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Abstract

Bond between ordinary steel bars and concrete plays a fundamental role in the

behavior of the reinforced concrete. It is associated to the slip between steel

and surrounding concrete and determines the variation in the steel and con-

crete stresses of cracked RC members. The need to formulate simple constitu-

tive bond laws has led the international standards, such as fib Model Code

2010, to adopt an average bond stress versus slip relationship obtained from an

extensive experimental campaign based on pull-out tests. However, in pull-out

tests bond is substantially influenced by the state of stress, deformation and

cracking of the concrete. Moreover, in-service conditions of RC members, in

order to study the cracking behavior or the tension stiffening, an ascending

distribution of the bond stress is usually considered as it corresponds to an

ascending distribution of the slip from the zero slip section to the cracked

section and in the literature the bond law is applied as it is. In particular, at

the cracked section, the bond stress is maximum. But, this distribution of the

bond stress is not confirmed by the experimental results available in the litera-

ture concerning the behavior of an RC tie with a length equal to the crack

spacing, where close to the cracked sections a descending distribution of the

bond stress is observed while the distribution of the slip remains ascending,

with null bond stress at the cracked section. The modeling proposed here does

not claim to be exhaustive due to the limited albeit accurate experimental data.

However, it does indicate the opportunity to abandon bond laws based on

experimental works that do not represent the real situation or are far from it.
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1 | INTRODUCTION

Bond between ordinary steel bars and concrete plays a
fundamental role in the behavior of the reinforced con-
crete. There is no reinforced concrete without a bond.

The first contribution to bond is given by the chemi-
cal and physical adhesions between steel and concrete.1

This is followed by a mechanical interlocking between
the bar ribs and the surrounding concrete. On the basis
of the specific stress state, that is applied on an RC
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member, the bond response is substantially modified. In
effects, the same experimental methods, that are
adopted to study the bond response, play a fundamental
role leading to very different results. To this regard, in
the pull-out test2 shown in Figure 1a bond is determined
from a tensile test on a steel bar embedded into a con-
crete prism for a length equal to 5 times the bar diame-
ter, contrasting against a perforated steel plate placed at
the base of the concrete prism. From the test, in addi-
tion to the applied force, the slip of the free end of the
bar and the top face of the concrete prism is measured.
In the pull-out test bond is favored by the concrete
struts that form for the transmission of the forces from
the plate to the embedded part of the steel bar and from
the confinement exerted at the base of the concrete
prism due to the friction between plate and concrete.
A significant improvement in bond can be achieved
with further transverse confinement, for example, with
stirrups or transverse compression forces. Other ver-
sions of pull-out test can be found in the literature. For
example, in the one proposed by Chapmann and Shah3

(Figure 1b), two bars of different lengths, embedded into
a concrete prismatic specimen, are put in tension and
separated in order to eliminate any interaction of forces
between them. In this case, the favorable effects men-
tioned above are not present and the bond stress is sub-
stantially different. The embedded bars were separated,

rather than put end to end as in the Danish test,4 to
eliminate any interaction of forces between them.

A further typology of bond test is represented by the
beam-test5 (EN 10080, 2005), where two prismatic con-
crete blocks, reinforced by transverse stirrups, are inter-
connected at the bottom by a reinforcing bar, that is
bonded at each block to the concrete on a length equal to
10 times the bar diameter, and at the top by a steel hinge
(Figure 1c). The tension stress in the bar is introduced at
the mid-span section of the test beam, by simple bending,
applying on the test beam two equal forces disposed sym-
metrically with regard to the mid-span section. Concrete
is, therefore, subjected to a biaxial state of stress that is
made more complex by the confinement of the stirrups
and the transmission mechanism of the bond forces.

In the above experimental test methods, bond is influ-
enced by various mechanisms of transmission of forces that
strongly modify the way the bond stresses are transferred.

In this paper, the experimental behavior in service
conditions of an RC tie with a length equal to the crack
spacing, named short RC tie, is considered. From this
study, the experimental distribution of the bond stress
along the tie axis is obtained and compared to the theo-
retical results available in the literature.6–10 A theoretical
formulation of the bond law is also proposed through
two constitutive relationships with origins at the sections
of zero slip and maximum slip.
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FIGURE 1 Pull-out testing methods according to: (a) RILEM/CEB/FIP2; (b) Chapman and Shah3; (c) EN 100805 (beam test).
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2 | BOND MODELING IN
INTERNATIONAL STANDARDS

The need to formulate simple constitutive laws has led
the international standards to adopt an average bond
stress versus slip relationship. To this regards, fib
Model Code 2010,11 in case of monotonic loading and
pull-out failures, provided that splitting failures are
avoided, proposes the so-called fib bond law (Figure 2).
The parameters s1, s2, s3, and τmax that are shown in
Figure 2 are defined on the basis of the bond condition
assumed for the deformed bar. This relationship was
obtained from an extensive experimental campaign
based on pull-out tests.12 However, in the literature its
use is usually extended to RC members subjected to
axial force, bending or bending and shear, without
considering that the boundary conditions can be very
different from the conditions that occur in a pull-out
test. In particular, the first branch of the fib bond law,
included between the slips ss = 0 and ss = s1, that is
represented by the following exponential equation
(e.g., s1 = 1.0 mm and α = 0.4):

τbs ¼ τmax � s
s1

� �α

0≤ s≤ s1 ð1Þ

is often applied in-service conditions to study the ten-
sion-stiffening effect or for cracking analyses. In effects,
under usual service conditions, the maximum values of
slip vary from 0.1 to 0.2 mm for crack widths from 0.2 to
0.4 mm, well less than 1.0 mm. This first part is charac-
terized by local crushing and micro-cracking and refers
to the stage in which the ribs penetrate into the mortar
matrix.13

Moreover, close to a transversal crack, Section 6.1.1.2
of fib Model Code 2010 proposes a linear reduction of the
bond stress within a zone of constant length equal to
twice the bar diameter. This zone of reduced bond is

associated to a local phenomenon of disturbance due to
the crack on the distribution of the bond stress.

In this context, in the following section, a simple case
study in service conditions is examined showing that the
application of the fib bond law, as it is, is clearly contra-
dicted by the experimental results.

3 | SHORT RC TIE REINFORCED
BY A SINGLE BAR

3.1 | Theoretical analysis available in the
literature

A short concrete tie of length L (Figure 3a), reinforced by
a single deformed steel bar of diameter ϕs and transverse
area As perfectly centred in the concrete section, is con-
sidered. It is assumed that at each free end of the bar an
increasing axial force, Fs, in tension, is applied in service
conditions and no further primary cracks occur along the
short RC tie. At these sections, the steel stress, σs2, is
maximum and equal to Fs/As, while the concrete stress
is null. Conversely, at the mid-span section of the short
RC tie, thanks to the bond between steel and concrete,
the steel stress, σsE, is smaller than σs2, while the concrete
stress σcE is greater than zero (Figure 3b). The maximum
slip, ss,max, occurs at the end faces of the short RC tie
(Figure 3c), whereas the minimum slip is zero at the
mid-span section owing to anti-symmetry conditions.

FIGURE 2 Bond law proposed by fib Model Code 2010.

(a)

(b)

(c)

(d)

(e)

bs

bs

FIGURE 3 Comparison between the theoretical distributions

of the bond stress obtained from cracking analyses available in the

literature and the experimental distribution of the bond stress:

(a) short RC tie; (b) theoretical steel and concrete stresses;

(c) theoretical or experimental slip; (d) theoretical bond stress;

(e) experimental bond stress.
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If one associates, to each value of slip, the bond stress,
τbs, that corresponds to the fib bond law as it is
(Equation (1)), a monotonic distribution of the bond
stress along the member axis can be obtained (Figure 3d).
This monotonic distribution of the bond stress is consis-
tent with many cracking analyses on RC tie available in
the literature.6–10 However, on the basis of the experi-
mental results different conclusions can be drawn, antici-
pated in Figure 3e.

3.2 | Experimental analysis based on the
distribution of the steel strain along
the bar

3.2.1 | Premise

In the literature, some research works have provided
the experimental distributions of the steel strain along
the bar. The best results are those obtained by means
of electrical strain gauges applied on the bar surface or
inside the bar. To this regard, with reference to tensile
tests on concrete ties reinforced by a central bar, Beeby
and Scott14 show a diagram of the steel strain εs over a
length of 1200 mm for various load levels (Figure 4). In
condition of stabilized cracking, outside the lateral
zones where the external forces are introduced into the
member, three peaks can be distinguished for the steel
strain, indicating the position of as many primary
cracks. And the steel strain reaches two minimum
values between these three consecutive cracks. It is
worth noting that, between each maximum and mini-
mum values of the steel strain, an inflection point of
the experimental curves can be observed. Since, to
each steel strain, an elastic steel stress σs corresponds,
the variation of σs along the axis is due, for the

equilibrium condition, to a bond stress τbs, according
to the following relationship:

τbs ¼Es �ϕs

4
� dεs
dx

: ð2Þ

From Equation (2) it is evident that, where the steel
strain is maximum or minimum, the first derivative dεs/
dx is null, and the bond stress is null as well. Moreover,
at each inflection point of the steel strain (or the steel
stress), the second derivative of steel strain is null. There-
fore, according to Equation (2) each inflection point indi-
cate the position where the bond stress shows a
horizontal tangent or, that is the same, reaches a maxi-
mum (positive) or a minimum (negative) value.

These considerations are even more evident and
clear in the Ujike's tests15 (Figure 5) and in the Dey
et al.'s tests16 (Figure 6). Both tests are carried out on
uncracked short RC prisms, where the strain gauges
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FIGURE 4 Experimental distributions of steel strain at various

levels of axial load from the Beeby and Scott's test on specimen

T16B1 (Beeby and Scott, 2005).
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between the two end faces of the short RC tie obtained in the Dey

et al.'s test16 at various levels of axial load.
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were applied in some cases on the bar surface and in
others inside the bar. In both experimental works, the
distributions of the steel strain are obtained for different
load levels. What is immediately evident is the different
shapes that assume the experimental distribution of the
steel strain along the bar axis (Figures 4–6) when com-
pared to the theoretical one (Figure 3b). In effects, the
experimental curves present two inflection points,
located almost symmetrical with respect to the mid-span
section, that are not present in the theoretical curve.
This aspect is analyzed in detail below with reference to
the experimental results obtained by Dey et al.
(Figure 7) with the use of strain gauges applied inside
the bar in such a way as not to interfere with the steel–
concrete interface. This experimentation requires a
rather delicate and long preparation, but it allows us to
obtain more correct and detailed results.

3.2.2 | Analysis of the Dey et al.'s data

A tie with a length of 240 mm and cross-sectional area of
concrete Ac = 22,186 mm2 is reinforced by a single instru-
mented bar 20-mm-diameter (Figure 7). The bar is instru-
mented making a longitudinal cut from two different
20 mm diameter steel bars, milling a small longitudinal
groove 10 mm � 2 mm through the entire length of each
half of the bar, placing 15 strain gauges inside the groove
20 mm apart and, finally, attaching the two halves of the
bar with epoxy glue. The obtained bar has transverse area
As = 270.8 mm.2 The short RC tie is made of concrete
with mean values of compressive strength fcm = 44.8 MPa
and elastic modulus Ecm = 33.787 GPa. The elastic modu-
lus of steel, Es = 201.734 GPa, is determined from uniaxial
tests performed on 20-mm-diameter bars.

Assumed the symmetry of the short RC tie with respect
to the mid-span section, the only right side of the distribu-
tions of the steel strain is considered, as on this side the
distributions appear more regular than on the left side.
Therefore, the part of the short RC tie considered for the
analysis has a length of 120 mm. On it seven electrical
strain gauges are arranged, with a pitch p = 20 mm. The
strain gauges are identified by an index, i, that varies from
0 to 6, where i = 0 corresponds to the strain gauge placed

at the mid-span section, i = 6 corresponds to that one at
the end face of the short RC tie. An abscissa, x, is intro-
duced along the bar axis with origin coincident with the
mid-span section. So doing, the middle of each measure-
ment location is identified by the abscissa xi:

xi ¼ i �p: ð3Þ

From the test the distributions of the steel stress, σs,i,
are obtained (Figure 8), for various axial forces applied,
multiplying the steel strains, εs,i, measured at seven loca-
tions along the axis of the bar, by the elastic modulus of
steel.

The difference between the applied axial force and
the resultant of the steel stresses gives the resultant of the
concrete stresses, from which the distribution of the con-
crete stress along the bar is obtained (Figure 9).

From the difference of the steel stresses, σs,i+1 and
σs,i, between two consecutive measurement locations, the
bond stress, τbs,i, can be determined:

τbs,i ¼ σs,iþ1�σs,ið Þ �As

π �ϕs �p
: ð4Þ

The bond stress, τbs,i, represents the average value of
bond stress referred to a length of 20 mm, between the
abscissas xi and xi+1. Further values of the bond stress at
the various measurement locations of abscissa xi, are then
determined by linear interpolation. The distributions of
values of the bond stress are shown in Figure 10 as a
function of the relevant abscissas, that means the abscissa
of the middle points of each interval [xi; xi+1] and the
abscissa xi, respectively, for various load levels.

By integrating the strains of steel and concrete along
the bar axis, the elongations of steel and concrete with
reference to the mid-span section, us,i and uc,i, at each
measurement location, can be obtained:

us,i ¼
Zxi
x¼0

εs �dx, ð5Þ

uc,i ¼
Zxi
x¼0

εc �dx: ð6Þ

Fs Fs

strain gauges 

epoxy layer 
bar split in half 

groove and 
strain gauge 

240 mm 

bar split in half 

FIGURE 7 Strain gauge

arrangements inside the RC short tie in

the Dey et al.'s test.16]
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distributions of the mean concrete stress

in the section, σc,i, as a function of the
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section and the right end face of the

short RC tie, obtained in the Dey et al.'s

test16 at various levels of axial load.
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Their difference provides the slip between steel and
concrete at each measurement location:

ss,i ¼us,i�uc,i: ð7Þ

Figure 11 shows the distributions of the slip, ss,i, along
the member axis, for various load levels, as a function of
the relevant abscissas.

Comparing Figures 10 and 11 it appears that the
distributions of the slip are increasing along the whole
bar axis reaching a maximum value at the end face of
the short RC tie, while the distributions of the bond
stress reach a maximum value somewhere along the
bar axis becoming null at its end face. In other words,
near the mid-span section both the values of the bond
stress and the slip are increasing, but near the end face
of the short RC tie the bond stress decreases even
though the slip is increasing. As an example to better
clarify this observation, Figure 3e shows a schematic
representation of the experimental results to which this
papers refers. This is clearly in contrast with what is
obtained in the literature6–10 (Figure 3d).

Some authors consider this effect as a damage of bond
in reinforced concrete produced by secondary and Goto
cracks,17 limited to the zone adjacent to the crack.14,16

But, observing carefully the experimental distributions of
the bond stress along the bar axis (Figure 10), this phe-
nomenon already occurs for small levels of axial force
and the length of the affected zone increases as the axial
force increases till it extend to most of the zone between
the mid-span section and the end face of the short RC tie.
A theoretical model that considers a zone of reduced
bond with a length that increases with the applied force

was already proposed by the same authors,18,19 obtaining
interest in the literature.20

It is worth noting that the distribution of the bond
stress along the tie axis is deduced directly from the
experimental distribution of the steel strain. In the sense
that it does not depend on the assumption adopted for
the distribution of the concrete stresses on the section.

Finally, by associating the values of the slip to the rel-
evant values of the bond stress, the curves of the bond
stress versus slip, τbs,i–ss,i, can be obtained for various
levels of axial load (Figure 12). These curves are formed
by two distinct branches. The first branch shows increas-
ing values of the bond stress and is followed by a second
descending branch. These results are astonishing and
unexpected if one reasons with the fib bond law as it
is. In effects, according to the modeling of the fib Model
Code 201011 (Equation (1)), up to a slip ss = s1 = 1 mm,
the values of the bond stress are always increasing
along the whole transmission length as the values of the
slip are increasing. Evidently, the experimental results
require a rethinking of the correct use of the bond law in
service conditions for the determination of the tension-
stiffening effect and the crack opening. Moreover, what
happens is not just a local phenomenon, but has to be
considered as preponderant in-service conditions in case
of stresses close to the maximum values.

4 | SIMPLIFIED BOND LAW

It is certainly not from the results of very few tests that
such a complex modeling of the experimental behavior
can be defined. However, on the basis of the good quality
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distributions of the slip, ss,i, as a

function of the abscissa located

between the mid-span section and

the right end face of the short RC

tie, obtained in the Dey et al.'s test16

at various levels of axial load.

DEBERNARDI and TALIANO 7015

 17517648, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.202201146 by C

ochraneItalia, W
iley O

nline L
ibrary on [14/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



of the experimental results, it is possible to identify a ten-
dency of the behavior.

From the examination of the bond stress–slip dia-
grams (Figure 12), starting from the mid-span section, a
first ascending branch is observed which, as a first
approximation, can be considered linear for the various
load levels:

τbs ¼ k1 � ss ð8Þ

and, in the present case, it can be assumed that
k1 = 465 N/mm3 independently on the applied load level.

A more refined equation could be proposed on the
basis of further tests. Equation (8) can be applied in
the zone of the transmission length near the mid-span
section, for a distance L1, that is a priori unknown.

The descending branch is observed in Figure 12 near
the end face of the short RC tie, where internal cracks
occur as demonstrated by Goto.17 It cannot be obtained
from pull-out tests as in this type of bond test the local
behavior is governed by the presence of concrete struts.
The type of bond test that could be representative of the
descending branch is that one proposed by Chapmann
and Shah.3 In effects, at the end face of the short RC tie,
a null bond stress corresponds to the maximum slip, smax.
For a slip ss < smax, in the zone influenced by secondary
and Goto cracks of length Lsc, it can be assumed, albeit
with less precision, the following distribution of the
bond law:

τbs ¼ k2 � ss,max � ssð Þ0:5, ð9Þ

where, in the present case, it can be assumed that
k2 = 40 N/mm5/2 independently on the applied load

level. Also in this case a refined equation could be
adopted on the basis of consolidated data.

The bond laws corresponding to Equations (8) and (9)
for various load levels are represented in Figure 13 and
compared to the bond stress versus slip relationships
obtained experimentally.

5 | SIMPLIFIED CALCULATION
PROCEDURE

A simplified evaluation of the bond stresses along the
steel-concrete interface in a short RC tie subjected to a
monotonic tensile force, Fs, is here proposed.

Given the force Fs, the steel stress at the end face of
the short RC tie, σs2 = Fs/As, is determined, while the
steel stress at the zero slip section, σsE, is unknown and
depends on the distribution of the bond stress, τbs. There-
fore, it is necessary to refer to the two bond laws
expressed by Equations (8) and (9) to be applied along
the zones close to the zero slip section and the end face
of the short RC tie, respectively.

Although other functions are possible, the distribution
of the slip can be represented by a parabola of equation:

ss ¼A �x2þB �x For 0≤ x ≤L=2: ð10Þ

Assuming tentative values for the coefficients A and
B, starting from the mid-span section (x = 0), the ascend-
ing bond law, Equation (8), is adopted, while starting
from the end face of the short tie (x = L/2) the descend-
ing bond law, Equation (9), is used till the inter-
section with the ascending bond law. Therefore, a
tentative distribution of the bond stress can be obtained
between the zero slip section and the end face of the
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FIGURE 12 Experimental

diagrams of the bond stress versus slip,

τbs,i–ss,i, at various levels of axial load
obtained in Dey et al.'s test16 along the

right side of the short RC tie and the fib

bond law (obtained with:

fcm = 44.8 MPa; fck = fcm �8

= 36.8 MPa; α = 0.25).
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short RC tie, to which the following resultant of the bond
forces corresponds:

Rτ ¼ π �ϕs �
ZL=2

0

τbs �dx: ð11Þ

At the zero slip section the resulting force applied to
the steel bar is equal to the difference of the forces Fs–Rτ,
while the steel and concrete stresses result:

σsE ¼Fs�Rτ

As
, ð12Þ

σcE ¼ Rτ

Ac
: ð13Þ

New distributions of the steel and concrete elonga-
tions, us and uc, and the slip ss can be determined
accordingly.

The mathematical problem presents two unknowns,
which means the A and B coefficients of Equation (10).
These coefficients A e B can be replaced by the tentative
values of slip at the cracked section, sx = L/2, and at the
half of the considered interval, sx=L/4, through the follow-
ing equations:

A¼ sx¼L=2�B �L=2
L=2ð Þ2 , ð14Þ

B¼�sx¼L=2�4 � sx¼L=4

L=2
: ð15Þ

An iterative procedure is, therefore, performed which
gives at each iteration new values of slip sITx¼L=4 and
sITx¼L=2, calculated as a function of the distributions of the
steel and concrete strains, to be compared to those
assumed in the previous iteration.

For low levels of the axial force, Fs, the distri-
bution of the slip may not affect the entire length
between the mid-span section (x = 0) and the cracked
section (x = L/2). This means that at the mid-span
section, the steel is perfectly bonded to the concrete
(the slip is null), the condition of plane section occurs
and the steel and concrete stresses are known (curve
Fs,1 of Figure 14). The zero slip section does not coin-
cide with the mid-span section but is located at the
abscissa x = x0.

From the zero slip section (x = x0) and the cracked
section (x = L/2) the distribution of the slip can still be
assumed with a parabolic law:

ss ¼A � x� x0ð Þ2 for x0 ≤ x ≤L=2: ð16Þ

The B coefficient is put equal to zero as required by
the condition of perfect bond (εs = εc) at the zero slip
section.

The problem still presents two unknowns, which
means the length x0 and the A coefficient. An iterative
procedure is needed also in this case to fulfill the equilib-
rium and congruency conditions.

(a)

(b)

σs

ss

x 

ss,max (Fs,3) 

ss,max (Fs,2) 

ss,max (Fs,1) x0

σs2 (Fs,3) 

σs2 (Fs,2) 

σs2 (Fs,1) σsE (F s,3)
σsE (F s,2)

x ( )
sec

1,s
e1,ssE AA

FF
⋅α+

⋅α=σ

FIGURE 14 Schematic distributions of the steel stress (a) and

the slip (b) between the mid-span section and the right end face of

the short RC tie at various levels of axial load (Fs,1 < Fs,2 < Fs,3).
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FIGURE 13 Comparison between the experimental diagrams

of the bond stress versus slip, τ–ss, (continuous lines with white

circular boxes) obtained by Dey et al.16 on the right side of the short

RC tie at various levels of axial load and the theoretical results of

the proposed simplified model (dotted lines with black triangular

boxes).
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As an example of application, Dey et al.'s test16 is con-
sidered when the applied force Fs varies from 9.0 to
68.0 kN. In Figures 15 and 16 the theoretical distributions
of the bond stress and the steel stress are shown as a
function of the abscissa of the short RC tie, respectively.

For a comparison with the experimental results, it
would be also necessary to take into account the effect of
the shrinkage.

6 | CONCLUSIONS

In service conditions, when a bond needs to be taken into
account, such as for the analysis of the tension stiffening
and the cracking behavior, it is often considered suffi-
cient to assume a uniform distribution of an average
bond stress along the interface between steel and

concrete. The bond law proposed by international stan-
dards is used in the most important cases or in research,
even though, as far as the fib bond law, limited to the first
branch only, since the values of the slip are less than
1.0 mm. In these situations, if one applies the fib bond
law as it is, an ascending distribution of the bond stress
corresponds to an ascending distribution of the slip from
the zero slip section to the cracked section. However, this
is not confirmed by the experimental results available in
the literature concerning the behavior of a short RC tie,
where close to the cracked sections descending distribu-
tions of the bond stress are associated to ascending distri-
butions of slip. Some authors consider this effect as a
damage of bond in reinforced concrete produced by sec-
ondary and Goto cracks, limited to the zone adjacent to
the crack. But, the experimental evidence shows that this
phenomenon already occurs for small levels of axial force

0.0

2.0

4.0

6.0

8.0

10.0

12.0

0 20 40 60 80 100 120
Abscissa x (mm)

Bo
nd

 s
tre

ss
 τ b

s (
M

Pa
)

approximate curves based on the 
proposed bond law

FIGURE 15 Theoretical

distributions of the bond stress obtained

according to the proposed simplified

model along the right side of the short

RC tie at various levels of axial load (Dey

et al.'s test16).
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and the length of the affected zone increases as the axial
force increases till it extend to most of the zone between
the mid-span section and the end face of the short RC tie.
The corresponding bond stress–slip diagram, obtained
from the experimental data, clearly shows two distinct
branches: a first approximately linear branch in which,
starting from the zero slip section, the bond stress and
the slip both increase; a second branch in which the bond
stress decreases when the slip continues to increase.
Therefore, what happens is not just a local phenomenon,
but has to be considered as preponderant in-service con-
ditions in case of stresses close to the maximum values.

The modeling proposed here, although simplified
from a conceptual point of view, does not claim to be
exhaustive due to the limited albeit accurate experimen-
tal data. However, it does indicate the opportunity to
abandon bond laws based on experimental works that do
not represent the real situation or are far from
it. Therefore, these bond laws are not adequate to study
the cracking behavior of RC members subjected to axial
force or bending. On the contrary, when a cracking anal-
ysis is performed it is necessary to adopt two bond laws
along the transmission length in order to respect the
basic assumptions (e.g., no further cracks can form in
case of stabilized cracking, maximum crack spacing equal
to twice the transmission length) and the equilibrium
and congruency conditions. Both two bond laws are
applied from sections where the bond stress is null: the
first at the zero slip section, the second at the end face of
the short RC tie where the slip is maximum. Their valid-
ity remain till their intersection.

In this regard, in previous works the authors already
introduced the need to consider two different bond laws
in the transmission length for cracking problems, but this
arised some criticism from researchers. The authors
believe that the experimental results found may dispel
further doubts.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data sharing not applicable to this article as no datasets
were generated or analysed during the current study.

ORCID
Maurizio Taliano https://orcid.org/0000-0002-5217-
6222

REFERENCES
1. Eligehausen R, Bigaj-van VA. 3.3.2 Bond behaviour and models

fib Bulletin N. 51. Structural concrete—Textbook on behaviour,

design and performance—Volume 1. Lausanne: International
Federation for Structural Concrete (fib); 2009.

2. RILEM/CEB/FIP. Test and specifications of reinforcements for
reinforced and prestressed concrete. Four recommendations of
the RILEM/CEB/FIP Committeee 2: pull-out test. Materials
and Structures, RILEM. 1970;3(15):147–78.

3. Chapman RA, Shah SP. Early-age bond strength in reinforced
concrete. ACI Materials Journal. 1987;84(6):501–10.

4. Danish Standards Organization. DS 2082 - pullout test, Copen-
hagen. 1980 2 pp.

5. CEN. EN 10080—steel for the reinforcement of concrete—
weldable reinforcing steel—general, European Committee for
Standardization. 2005.

6. Tue N, Konig G. Calculating the mean bond and steel stress in
reinforced and prestressed concrete members. Darmstadt Con-
crete. 1991;6:77–86.

7. Bal�azs GL. Cracking analysis based on slip and bond stresses.
ACI Materials Journal. 1993;90(4):340–8.

8. Bal�azs GL. 4.3.2 crack control, fib bulletin N. 52. Structural
concrete—textbook on behaviour, design and performance—
Volume 2. Lausanne: International Federation for Structural
Concrete (fib); 2009.

9. Tan R, Eileraas K, Opkvitne O, Žirgulis G, Hendriks MAN,
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