (MED-3) showed
a residual bond stress 7.5 which was higher than that obtained from
reference samples (Table 4). Again, considering the aforementioned dif-
ference in the FPZ development, this observation regarding 7,..s can also

be explained by the relatively larger residual value of the splitting-plane

opening wxp (Fig. 10-b), which involves larger o (Eq. 10) and, thus,
larger 7 (Eq. 11). Infaet:beyond the shear strength-of the rebar-con-
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concrete Tadh Tmax Tres ks
cover  (MPa) (MPa) (MPa) — (MLPq)

mim

MIN 20 (0.1) 15.9 (1.3) - 47.0 (1.7)
MED 15 (0.1) 17.7(0.6) 4.9 44 (11)
MAX 2.0 18.2 - 42.5

REF 2.1 (0.5) 15.0(1.6) 3.9 (0.9) 16.4 (2.6)

Table 4: Bond parameters (standard deviations in parentheses).

5.3 Apparent cohesion

In order to analyse the rebar-concrete bond through a Mohr-Coulomb
failure criterion (Eq. 11), apparent cohesion ¢ had to be determined.
Here, the term apparent is used to highlight the difference between the
latter definition and the mechanical property generally attributed to
thin cohesive soil like clay. Considering the foregoing discussion (74an
paragraph in section 5.2), and as far as the rebar-concrete interface is
concerned, apparent cohesion seems to physically correspond to the in-
teraction between the concrete trapped between the rebar ribs and the

neighboring concrete, before any fracture due to the pure shear state of

stress (i.e. within the strain domain).

Apparent cohesion ¢ could be experimentally determined from the anal-
ysis of the characteristic 7 — s curve previously introduced (section 5.2).
Indeed, transition between the strain domain and the slip initiation could
be clearly identified within the micrometric slip range of the character-
istic 7 — s curve (Fig. 9). In the end, the apparent cohesion ¢, related to
the Mohr-Coulomb frictional approach, appears equivalent to the chem-
ical adhesion strength 7,4, defined in accordance with the historical

description of rebar-concrete bond (section 2.1.2). This equivalence is
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expressed by Eq. 18.

C = Tadh (18)

5.4 Dilation rate

As specified in section 4.4, each pull-out sample was instrumented with a
pair of displacement sensors positioned perpendicularly to the preferen-
tial splitting-plane (Fig. 6). This instrumentation allowed the splitting-
plane opening at the rebar-concrete interface wxp to be measured. Ex-
perimental results giving the splitting-plane opening wx p as a function
of the rebar-concrete slip s are shown in Fig. 10-a (pre-peak slip range)
and Fig. 10-b (complete slip range). Also, the average values of the
maximal splitting-plane opening measurements wx p,mqe are gathered

in Table 5.

Concerning beta-samples, Fig. 10-a shows no clear correlation between
the concrete cover c.r ¢ and the maximal splitting-plane opening wx p,maz -
Furthermore, splitting failure of the concrete cover systematically oc-
curred as wxp reached a maximal value wx pmaqs close to roughly 17
pm (Table 5). The existence of such a critical value of the splitting-
plane opening suggests that failure of the concrete cover could plausibly
be governed by a threshold effect (i.e. wx pmaqe) rather then by the thick-
ness of the concrete cover c.r¢. In that sense, two damage phases may

be distinguished: a stable (quasi-static) damage growth and an unstable

(dynamic) crack propagation. Giventhe-description-of-conerete-tensile

coalescence—of-these-mieroeracks {C-D—inFig—4). The aforementioned

threshold effect is plausibly correlated with the concrete fracture prop-

erties such as the initial fracture energy Gy [47]. However, as the same
concrete was used for all the pull-out samples that have been tested
in the present work (i.e. comparable concrete fracture properties), this

suggests also a significant influence of local concrete heterogeneities.
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The maximum FPZ opening values wx p mqqe Of reference samples were
about 5 times lower than those of beta-samples (Table 5). This signif-

icant difference is likely attributable to the FPZ development restraint

previously discussed (Tiq: and 7.5 paragraphs in section 5.2). Iafaets

As showed in Fig. 10-a, a linear relationship between the splitting-plane
opening wx p and the rebar-concrete slip s could be ascertained within
the pre-peak slip range. It is worth noting that, according to Eq. 19 (see
section 5.5), the FPZ opening wy,. is obtained from the splitting-plane
opening wxp by subtracting a constant displacement value Aw. The
dilation rate ¢ (Eq. 12) can thus be calculated using either wy,. or wxp.
Hence, a constant dilation rate ¢ (Table 5) could be determined from Fig.
10-a using a linear regression analysis (correlation coefficient of at least
0.94). For the beta-samples subjected to splitting-type failure, this linear
trend was verified until concrete cover failure (Fig. 10-a). In the case
of pull-out failure, the proportionality between s and wy,,, is effectively
valid within approximately the first half of the FPZ opening range (Fig.
10-a), probably ascertaining an early damage process occuring at the
rebar-concrete interface. According to Table 5, the dilation rate 1 seems
to be inversely correlated with the concrete cover c.¢f, which may raise
questions about the character of the dilation rate as an intrinsic property

of the rebar-concrete interface.

As depicted in Fig. 10-b, in the case of pull-out failure, measurement
of the splitting-plane opening wx p showed a significant closure of the
preferential splitting-plane within the post-peak slip range. For reference
samples, this closure was almost complete. Taking into account the FPZ
development restraint previously discussed (7yq0 and 7,..s paragraphs in
section 5.2), this closure is likely to be due to the elastic return of the un-
damaged (at least partially) part of the concrete cover. Correspondingly,
for the beta-samples, only a partial elastic return was observed (Fig. 10-
b). This could plausibly be ascribed to residual strains in relation to

their higher FPZ development (wx pmqs in Table 5).
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concrete cover  Wxpmaz (Hm) P (pm/mm)

MIN 16.5 (2.5) 33 (14)
MED 16.7 (1.6) 26 (4)
MAX 17.0 21
REF 3.0 (1.0) 4(2)

Table 5: Kinematic parameters (standard deviations in parentheses).

5.5 Friction coefficient

According to Eq. 11, three parameters are necessary for determining
the friction coefficient p inherent in the rebar-concrete interface, namely:
apparent cohesion ¢, bond stress T and radial stress o. Calculation of the
apparent cohesion ¢ has been previously discussed (section 5.3). Bond
stress 7 could be determined through both the pull-out force F' and the
rebar-concrete slip s measurements (Eq. 2). The main difficulty stems
from the determination of the radial stress o. Indeed, this parameter
is not explicitly correlated with any externally-controlled load, since it
results from the passive confining action of the concrete cover. However,
Eq. 10, developed in the present work, provides a theoretical relationship

between the radial stress ¢ and the FPZ opening wyp..

In that sense, it should be emphasized that the experimental measure-
ment of the splitting-plane opening wx p could not be directly used in
Eq. 10. Indeed, as mentioned in section 5.4, the measurement of the
splitting-plane opening wx p must include a part of undamaged-concrete
strain. However, according to the theoretical development introduced in
section 2, FPZ opening wy,, only refers to the damaged-concrete dis-
placement (i.e. from the moment when the circumferential damage of the
concrete cover has been initiated at the rebar-concrete interface). Con-
sequently, the part of splitting-plane opening measurement related to
the undamaged-concrete strain, denoted as Aw, was subtracted from the
splitting-plane opening measurement wx p for determining the damaged-

concrete displacement wyy. (Eq. 19).

Wep, = wxp — Aw  with Aw = Aw; + Aw, (19)

In order to assess the undamaged-concrete displacement Aw, two terms
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were added (Eq. 19). The first term, Awy, accounts for the splitting-
plane opening wx p related to the apparent cohesion stage (i.e. before
slip initiation, section 5.3). Accordingly, Aw; was determined as the
measured value of wx p when the measured bond stress 7 equals the ap-
parent cohesion ¢ (i.e. when 7 = ¢ = 7445, Fig. 11-a). The second term,
Aws, accounts for the splitting-plane opening wyx p measured between
the slip initiation and the moment when circumferential damage of the
concrete cover theoretically initiates at the rebar-concrete interface (i.e.
when oy(rs) = ferm, section 2.2.3). Accordingly, Awy was determined
by extending the curve derived from Eq. 10 down to o = 0 (Fig. 11-b).

On this basis, a displacement value Aw of about 2 um could be ascribed

to the undamaged-concrete strain.

The parallel evolution of the radial stress o (obtained through Eq. 10
considering wyp, as expressed in Eq. 19) and the bond stress 7 (Eq. 2),
both represented as a function of rebar-concrete slip s, is illustrated in
Fig. 12-a (pre-peak slip range). As indicated on these diagrams, a given
slip value s* could be used to determine the corresponding (o*, 7*) state
of stress acting at the rebar-concrete interface. Fig. 12-b was obtained

by applying this operation throughout the pre-peak slip range.

Fig. 12-aindicates that the bond stress 7 is systematically lower than the
radial stress 0. Consequently, a coefficient of friction lower than 1 was
ascertained. Moreover, it could be observed that both the bond stress
7 and the radial stress o seem to follow the same asymptotic behavior.
This similarity is confirmed by the resulting linear trend observed within
a large portion of the curves depicted in Fig. 12-b. Accordingly, a
constant coefficient of friction p (Table 6) could be determined for bond
stress values up to 80% of the bond strength 7,4, using linear regression
analysis (correlation coefficient of at least 0.96). This result suggests
that, within the pre-peak slip range, virtually no damage of the concrete-
concrete contact that provides the rebar-concrete bond occurred. Hence,
according to the analytical model that is proposed in the present work,
the non-linear pre-peak behavior of the rebar-concrete bond (Fig. 8-a)
would mainly be attributed to the non-linear response of the damaged

splitting-plane (Eq. 10).
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According to Table 6, a potential correlation between the coefficient of
friction ;1 and the concrete cover c.rs could be highlighted. However,
this possibility should be considered with caution given the correspond-
ing standard deviation. Moreover, as shown in [12], the coefficient of
friction p is rather correlated with the rib geometry. Indeed, this param-
eter strongly determines the size of the aggregates that can potentially
be trapped between the ribs and, thus, the roughness of the concrete-

concrete contact.

concrete cover ¢ (MPa) 1
MIN 2.0 (0.1) 0.42 (0.09)
MED 1.5 (0.1)  0.39 (0.03)
MAX 2.0 0.35

Table 6: Mohr-Coulomb parameters (standard deviations in parenthe-
ses).

5.6 Interface shear stiffness

Experimental determination of both the rate of dilation ¢ and the coef-
ficient of friction p allowed the interface shear stiffness ks (Eq. 16),
established in the present work on the basis of a physical approach of
the damage phenomena taking place at the rebar-concrete interface, to
be calculated (Table 7). The comparison between the theoretical values
of the interface shear stiffness ks 7 and the corresponding experimental
values (ks paragraph in section 5.2), both reported in Table 7, shows a

good correlation.

concrete Te Yeor  Ks,TH ks
cover (mm) (%) (Agf;f)
MIN 48 0.95 63.5 47.0 (1.7)
MED 63 0.97 45.9 44.0 (11)
MAX 78 0.98 34.1 42.5

Table 7: Interface shear stiffness (standard deviations in parentheses).

6 Conclusion

The friction-based approach adopted in the present work, together with
considerations related to the damage of the concrete cover, allowed the
rebar-concrete pre-peak bond behavior to be analytically modeled. In
addition, an adaptation of the conventional pull-out test, congruent with

the cross-sectional description of the rebar-concrete bond, has been de-
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veloped. From the experimental results discussed in the present work,

the following conclusions can be drawn:

(i)

(iii)

the use of removable steel windows demonstrated its ability to sub-
stantially reduce the confining action exerted by the concrete bulks
surrounding both the upper and the lower unbonded rebar por-
tions. This specific provision allowed the relationship between the
longitudinal bond behavior and the cross-sectional damage of the

concrete cover to be studied ;

the bond model developed in the present work requires the identifi-
cation of only three physically-based parameters characterizing the
rebar-concrete interface, namely: apparent cohesion, coefficient of
friction and rate of dilation. These physical parameters are likely
to be correlated with the rebar geometry and concrete mechanical

properties, thus, opening up new prospects for future research ;

the friction-based approach of the rebar-concrete bond proposed in
the present work allowed an analytical relationship between damage
development, bond stress and rebar-concrete slip to be established.
In contrast to existing empirical models, these physically-based re-
lationships could likely be used to develop a predictive service limit

state approach of the rebar-concrete bond ;

an analytical expression of the rebar-concrete interface shear stiff-
ness has been established and showed good correlation with the ex-
perimental measurements. This physically-based relationship rep-
resents an alternative to the existing empirical models and could
possibly lead to both an improvement in the description of the
mechanical response of RC structures (crack width, crack spacing,
deflection, tension stiffening) and a better understanding of the

bond between rebar and new types of concrete.
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Figure captions

Fig. 1: Design of the pull-out sample: a) conventional geometry, b)

adapted geometry (distances in millimeters).
Fig. 2: Typical longitudinal bond behavior (7 — s curve) [1].

Fig. 3: Double cylinder model: a) model parameters, b) free-body dia-

gram of the damaged inner ring.
Fig. 4: Rebar geometry (distances in millimeters and angles in degrees).

Fig. 5: Manufacturing of the pull-out sample: a) formwork, b) hardened

beta-sample.
Fig. 6: Experimental set-up.

Fig. 7: Typical fractured beta-sample: a) splitting-plane, b) lateral view

of the rebar.

Fig. 8: Experimental 7 — s curves: a) pre-peak slip range, b) complete

slip range.
Fig. 9: Experimental 7 — s curves (micrometric slip range).

Fig. 10: Experimental FPZ opening: a) pre-peak slip range, b) complete

slip range.

Fig. 11: Determination of Aw: a) apparent cohesion domain (Aw;), b)

undamaged-concrete domain (Aws).

Fig. 12: State of stress at the rebar-concrete interface: a) parallel evo-

lution, b) Mohr plan.
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