Received: 13 February 2024

Revised: 18 April 2024

W) Check for updates

Accepted: 25 May 2024

DOI: 10.1002/suc0.202400210

ARTICLE

ﬁb WILEY

Estimation of the bar stress based on crack width
measurements in reinforced concrete structures

Enrique Corres | Aurelio Muttoni

School of Architecture, Civil and
Environmental Engineering, Ecole
Polytechnique Fédérale de Lausanne,
Lausanne, Switzerland

Correspondence

Enrique Corres, School of Architecture,
Civil and Environmental Engineering,
Ecole Polytechnique Fédérale de
Lausanne, Lausanne, Switzerland.
Email: enrique.corressojo@epfl.ch

Funding information
Federal Roads Office FEDRO,
Grant/Award Number: AGB/2019/017

1 | INTRODUCTION

Abstract

Estimating the stress of reinforcing bars and its variations in service conditions
can be useful to determine the reserve capacity of structures or to assess the risk
of fatigue in the reinforcement. This paper investigates the use crack width mea-
surements to estimate the stress in the bars. In existing structures, crack width for-
mulations can be used to estimate the stress in the reinforcement from crack
width measurements, profiting from additional information that can be measured
in-situ, such as the crack spacing. Recent experimental results show that the
values of the mean bond stress typically considered in code formulations overesti-
mate the actual bond stresses activated in cracked concrete specimens. This paper
presents the results of an experimental program consisting of reinforced concrete
ties and beams instrumented with Digital Image Correlation and fiber optical
measurements. The results confirm the differences with typically assumed bond
stresses. A formulation to estimate the bond stresses in service conditions is
derived from the results of the numerical integration of a previously developed
local bond-slip relationship. Their pertinence for the estimation of the stress in
the reinforcement from the measured crack width is evaluated with satisfactory

results for monotonic loading and for the maximum force in cyclic tests.

KEYWORDS

beam, bond stress, bond-slip, crack width, cracking, reinforced concrete, reinforcement stress, tie

Unsurprisingly, cracks are often found in existing
structures and they are one of the indicators used in

Understanding the cracked response of reinforced con-
crete structures is important, as it influences the stiffness
of members (deflections and vibrations) and their water
tightness. Furthermore, crack control is important for
durability and aesthetic reasons. Accordingly, current
design standards such as Eurocode 2 (EC2:2004)" or fib
Model Code 2010 (MC2010)* include expressions to esti-
mate the crack width and impose limits based on the
environmental exposure and other criteria.

visual inspections for structural assessment.* However,
the evaluation of the structural safety based on the pres-
ence or absence of cracks is not straightforward. On the
one hand, cracks do not necessarily indicate an insuffi-
cient level of safety, if they are expected and coherent
with the structural behavior of the structure. On the
other hand, small crack openings might not be an indica-
tor of sufficient resistance in cases governed by fragile
failure modes.*>
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Considering the long service life of European struc-
tures®® and the increase of traffic over the past decades’
and its expected growth in the future,'® the needs for
monitoring existing structures are likely to increase in
coming years. In this context, the availability of state-of-
the-art tools to evaluate the state of existing structures is
crucial to plan effective intervention strategies in large
infrastructure networks. Additional information about
the stress state of the bars can be useful to determine the
dangerousness of a detected crack or the reserve capacity
of existing structures.

The stress in the reinforcement and its variations are
determining factors for the fatigue verification. The
fatigue assessment of reinforcing bars in existing struc-
tures can be conducted in an efficient manner by measur-
ing indirectly the stress variations. This can be conducted
by measuring the strain variations in the bar using strain
gauges, like in steel structures.'! However, the distur-
bance of bond due to the removal of the concrete cover to
glue the strain gauges can affect the results. An interest-
ing alternative is provided by measuring the crack open-
ing variations (using conventional or modern techniques
such as Digital Image Correlation) and calculating the
stress variations on the basis of bar stress — crack width
relationships. However, crack formulations have the
opposite goal: to estimate the crack width from the calcu-
lated reinforcement stress."”> This results in simplifying
assumptions that might not be pertinent if the formula is
used in reverse for bar stress estimation. Moreover, in the
case of existing structures, additional information such as
crack spacing, which is an essential parameter in the
crack width formulations, or the existence of secondary
or splitting cracks can be measured or visually verified.

The first proposed crack width formulae were based
on the slip, which is defined as the relative displacement
between the steel and the concrete. When the crack
appears, compatibility of deformations between the steel
and the concrete is lost. The slip activates bond stresses
which determine the crack spacing and the tensile stress
distributions in the bar and the concrete.

Starting in 1936, Saliger'? proposed a formulation
based on this principle to calculate the crack spacing and
width in flexural elements with smooth bars assuming a
linear bond stress distribution with a maximum at the
crack location. Thomas'® proposed analytical expressions
including the effect of shrinkage and assuming a para-
bolic bond stress distribution. A different approach was
adopted by Brooms,'* who assumed that no slip occurs
between the bar and the concrete and that plane sections
do not remain plane. In these conditions, tensile stresses
develop linearly from the cracks leading to the generation
of principal or secondary cracks, depending on whether
they reach the surface of the concrete. The resulting

crack spacing is proportional to the cover."> Ferry-Bor-
ges'® proposed a formulation accounting for both effects
that is the base of some of the current code formulae."*
Several crack formulations can be found in the literature
using different approaches (thorough reviews of the
available models can be found in'”"'°). The comparison
of 30 formulations performed by Lapi et al.'"® shows that
the semi-analytical models of EC2:2004' and MC2010°
are among the most accurate models. It must be noted
that cracking is a highly variable phenomenon and even
the best models have coefficients of variation close to
30%, compared with experimental results.'®

Concerning the bond stresses, Balazs®® proposed an
analytical model based on the integration of the ascend-
ing branch of the bond-slip relationship for well-con-
fined conditions from the fib Model Code 1990.*' A
closed form solution was proposed for the crack propaga-
tion stage, and a numerical integration was used for the
stabilized cracking phase. Based on the analytical integra-
tion of a bond-slip relationship,** Sigrist>> proposed a
rigid plastic bond-slip law with a bond stress equal to
2f..m before yielding and f.,, after bar yielding. The con-
sidered bond-slip laws*"** were derived from a relatively
small number of tests. Recent research has shown that
the bond-slip relationship from MC2010 captures the
general trends of the interface response, but the influence
of some parameters is not satisfactorily accounted
for.24726

Some attempts have been made to estimate the bar
stress from surface crack measurements. Campana
et al.>” used the model by Sigrist> to estimate the stresses
in the stirrups of beam tests based on crack width mea-
surements; however, the results could not be verified, as
the stirrups were not instrumented. Calvi*® proposed a
model for the assessment of elements with shear cracks,
where the bar strains are estimated from crack width
measurements using the expressions for proposed by
Shima et al.*® and the considerations of Maekawa et al.*
Brault et al.>' used this model to predict the strains mea-
sured in small beams subjected to bending instrumented
with Digital Image Correlation (DIC) and distributed
fiber optical sensors glued to the reinforcing bars. The
estimated strains have the same order of magnitude as
the measurements; however, the trends of the experimen-
tal results and the predictions show significant differ-
ences. Carmo et al.** estimated the average steel strain
based on the results of ties with internally strain gauged
bars and marker photogrammetry. They concluded that
this approach is feasible, but the accuracy was limited by
the camera resolution.

Recent experimental studies using DIC and distrib-
uted fiber optical sensors in ties****>"** and beams>**>%*’
have shown great potential to improve the understanding
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of the cracking process and the bar-to-concrete
interaction. Some of these results show average bond
stress values significantly lower than the code formula-
tions.***® Fiber optic sensors have proven to be useful to
characterize  shrinkage induced strains in the
reinforcement.**>%3%3?

Based on these observations and the fact that bond
plays a critical role in the cracking response, this paper
investigates the development of bond stresses through
analytical and experimental work, with the aim of
improving the existing crack formulations to estimate the
reinforcement stress based on crack width measure-
ments. Given its mechanical basis, the slip approach is
considered in this publication. First, the slip-based model
is presented and the influence of the different parameters
is evaluated. Secondly, experimental results from tie and
beam tests instrumented with DIC and fiber optical sen-
sors on the reinforcement are analyzed to better under-
stand the cracking phenomenon and bond development.
Lastly, new values for the bond stresses are proposed on
the basis of a local bond stress-slip model adapted from
Corres et al.** The slip-based model with the proposed
bond values are used to estimate the stresses in the exper-
imental results, showing satisfactory results.

2 | CRACKINGIN STRUCTURAL
MEMBERS

2.1 | Slip-based model

The mechanical behavior of a cracked element in tension
is typically characterized by the force-average strain

response, as shown in Figure la. The response can be
divided in three phases. First, the uncracked response is

fibL

characterized by compatibility of strains between the bar
and the concrete. The crack formation stage begins with
the first crack, that appears when the tensile strength of
the weakest concrete section is reached, leading to the
strain distribution shown in Figure 1c. Bond stresses pro-
gressively transfer the force from the bar to the surround-
ing concrete that eventually reach the cracking strain
again, at a distance that cannot be shorter than I.,. from
the 1st crack. When all crack distances are not larger
than 2l.,, new cracks cannot develop (end of the crack
formation phase). The minimum and maximum
crack spacings (s.,) are thus I, and 2l.,, respectively. At
this point, the stabilized cracking phase starts, character-
ized by an increase of the streel strains when the force is
further augmented, see Figure 1c. This publication
focuses on the stabilized cracking stage as it is the most
relevant for structural members subjected to external
loads.

The slip &5 corresponds to the difference between the
displacements of the steel and the concrete. The slip in
the differential element shown in Figure 1b can be calcu-
lated from the steel (e;) and concrete strains (e.) using
Equation (1). The crack width results from the slip at
each side of the crack (i.e. the crack spacing s..) as per
Equation (2).

dése = (&5 — €0 )dx, (1)

w= /(8s—€c)dxzscr(€sm_€cm)- (2)

Scr

The stress and strain distributions in the two mate-
rials are determined by the external loads and the bond
forces. A common approach in numerous crack models is
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Response of a concrete tie: (a) force-average strain diagram; (b) differential tie element; strain distribution in the crack

formation phase and the stabilized cracking phase (c) without the effect of shrinkage and (d) accounting for shrinkage.

95UB017 SUOWIWOD 9A1E81D 8ot [dde aup Ag peusencb ale s9jo1e YO ‘9Sn Jo So|nI Joj Akeuqi8UlJUQ A8]IM UO (SUONIPUOD-pUE-SWRIL00" A 1M AleIq1jeul Juo//SAny) SUORIPUOD pue Swis | 81 8eS " [1Z0z/20/70] uo AkeiqiTauliuo AB|IM T4d3 .| 9p enbsyiol|qig Aq 0TZ00YZ0Z 09ns/200T 0T/I0P/W00 A8 | Aleiq 1l |uoy/Sdiy Wwolj pepeojumod ‘0 ‘8v9.TS.T



CORRES and MUTTONI

L fib

to use a constant bond stress corresponding to the aver-
age over the bonded length (7}, 4,5). This leads to the dia-
grams presented in Figure 1c where the strain profiles
vary linearly. The residual tensile strength of the con-
crete* is neglected.

Shrinkage influences the initial stress and strain dis-
tributions (Figure 1d) and can reduce the cracking
force *>43 According to Equation (2), the crack width cor-
responds to the area between the strain profiles of the bar
and the concrete (areas A; and A, in Figure 1c,d). The
effect of shrinkage can clearly be observed: for a given
stress in the bar, the crack width is larger compared with
the case neglecting shrinkage (A; < A,). This is reflected
in Equation (3) that allows to calculate the resulting
crack width for a given bar stress in the stabilized crack-
ing phase.

_ Ser _ SerThavg 1+ (n—1)p,

_E_s OsC 0 1-p, —Esecs |, (3)

where E; is the elastic modulus of the reinforcement, o,
is the stress in the reinforcement at the crack location, @
is the bar diameter, n = E;/E,, p, is the reinforcement
ratio of the tie and ¢ is the unrestrained shrinkage strain
(considered as a negative value, see Figure 1d). The deri-
vation of this expression can be found in Appendix A.
This expression is the basis of the design crack width
formulations in the current codes. MC2010 specifies the
average bond strength in the calculation of the length

over which slip between concrete and steel occurs. The
proposed values for the average bond strength are 1.8f.,
for short term loading and 1.35f,,,, for other types of load-
ing. EC2:2004 does not explicitly mention the average
bond stress. A factor to account for the casting posi-
tion***> has been included in the fib Model Code 2020
(MC2020)* and the second generation of Eurocode
2 (EC2:2023),*” which leads to average bond stresses of
2fesm and 1.5f.,, in good and poor casting conditions,
respectively. The proposed expressions for the relative
mean strain are similar with a factor to account for short
or long-term loading.

The Tension Chord Model (TCM)* uses the same
approach assuming a rigid plastic bond-slip relationship
with bond stresses of 2f,, and 1f,, before and after
yielding of the reinforcement.

A sensitivity analysis for a tie with a section of
100 x 100 mm and a reinforcement bar of @18 is pre-
sented in Figure 2. Figure 2a shows the bar stress-crack
width diagram according to EC2:2004 (dashed black
line), MC2010 (solid gray line) and Equation (3) (solid
black line) for the reference value of the influencing
parameters. For a given stress, the code formulations
underestimate the crack width compared with Equa-
tion (3), because the stress variation is calculated assum-
ing the maximum crack spacing. Figure 2b shows the
influence of the different parameters. It can be observed
that the crack spacing is a crucial parameter, which is
favorable for existing structures as it can be measured

(a) 4](;-/:1 =38 MPa a18 (b) 500
E =200 GPa B
p,=2.5% o _ e 400+ 7 T 7
Jo=23 =L <
Ty = 1.8f, ) & 300+ : - = i
s =208 mm 100 Z, /~s =139 mm “\E =205GPa
&= 0%o o 200 .4-'\%: 278 mm s E_ =195GPa
Crack formulation 100 1/ - - -
MC2010 Eq. 3 8
— - EC2:2004 ot L | I I |
500 1 500
400 o 400+ - 7 7
= 300 /4 300k 1 : :
=¥ 2
= /o . =
20 i 200 e | :
y \Sw_ =-0.5%o
100X _M(C2010 and EC2:2004 100 2 1 1 7
" “overlap for imposed s, :
0 I | 0 d I [ | I [ I |
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FIGURE 2 Sensitivity analysis of the influencing parameters in the bar stress—crack width relationship: (a) reference parameters and

model comparison; and (b) effect of crack spacing, average bond stress, elastic modulus of steel, unrestrained shrinkage strain,

reinforcement ratio and elastic moduli ratio.
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with a certain precision. The effect of shrinkage is non-
negligible. Estimating the shrinkage effects is difficult in
simple specimens in laboratory conditions,* and even
more so in real structures. However, as shrinkage strains
induce compressive stresses in the reinforcement, by
neglecting this effect a conservative estimate of the stress
is obtained. Bond stresses have a relevant contribution
particularly for small crack widths. The influence of the
other parameters is relatively small.

2.2 | Elements subjected to bending

The cracking response of beams subjected to bending pre-
sents some differences with respect to the response of
ties.*> The stress distribution in the concrete near the bar
is not uniform, cracks appear when the tensile strength
of concrete is reached in the most tensioned face. The
curvature of the section leads to different crack widths at
the level of the reinforcement and at the most tensioned
face. The variation of width implies that there is region of
the section near the tip of the crack where crack widths
are small ad where the residual tensile strength of con-
crete might influence the behavior. Due to the internal
forces, beams often present more complex crack patterns
with considerable variations in terms of crack width.'**-
>3 Furthermore, small and large beams typically display
different crack patterns.”'

The slip-based model is also used for elements sub-
jected to bending by assuming an equivalent tie. Different
definitions of the effective concrete area in tension can be
found in the literature."*****3* EC2:2004 accounts for
the difference in the concrete stress distribution through
a factor in the crack spacing formula. MC2010 does not
consider this difference. Recently, Pérez Caldentey
et al.** addressed this topic and proposed a factor to bet-
ter consider the stress distribution near the reinforcement
that has been included in fib Model Code 2020*° and the
second generation of Eurocode 2.*

2.3 | Additional experimental evidence
The reality is more complex than the response of the ide-
alized concrete members described in the previous sub-
sections. Experimental evidence shows that both the
crack patterns and the distribution of bond stresses can
differ from the description of the model.

Different types of cracks can be found in concrete ties.
The first type is traversing cracks that cross the entire
section of the tie and appear when the tensile strength of
the concrete is reached in the full section. These are also
referred to as primary cracks® >’ or main cracks®*>® by

Jibl—

different authors. The second type is originated by the
internal conical cracks that appear at the tip of the rib
lugs due to the activation of bond stresses.”” These inter-
nal cracks were first reported by Goto>> and can become
visible on the concrete surface, particularly for small
covers. These cracks can eventually propagate to become
traversing cracks. Some authors refer to these cracks as
secondary cracks.>**>>” However, the term secondary
crack is also used by some authors to refer to cracks that
develop without reaching the surface of the specimen.'*
A third type are splitting cracks, these longitudinal cracks
develop along the reinforcement near the traversing
cracks®*® due to the splitting forces generated by
bond.>>* In this paper, the cracks in the ties are catego-
rized as traversing, non-traversing or splitting cracks.

Publications analyzing cracking of beams subjected to
bending often refer to the first flexural cracks that
develop up to the neutral axis as principal cracks.'*>"**
Different authors use the term secondary crack to refer to
different types of cracks. For example, Pérez Caldentey
et al.® use it to denote cracks that do not reach the sur-
face of the specimen, and others propose a distinction
based on their extension over the depth of the speci-
men.’>> Brooms'* distinguishes two types of secondary
flexural cracks with different extension depending on the
sequence of formation. The distinction becomes less evi-
dent in regions with variable bending moment. In this
paper, the main flexural cracks are distinguished from
the other cracks that have a shape tending to merge with
one of the main flexural cracks.

The bond stress distribution between cracks is not
uniform. Due to the propagation of conical cracks devel-
oping from the ribs that can reach the main crack,’® bond
stresses are significantly reduced near the crack. This is
typically accounted for by considering a different bond-
slip response near the crack®®* or by applying a reduc-
tion factor over a certain length.>*"°> Due to compatibil-
ity of displacements, the slip at the mid-point between
cracks has to be zero and, therefore, bond stresses in that
region are small.

Several authors have observed that the crack width at
the level of the reinforcement is smaller than at the con-
crete surface.’®***> The difference is often attributed to
the secondary conical cracks.®***

3 | EXPERIMENTAL PROGRAM

An experimental program was conducted in the Struc-
tural Concrete Laboratory of the Ecole Polytechnique
Fédérale de Lausanne (Switzerland) to investigate the
relationship between the crack width and the stress in
the reinforcement, and the development of bond stresses
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in structural elements. Furthermore, results from beam tension at a displacement rate of 0.1 mm/min. Specimen

tests from series SM10 by Monney et al.”> and SC70 by =~ TC11 was loaded monotonically until failure. TC12 was

Cantone et al.** performed in the same laboratory and loaded monotonically until 6y mex = 275 MPa, then

instrumented with similar techniques are included in this unloaded until oycmin = 27.5 MPa. After that, 35 cycles

paper. with the same stress range were applied before the tie
was loaded until the bar yielded.

The specimens were cast horizontally, as illustrated

3.1 | Tension test series TC10 in Figure 3c, from a single batch of normal-strength
ready-mixed concrete provided by a local supplier with a
3.1.1 | Main parameters and test set-up maximum aggregate size of 16 mm. The compressive

strength f.,,, and the tensile strength f.,,, of the concrete
Two tension tests were performed on reinforced concrete =~ measured on cylinders (height x diameter = 320 x 160

ties with a square cross section and a length of 1250 mm, mm, direct tensile tests for f,,,,) are indicated in Table 1.

see Figure 3a. Specimen TC11 had a cross section of The longitudinal reinforcing bars were hot rolled
214 x 214 mm and was reinforced with 4 bars with nom-  high-strength threaded bars with a nominal diameter of
inal diameter (@) of 18 mm, as shown in Figure 3b. Speci- 18 mm. As shown in Figure 3d, they had no clear yield

men TC12 had a single @18 centered in a cross section of  plateau. The mean value of the yield strength at 0.2%

100 x 100 mm. All the details including the clear cover  residual strain was 731 MPa. The ribs were composed of

(c) are provided in Table 1. The tests were performed two lugs disposed in continuous threads along the axis
using a Trebel Testing Machine with 5 MN capacity in of the bar, see Figure 3e. They were oriented parallel to

hydraulic jack

casting
(a) (b) TCO101 ’—'—'* 4018 (€) y/ y/ direction
p 2.2%
ml’l = @ I
Cppn = D40 E ° o ° ° %
& LVDTs
l e :
214 125 um polymide
TC0102 18 coated fibre optic
main load cell p=2.5% ’7 glue
Cmm =230 8 Y
— hinge Con =230 T
,V ) 100
B | _|=——specimen 2x1 mm groove
= —LDVTs (d) 1000
2 g=
a 800 b
| —load cells § 600 i
* //-hinge ':, 400 B!
| —steel box profile
/ . ! -

&, [%]

FIGURE 3 Test series TC10: (a) elevation of the test set-up; (b) specimen cross section; (c) measurement systems on the concrete
surface and fiber installation for strain measurement; (d) reinforcement bar tensile tests results; and (e) rib profile.

TABLE 1 Series TC10 main parameters (see Notation for the definition of the parameters).

Specimen @ [mm] Bars[-] p [%] /0[] Loading type  Age at testing [days]  f..> [MPa] f..." [MPa]
TC11 18 4 2.22 1 Monotonic 244 43.1 2.5
TC12 18 1 2.54 2.3 Cyclic 239 43.1 2.5

“Measured at testing age.
*Measured at 28 days.
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the concrete surface, see Figure 3c. The geometrical char-
acteristics of the bar were obtained from a laser scan of
the surface of the bars®: bond index fz 0.088, maximum
rib height 1.13 mm, transverse rib angle 82°, transverse
rib flank inclination 46.4° and transverse rib spacing
8.02 mm. The clear rib spacing sg ., measured at the
top of the lugs was 6.34 mm.

3.1.2 | Measurements

Three faces of the ties were tracked using DIC: at the bot-
tom face of the formwork (resolution 20 megapixels and
resulting pixel size 277 pm/pixel), at the top face
(29 megapixels and 215 pm/pixel) and for a lateral
face (5 megapixels, 544 pm/pixel), see Figure 3c. The cor-
relation was done using VIC-3D.®” The maximum in
plane displacement error was 1/60 pixels. In the face with
no DIC measurements, two LVDT's were installed to
measure the total elongation.

The reinforcing bars were instrumented with Polyi-
mide-coated optical fibers with a diameter of 125 pm run-
ning along two opposite sides of the bar, as shown in
Figure 3c. A single fiber per bar was placed in grooves (1-
mm wide and 2-mm deep) running along opposite faces
of the bar. The fibers were oriented in a plane perpendic-
ular to the nearest concrete surface, Figure 3c. The
strains were measured using Optical Distributed Sensor

fibl -
CEB-FIP

Interrogator ODiSI-6100 by Luna Innovations with a
strain measurement range of +12,000 pe and a measure-
ment accuracy of +25 pe.®® The spatial resolution of the
strain measurements was 0.65 mm, and the acquisition
frequency was 10 Hz.

3.2 | Beam test series SM10

Six three-point bending tests conducted by Monney
et al.> and one of the authors of this publication were
used to characterize the cracking response of large-scale
elements. Three beam specimens with constant height
h of 700 mm and various widths b,, were tested as shown
in Figure 4b. Each beam had two test regions with the
same shear reinforcement consisting of @8 stirrups
placed with a spacing of 200 mm, one with ductility class
A and the other with ductility class C according to
EC2:2004." To prevent a failure in the central part, the
beams were reinforced with double @14 stirrups with a
spacing of 150 mm, see Figure 4a. The flexural reinforce-
ment was composed of two B500C @34 bars
(fm = 561 MPa) and three to six Y1050 @36 bars
(fym = 1014 MPa) to provide an approximatively constant
flexural reinforcement ratio (p; ~ 1.5%). The beams were
loaded monotonically until failure using two hydraulic
jacks anchored to the strong floor at a loading rate of
10 kN/min. Further details are provided in Table 2.

(@) | testing region 1 214012 @150 |  testing region2 | (b) A-A/B-B
‘ 1408 @200 BSOOAl B500B ‘ 1408 @200 B500C ‘ SM11-12  SM13-14  SMI15-16
| <| | =) #5080, 0,
) i = 2 2034 2034 2034
S e (L TIBsooc) [ TIB500C | [ T]B500C
< | x| | 6036 | |11 ] 4036 | ||| 3036 |||
, i - i Y1050 Y1050 Y1050
200 2600 2200 2600 200
7800 9 =31
c =3,
(C) U| A (d) C-C optical (55 r‘ﬁm) (e) D-D
S A |
N V< X k5 <0 A DO NUNTNKN N
SLLLLSLSLIINE & ® - |
| =— 0
| \ \ 1
} \ \
\ \
-] i — \ \
s ol | A | - o |
& 08 stirrups with FOM on both side, see (d) } e /0,1 }
T O O B B B el G3mm) @ @ @
A8 stirrups with FOM on one side, see (e) =

FIGURE 4 Monotonic test series SM10: (a) elevation of the test set-up; (b) cross section of the test specimens; (c) fiber instrumentation
within the tested region; and details of the fiber installation in the longitudinal reinforcement and in the stirrups with (d) two sensors or

(e) one sensor (for additional details, see’).
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TABLE 2 Monotonic test series SM10 main parameters (see Notation for the definition of the parameters).

Shear reinf.
Test ductility class b,, [mm] h [mm)] prl%]

pwl%]  fom [MPa]  fo [MPa]  flwm [MPa] Ve [KN]

SM11 A 800 700 1.52 0.063 50.7 3.2 505 603
SM12 C 800 700 1.52 0.063 50.6 32 538 610
SM13 A 600 700 1.51 0.084 50.4 3.2 505 540
SM14 C 600 700 1.51 0.084 50.4 3.1 538 639
SM15 A 500 700 1.50 0.101 50.2 3.1 505 454
SM16 C 500 700 1.50 0.101 50.0 3.1 538 515
*Measured shear strength without self-weight.
@ | 1’ / |
| | ‘ | (d)100 —
ﬂ% ! iv w /7/;;7 '
\ \
* ¥ ¥ ¥ —_
150 875 950 875 150 Z
3000 = 50r |
N
b) +—% ()
—— SC75
0 ——SC76
= S —— SC78
ﬁ R 0 |
2 optical | | /g=1 6 0 3 10
° ° oz (35 mm) deflection v[mm]
2022
S670

FIGURE 5 Cyclic test series SC70: (a) elevation of the test set-up; (b) cross section of the specimens; (c) fiber instrumentation within the
tested region; and (d) applied shear as a function of the mid-span deflection for specimens SC75, SC76 and SC77 (for additional details,

see®?).

With an effective depth d of 650 mm, the nominal
clear cover c; of the flexural reinforcement was 33 mm
(~10y), while the nominal clear cover c,, for the stirrups
was 25 mm (3.10,,) as shown in Figure 4d. The @34 bars
had a bond index of 0.052 and a clear rib spacing of
16.3 mm. The @8 type A bars had a bond index of 0.047
and a clear rib spacing of 4.5 mm. The @8 type C bars
had a bond index of 0.069 and a clear rib spacing
of 5.1 mm.

The two lateral faces were tracked with DIC. In each
beam, the two longitudinal @34 bars were instrumented
with a single fiber optic installed along two opposite sides
of the bar, as illustrated in Figure 4d. The 125 pm polyi-
mide-coated fibers were placed in a groove 2 mm deep in
the longitudinal reinforcement and 1 mm deep in the
stirrups. The stirrups ST2 to 13 were instrumented with
fibers, as shown Figure 4c. Stirrups ST5, 8 and 11 had
one fiber running along the opposite faces of the stirrup,
see Figure 4d. The rest had only one fiber running along
the perimeter of the stirrup, see Figure 4e. For additional
details, see Monney et al.®

3.3 | Beam test series SC70

Three four-point bending tests conducted by Cantone
et al®® were analyzed to characterize the cracking
response under cyclic loading. Figure 5a shows the main
dimensions of the test set-up. The beams had a height of
320 mm, a width of 300 mm and a longitudinal reinforce-
ment consisting of two high-strength @22 bars, see
Figure 5b. The effective depth was 274 mm, leading to a
nominal clear cover c; of 35 mm (1.60y), see Figure 5c.
No shear reinforcement was disposed.

The beams were loaded cyclically with three different
shear force ranges. SC75 was loaded up to a maximum
shear correspondent to the theoretical cracking force.
SC76 was loaded up to a shear force of 55% of the shear
strength V... SC77 was loaded up to the formation of
the sub-horizontal branch of the shear crack. After
50 cycles, the specimens were loaded until failure, except
for specimen SC77 where the propagation of the shear
crack due to cyclic loading led to a premature failure
after 21 cycles. The main parameters of the tests are given
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TABLE 3
b, h s Pw Jem
Specimen [mm] [mm] [%] [%] [MPa]
SC75 300 320 0.92 - 33.3
SC76 300 320 0.92 — 36.0
SC77 300 320 0.92 - 36.3

Shear strength including self-weight.

in Table 3. Figure 5d shows the shear force as a function
of the mid-span deflection for the three tests.

The front face of the specimen was tracked with DIC.
In each beam, the longitudinal @22 bar closest to the
front face was instrumented with a single optical fiber
installed in a 2 mm deep groove running along two oppo-
site sides of the bar, as shown in Figure 5c. For additional
details, see Cantone et al.>

3.4 | Measurement postprocessing

The DIC results were used to detect the crack patterns
and to estimate crack kinematics using the Automated
Crack Detection and Crack Measurement (ACDM) proce-
dure developed by Gehri et al.®* Consequently, the mea-
sured crack widths correspond to the values at the level
of the reinforcement and on the surface of the concrete.

The fiber strain measurements were postprocessed to
remove noise and the large variations due to the variable
cross section and the introduction of bond stresses at the
ribs.**7%”! For this purpose, a moving average filter over
a length of two bar diameters was used. The bar strains
are calculated by averaging the results from the two sides
of the bar. The stresses are calculated assuming a bilinear
stress—strain constitutive law assuming an elastic modu-
lus of E; =200 GPa and a strain hardening modulus
according to the respective tensile tests. Local bond stres-
ses (zp) are derived from the equilibrium considerations
of a finite bar element® only in the elastic range of the
bar. Average bond stresses (75 4,5) are computed based on
the average of the local bond stresses over the relevant
length. The curvature of the bar (y;) is calculated assum-
ing a distance between fibers equal to the nominal bar
diameter minus 4 mm, assuming that the fiber is at the
bottom of the groove.

The slip considered for the estimation of the local
bond-slip response is estimated from the steel strains
measured with the fibers. The steel strains are integrated
from the point where strains where negligible (point at
approximately I from the crack) during the crack forma-
tion phase, or from the inflection point of the strain pro-
files (similar to the mid-point between cracks) during the

Jibl—

Cyclic test series SC70 main parameters (see Notation for the definition of the parameters).

o Cycles Voo Vearasmss Vinax
[MPa] [-] [kN] [kN] [kN]
701 60 27.8 5.3 95.4
701 50 54.0 7.3 97.1
701 21 86.4 10.2 80.7

stabilized cracking stage. The cracking sequence is con-
sidered and concrete strains are neglected.

4 | EXPERIMENTAL RESULTS
AND DISCUSSION

4.1 | Tensile tests

The results of the tension test series TC10 are presented
in Figure 6. The relationship between average stress in
the reinforcement (calculated as the applied force divided
by the nominal steel area) and the average strain (calcu-
lated as the average of the fiber measurements divided by
the tie length, namely 1250 mm) is shown in Figure 6a.
For each specimen, the measured response (including the
initial shrinkage strains) is shown with a black solid line
and the bar tensile tests (gray hatch) are shown. The
response after removing the initial shrinkage strains
(black dashed line) is shown for visual reference. The ini-
tial shrinkage strains were around —0.14%0 and —0.25%o
for specimens TC11 and TC12, respectively. These results
are in the same order of magnitude as those found in the
literature.>>*° Furthermore, the difference between them
is probably related to the different ratio between the ele-
ment cross section and its perimeter (often referred to as
notional size in standards,? 107 and 50 mm for specimens
TC11 and TC12, respectively). Elements with smaller
ratios have a larger specific surface and therefore a faster
drying shrinkage, in this case TC12.

Figure 6b,c shows the crack patterns for the North
and South faces of specimen TC11 at two load steps. The
two faces correspond respectively to the bottom and
the top faces during casting. Due to the relatively small
cover, several non-traversing cracks originating from the
conical cracks at the ribs® are visible. Some of them
eventually propagated to become traversing cracks. The
figures show the steel strain ¢, the axial stress o, (calcu-
lated form the strains with the assumed stress-strain rela-
tionship) and the bond stress z;, distributions for 6 load
steps along the tie. The strain and stress profiles show
good correlation with the crack patterns. The traversing
cracks lead to peaks in the distributions, whereas the
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FIGURE 6

TC10 series main results: (a) steel average stress—strain diagrams for specimens TC11 and TC12; and crack patterns, steel

strain, steel stress and bond stress distributions along the bonded lengths for the (b) North face and (c) South face of specimen TC11

(corresponding to good and poor casting conditions respectively, see sketch in the top right part of the figure).

non-traversing cracks lead to flatter stress distributions
near the crack. This indicates that the conical cracks are
probably consequence of the incompatibility of deforma-
tions between the steel and the concrete, and that the slip
occurs in the same direction as in the crack. Conse-
quently, the considered crack spacing is the spacing
between traversing cracks. The average crack
spacings are 102 and 105 mm for the North and South
faces of specimen TC11 and 131 mm for specimen TC12
(similar values for both faces).

The stress distributions near the crack location and
the point between cracks vary smoothly, indicating low
bond stresses. This can also be observed in the bond
stress distributions. Smaller bond stresses are developed
for the bar at the top of the formwork. This is a well-
known effect due to the plastic settlement and bleeding
voids that form under the bars.*>”>”*> However, it is sur-
prising to see this effect considering that the depth of the
specimen TC11 is 214 mm and, consequently, both bars

are in good casting conditions according to current
standards."**’

The results of the DIC and fiber optical measure-
ments provide detailed information of each crack with a
precision that outperforms conventional measurement
techniques. Figure 7a shows the contribution of the dif-
ferent cracks to the total crack width (w) of crack 2 of the
bottom face of specimen TC11 (TC11 North). It can be
observed that the width at the initial traversing crack
(point A) does not increase after a stress of around
300 MPa. After that, a second and a third crack develop
(points B and C), that concentrate additional components
of the crack width. At a larger stress level, another non-
traversing crack develops (point D) with a negligible con-
tribution (w ~ 0.01 mm). The total crack width measured
at the concrete surface near the bar is smaller than the
corresponding width near the corners of the specimen
(points E and W). This is consistent with experimental
measurements that show the variation of the crack with
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Detailed crack results from specimen TC11: (a) contributions of the secondary cracks to the crack width of crack 2 on the

North face (see Figure 6b); (b) bar stress—crack width and (c) bar stress—average bond stress diagrams for selected cracks on the North face;

(d) bar stress—crack width diagrams for all cracks on the North face; and mean and maximum values of the average bond stress on both sides
of the crack (in the range between w > 0.1 mm and o, < 500 MPa) for (e) bottom face (North), and (f) top face (South).

over the concrete cover.”*”* It indicates that the crack
width at the bar location is likely smaller than the
crack width observed on the concrete surface, particu-
larly for large covers. For this reason, the calculated crack
widths in this paper include the neighboring secondary
cracks if present.

The bar stress (estimated from the fiber measure-
ments) as a function of the crack width is shown in
Figure 7b for some cracks on the bottom face of specimen
TC11. Using the bond stress distributions from Figure 6b,
¢, the average bond stress at both sides of the crack (span-
ning between the mid-points between the studied crack
and the adjacent cracks) can be calculated for each load
step. Figure 7c shows the average bond stress as a func-
tion of the steel stress in the bar. Two cases can be
observed: for crack 10 (which was a secondary crack that
eventually propagated across the full section), the bond
stress tends to increase with increasing steel stress and
crack width; whereas in the case of cracks 2 and 6 (which
developed earlier as principal cracks) the average bond
stress undergoes sudden variations. These variations
occur when principal or secondary cracks develop. This
can be understood by looking at the bond stress diagrams
in Figure 6b. The distribution changes significantly
before and after the development of cracks 1 and 2, which

explains how the average bond on the left side of crack
3 can vary. Similar changes were observed by Cantone
etal.*

Figure 7d shows the bar stress — crack width relation-
ships for all the cracks on the bottom face TC11. In gen-
eral, the results show rather linear trends as predicted by
the stabilized crack model presented in Section 2.1. Some
cracks show some trend variations, for example crack
6 (Figure 7b). This could be due to the residual tensile
strength of concrete, given the small crack widths, or due
to the fact that crack 6 did not fully propagate initially, as
can be observed in Figure 6c. The figure includes the
design crack width formulations based on the maximum
crack spacing according to EC2:2004 (s., = 336 mm for
c=18 mm, dashed gray line) and MC2010
(ser = 261 mm for ¢ = 18 mm, dashed black line). The
maximum spacings are larger than the average measured
value. This is reasonable since the length of the tie is rela-
tively short, therefore the maximum crack spacing is
unlikely to occur. These results agree with the tendency
of the formulation in EC2:2004 to overestimate the crack
spacing reported by Pérez Caldentey et al.*> The formula-
tions of EC2:2023 and MC2020 lead to a mean calculated
crack spacing of 125 mm (for ¢ = 18 mm), which corre-
sponds well to the measured values (black solid line). If
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the maximum cover is considered (¢ = 98 mm), the cal-
culated maximum spacings according EC2:2004
(608 mm) and MC2010 (323 mm) and the calculated
mean spacing according to the EC2:2023 and MC2020
(245 mm) are larger than the measured values.

Figure 7e,f shows the average bond stress in the range
with w > 0.1 mm and o < 500 MPa for each crack. Two
values are presented: the mean value within the range
(solid circular markers) and the maximum value in the
range (empty circular marker). It can be observed that
both values are below the values proposed by the codes.
Furthermore, the values of the top face (Figure 7f) corre-
spond to approximately 65% of the values of the bottom
face (Figure 7e). This value is close to the factor typically
assumed for design anchorage lengths in poor casting
conditions (17, = 0.7)"* and to the recently proposed fac-
tor of 0.75 for the crack width calculation.**

4.2 | Monotonic beam tests

Figure 8a shows the crack pattern obtained from the DIC
strain field at 90% of the maximum load for the North
face of specimen SM15 (the width of the black lines is
proportional to the crack width). The shear failure crack

can be easily identified. It can also be observed that most
of the flexural cracks occur at the location of the stirrups.
In this case, the transverse reinforcement cannot provide
confinement for the bond developed between the cracks.
Figure 8b shows the results of the fiber measurements
including the measured steel strain, the calculated bond
stress and the normalized curvature in the bar y,0/2
(strain in the bar related to local bending due to dowel
action and other effects®). A good agreement between
the strain peaks and the crack positions can be observed.
The strains calculated assuming an elastic cracked
response of the section (lever arm z = d — h./3, h. being
the depth of the compression zone assuming a linear
elastic behavior of concrete, neglecting the residual ten-
sile strength of concrete after cracking and not consider-
ing the effect of the shear force) are indicated with a
dashed line. The corresponding calculated stresses are
smaller than the values derived from fiber measurements,
as consistently observed in specimens subjected to
shear.*®”> This can be explained by the inclination of the
cracks (the bending moment should be calculated at the
tip of the crack and accounting for the force in the stir-
rups).>® For shear forces closer to the shear strength, the
propagation of the delamination crack due to dowel
action in the flexural reinforcement® leads to a
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FIGURE 8 Detailed crack results of the flexural reinforcement from the North face of specimen SM15: (a) crack pattern for V/

Vinax = 0.9; (b) steel strain, bond stress and normalized curvature distributions for five load levels; (c) contribution of the secondary cracks to
the crack width for cracks 5 and 6; (d) bar stress-crack width diagrams for all cracks; and (e) mean and maximum values of the average
bond stress at both sides of the crack (in the range between w > 0.1 mm and o, < 500 MPa).
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considerable increase in the strains and stresses in the
reinforcement in that region.>>”°

The bond stress profiles in the longitudinal reinforce-
ment presented in Figure 8b have the same appearance
as in the ties; however, notably smaller values are
observed, even though the concrete strength was higher
in the beam tests. The curvature profiles show that signif-
icant local bending occurs in the bars, particularly as the
delamination crack develops. This bending can signifi-
cantly increase the maximum stress at the surface of the
bar. At the same time, stress concentrations occur in that
region due to the introduction of the bond stresses.>>
This can have a negative effect on the fatigue resistance
as the ribs are known to cause stress concentrations lead-
ing to the initiation of fatigue cracks.”””®

Tests in reinforced concrete beams have shown that
the fatigue resistance of reinforcing bars is lower than
that of bare bars.” In regions subjected to bending, the
maximum axial stress at the surface of the bar might
occur at the crack location due the axial force and the
local curvature of the bar. In regions subjected to bending
and shear (more common in structural elements), the
maximum is not necessarily at the location of the crack
due to dowel action. The stress concentrations induced
by the bar-to-concrete interaction will occur somewhere
within the concrete between cracks as shown by the bond
profiles. Further research is required to determine which
of the two effects has a bigger influence on the fatigue
resistance of the bar.

The bar stress as a function of the crack width is
shown in Figure 8d. As explained in the previous section,
neighboring cracks can concentrate part of the total crack
width. In most of the flexural cracks, another flexural
crack developed and merged in the lower part of the
beam as shown in Figure 8c.® Both crack widths at
the level of the reinforcement are considered. The curves
also show a fairly linear response in most cases with a
larger slope, which is consistent with the larger crack
spacings according to Section 2.1. In this case, the aver-
age experimental crack spacing (206 mm) is similar to
the maximum crack spacing according to EC2:2004
(186 mm) and MC2010 (187 mm). Agreement between
EC2:2004 and MC2010 in the crack spacing shows that
EC2:2004 is better calibrated for flexural tests. The mean
calculated spacing according to EC2:2023 and MC2020 is
107 mm. Some of the experimental curves show sudden
trend changes for large stresses (near the shear capacity
of the specimen). This is probably related to the propaga-
tion of several small delamination cracks at the bottom of
the specimen (see Figure 8a) that cross the other cracks,
disturbing the DIC results in the points considered for
the crack kinematic calculation. The average bond stress
results for all the cracks presented in Figure 8e confirm

Jib—

the extremely low bond stresses (around 0.5f,;) compared
with code formulations. Similar values were obtained for
the other specimens of the series. This can be explained
by the large diameter of the bars, the small cover of the
longitudinal bars, the small spacing between bars and
the development of splitting cracks along the bars (visible
in the bottom face of the specimens). The effect of these
parameters, which are not accounted for in current crack
formulations, will be discussed in the following.

Figure 9a,b shows the crack patterns and the stress
profiles of the stirrups from specimens SM13 and 14. The
stress profiles show the occurrence of peaks at the crack
locations, leading to the yielding (red lines) in some stir-
rups close to the maxim load (shear strength). In most
cases, the fiber measurements were lost soon after yield-
ing (regions without measurements in the figure).

Based on the stress distribution, the average bond
stresses were calculated for crack points that were not too
close to the bends of the stirrup (see Figure 4e) where only
a single crack was traversing the stirrup. The average
stress was computed for the maximum load (solid marker)
or before yielding of the reinforcement (empty marker), if
this occurred before the maximum load. Therefore, the
average bond stresses were not calculated when the signal
was lost, which was typically the case after yielding. The
results presented in Figure 9c,d show that two cases can
be distinguished: stirrups activated by an inclined crack
(blue and red markers for the top and bottom parts
respectively, see sketch in Figure 9d) and stirrups where
besides the inclined crack, a flexural crack developed cre-
ating a longitudinal crack along the stirrup (green and yel-
low markers for the top and bottom parts respectively).
The results show that the average bond stresses are gener-
ally smaller for the stirrups that did not reach yielding.
The results also indicate that the regions affected by the
longitudinal cracks along the stirrups have lower average
bond stresses. This can be explained because the inclined
cracks in these regions have typically smaller openings
(compared with the stirrups that yielded) and because of
the reduction of the contact area between the ribs and the
concrete due to the crack development.>* Similar results
were found in the other specimens. In most cases, for the
bars that yielded, the average bond stresses just before
yielding reach values close or larger than the proposed
values of current codes. The values for the bars that did
not yield were lower.

4.3 | Cyclic beam tests

Figure 10a,b shows the crack patterns and fiber measure-
ment results for specimens SC75 (maximum load reach-
ing the cracking load) and SC77 (maximum load
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steps; and (c and d) average bond stress (at V,,,,, or before yielding of the stirrup) for specimens (a and ¢) SM13 and (b and d) SM14.
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specimens SC75, 76 and 77; and (d) relative reduction of the average bond stresses with the number of cycles.
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reaching 0.9V,,.,), respectively. For specimen SC75,
peaks in the steel stresses in the longitudinal bars can be
observed at the crack locations since the first cycle. How-
ever, not all the cracks could be detected with the DIC
measurements (this is perhaps related to the fact that
nonlinear concrete strains in tension can appear before
reaching the tensile strength and the development of
cracks®"®?). In Figure 10a, the crack pattern for the first
cycle is shown in blue (shifted to the right for clarity) and
for the last cycle is shown in black. Cracks 2 and 4 did
not extend beyond the reinforcement position at the 1st
cycle, and cracks 3 and 5 reached only half of their final
length with widths of around 0.03 mm. For specimen
SC77, all the cracks were present since the first cycle and
only a slight increase in the width and small propaga-
tions of some secondary cracks were observed. The bond
stress distributions at V,qy ¢, indicate that bond stresses
increase with the cycles in specimen SC75 and decrease
for SC77.

This is more evident in the results presented in
Figure 10c, that show the evolution of the average bond
stress over the cycles. The difference can be explained by
the fact that in SC75, the increase of crack width is
mostly related to a propagation of the crack in the zone
with residual tensile strength under the neutral axis and
a reduction of the uncracked zone, which leads to an
increase of the tensile stress in the reinforcement and
an increase of the bond stresses. For specimen SC77, the
crack development is very small and the decrease of
the bond is due to the load cycles that deteriorate the
interface as observed by other researchers.****

As shown in Figure 10c, the steepest variations occur
in the first 10 to 15 cycles. At the end of the cyclic load-
ing, the bond stresses remain fairly stable for SC75. For
SC76 and SC77 a slight decreasing trend remains after
the applied cycles, particularly in SC77. Bond stresses
increase with the cycles in crack 5 of SC76, this is
because the crack propagated from a small crack in the
first cycles. No clear trend regarding the average bond
stress and the presence or absence of splitting and sec-
ondary cracks can be observed. It must be noted that the
bond stresses are in all cases lower than the values pro-
posed by the codes. At Vi, ¢, the variations are consid-
erably smaller.

Figure 10d shows the relative reduction of average
bond stresses at V4. ¢y compared with the value corre-
spondent to the first cycle (zp qug0), in agreement with pre-
vious research.?>>%% The general trend is well
captured by the reduction factor proposed by Lemcherreq
et al.>® defined by Equation (4).

keye =1—0.08logN. (4)

Jib1—

5 | TMPROVEMENT OF THE
BOND-SLIP RELATIONSHIP

Considering that the underlying mechanisms of the bond
response of anchorages and near cracks are the same, the
local bond-slip relationship can be used to determine
the bond in service conditions. A clear difference
between both phenomena is the range of slips. In a
cracked element, due to compatibility conditions, the
mid-point between cracks cannot slip. At the same time,
near the crack (if the influence of the secondary cracks is
neglected), the slip should correspond to half of the crack
width. This yields maximum slips in service conditions of
around 0.1-0.3 mm.

Another significant difference, particularly for rela-
tively small crack spacings, is that the influence of the
secondary cracks and the resulting reduction of bond
near the crack is not negligible. Debernardi et al.®
adapted the model proposed by Baldzs™ to account for
the loss of bond near the loaded area, establishing that
the average bond should remain constant. However,
recent experimental results from ties and beam tests
show that average bond increases with the load in mono-
tonic tests.”**°

The authors recently proposed a bond-slip relation-
ship based on mechanical considerations that shows good
agreement with the results of a large test database.*” The
relationship depends on the confinement provided by
the concrete cover and the transverse reinforcement. As
explained in Section 4.2, the confinement provided by the
stirrups is not considered in this case, due fact that most
of the flexural cracks appeared at the stirrup locations.
Figure 11a shows the general formulation for each seg-
ment of the curve and the resulting bond-slip law for
good casting conditions and three concrete covers. The
largest bond stresses are reached for well-confined condi-
tions (¢/@ > 5); and lowest for unconfined conditions (¢/
0 < 1). Intermediate cases are considered as moderately-
confined conditions. More details are provided in
Appendix B.

The ascending branch is controlled by the pull-out
bond stress (zp,p,) and the peak bond slip (Jse1,p0) in
well-confined conditions that depend on the concrete
compressive strength, the bar diameter and the bond
index, as described in Equations (5) and (6).

30 1/6 20 1/8
Thu,po = O'Sfcm <f_) (5) ’ (5)

o (30\?/0.08\"°
Sserpo=1.0-—- [ — =) . (6)
20 cm fR
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FIGURE 11 Local bond-slip response: (a) considered local bond-slip response for monotonic loading; (b) local bond-slip

measurements on both sides of crack 5 of the North face of TC11; and (c) proposed reduction factor for the bond stress near the crack.

Figure 11b shows the local bond-slip relationship at
distances of 0.5, 1 and 2@ from crack 5 of the North face
of specimen TC11, obtained from the fiber optical mea-
surements. The cracking sequence was considered to esti-
mate the slip, which explains the results in the right side
of the crack where slip and bond stresses initially develop
in the opposite direction. The proposed relationship (blue
curve) follows the general trend of the experimental
results at 1 and 20 from the crack; however, the initial
stiffness is slightly underestimated. The measurements
show a reduction of the bond stresses at 0.50 from the
crack. Consequently, a linear bond reduction factor (1)
acting over a distance of 10 from the crack is considered,
as shown in Figure 11c.

Using the proposed bond-slip relationship
(Figure 12a) and reduction factor to account for second-
ary cracks (Figure 11c), a numerical integration was per-
formed as proposed by Baldzs.”® The results in terms of
the average bond stress as a function of the crack width
are illustrated in Figure 12b-d for @8, @18 and @34 bars.
The colors correspond to different confinements. For
each crack spacing (curves with different color shades),
the average bond stress before yielding of the reinforce-
ment is represented with a solid line and the yielding
point with a circular marker. The favorable effect of the
confinement and the size effect are clearly visible in
Figure 12b-d.

The response in well-confined conditions (sufficient
cover) is governed mostly by the ascending branch. In
these conditions, the average bond stress can be esti-
mated using Equation (7) (dashed curve in Figure 12b-
d). This expression is derived using the analytical solu-
tion for the average bond stress as a function of the crack
width in homogeneous conditions, multiplied by an
adjustment factor k, depending on the crack spacing
(a constant value of 1.3 is proposed):

l—a/ w \*
Th,avg — kg - Tb,maxm (2 5 1) > (7)
SC.

where « is the exponent of the ascending branch of the
local bond-slip relationship (a value of 0.4 as proposed in
MC2010 is considered). Equation (7) is valid for bars
in good bond conditions and without the development of
splitting/spalling cracks along the reinforcement bar.*
The improvements of Equation (7) to account for other
effects are described in the following paragraphs.

As observed by Moccia et al.,”* the bond performance
of bars is influenced by the plastic settlement voids and
cracks. The effect is directly related to the height of the
bar above the formwork. In this paper, only results from
one relatively shallow specimen are available. Based on
these results, the factor of #, = 0.7, typically considered
for short anchorages, seems to give a good estimation of
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FIGURE 12 Bond in the stabilized cracking phase: (a) considered local bond-slip relationships; and average bond stress as a function of

the crack width for (b) @8, (c) @18, and (d) @34 bars.

the bond stress reduction. Further, research is needed to
confirm these results.

Based on the work of Brantschen et al.,%® the authors
recently showed that the development of local bond
stresses along the anchorage length is affected by the
development of splitting and spalling cracks along the
bar due to the reduction of the contact surface between
the ribs and the concrete.?” Using as reference the bond-
slip relationship for well-confined conditions, the local
bond stresses can be determined using a reduction factor
based on the splitting and spalling crack widths. Conse-
quently, the integration of the different local bond-slip
relationships (shown in Figure 12b-d) inherently
accounts for the splitting and spalling crack develop-
ment. However, as Equation (7) accounts for the ascend-
ing branch and the conical cracks, the effects of splitting
are not considered. In existing structures, the splitting
cracks can be measured. Furthermore, longitudinal
cracks along the reinforcement can appear for other rea-
sons (such as the flexural cracks along the stirrups

shown in Figure 9a,b). Consequently, the factor pro-
posed by Brantschen et al.* defined by Equation (8) can
be adopted as a reduction factor for cases where cracks
along the reinforcement bar are observed on the con-
crete surface.

Th 1
kie=—=—%-» 8
Ic 0 1 }Z Mg ( )

where 7 is a factor proportional to the number of lugs
composing the ribs (kf = 0.75n;) and wy. is the width of
the longitudinal crack along the reinforcement. If the rib
geometry information is not available, the value corre-
sponding to two rib lugs (x;= 1.5) and a bond index of
0.08 (average value from the database used for the deriva-
tion of the bond-slip relationship*’) are recommended.

Considering these two factors and the cyclic reduction
factor of Equation (4), the expression to estimate the
bond stresses is defined by Equation (9):
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l1—a/ w \?
Thavg =12 ksr . klc . kcyc .Tb’maxl-l-—(l (2 5 ) . (9)
" Uscl

After yielding, the bond stresses reduce signifi-
cantly.?*®*%¢ This is out of the scope of this paper, espe-
cially as in such case, the stress in the bar is less
uncertain.

6 | COMPARISON OF THE
PROPOSED MODEL WITH

THE EXPERIMENTAL RESULTS
6.1 | Average bond stresses

Figure 13a shows the experimental results (colored lines)
and the proposed analytical expression (dashed black
line) in terms of the average bond stress as a function of
the crack width. Additionally, the results of the numeri-
cal integration of the local bond-slip relationships are
shown with a gray hatch. The increase of the bond stres-
ses with the crack width is well captured. However,
stresses are slightly underestimated. Figure 13b shows
the mean (filled marker) and maximum values (empty
marker) of the average bond stresses for the flexural

reinforcement of all specimens of series SM10. The corre-
sponding predicted values are shown with black markers.
The size effect and the influence of the longitudinal
cracks along the bars reduce considerably the bond stres-
ses. Nevertheless, the proposed values overestimate the
experimental ones by a factor close to 2. This overestima-
tion is likely due to the fact that the widths of the delami-
nation cracks in the lateral faces of the specimen are
smaller than in the middle of the specimen due to the
presence of the stirrups. The values proposed by
the codes (1.8 to 2f.) overestimate experimental results
by a factor of 3 to 4.

Figure 13c shows the results from the stirrups not
affected by the presence of cracks along the bars (flexural
cracks), as explained in the previous section (see
Figure 13e). The average bond stresses are slightly overes-
timated, particularly for the B5S00A stirrups (Figure 13c).
This can be explained by the lower bond index of the bars
and could indicate that the influence of this parameter in
the proposed bond-slip relationship is underestimated.
These results are coherent with the smaller crack spac-
ings for larger bond indices observed by Galkovski et al.>*
Figure 13d shows the results from the stirrups affected by
the flexural cracks. In general, the influence of splitting is
satisfactorily considered by the splitting factor (triangular
black markers). Additional experimental data is required
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FIGURE 13

Comparison of the proposed average bond stresses and the experimental values: (a) specimen TC11; (b) flexural

reinforcement of series SM10; (c) shear reinforcement without and (d) with cracks along the bar; and (e) schematic representation of stirrups
with and without cracks along the bars.
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to improve the estimation of this effect, particularly for
small diameters.

6.2 | Steel stress estimation based on the
crack width

Three estimations are compared with the experimental
values and, in all three cases, the measured shrinkage
strains are included in the relative mean strain
calculation:

« Using the proposed model for the crack width
estimation (Equations 3 and 9) and the measured crack
spacing (distance between mid-points of consecutive
cracks measured from the DIC).

« Using the relative mean strain according to EC2:2004
and the measured crack spacing. It must be noted that
the relative mean strain is the same according to
MC2010.

Proposal with measured s

b | 19
CEB-FIP

« Using the relative mean strain according to EC2:2023
and the measured crack spacing. It must be noted that
the relative mean strain is the same according to
MC2020.

Figure 14a shows the ratio of experimental over cal-
culated stresses for tie TC11. The results indicate that the
proposed model slightly underestimates the stress in
the bar. This can be explained by the underestimation of
the bond stresses (see Figure 13a). The code formulation
slightly overestimates the stress. As explained in Sec-
tion 2.1, for a given crack spacing and width, the code
estimation yields larger bar stresses (see Figure 2a). Con-
sequently, the code formulation tends to overestimate the
stresses. Figure 14b shows the results for the flexural
reinforcement of the beams from series SM10. The pro-
posed model performs better than the code formulation
for small crack widths. This is due to the bond activation
expression, that gives a good estimation of the average
bond stresses for smaller crack widths. For larger crack

EC2:2004 with measured s EC2:2023 with measured s,
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FIGURE 14 Ratio of experimental over calculated steel stress as a function of the crack width: (a) tension specimen TC11; (b) all beam

specimens of series SM10; and (c) for the maximum cyclic force for specimens SC76 and SC77.
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widths, both models underestimate the steel strain reduc-
tion, which leads to the overestimation of the stress. The
reduction of the dispersion for larger crack widths can be
explained by the fact that the bond stress has a constant
influence on the crack width in terms of absolute values
(see Figure 2b). Therefore, it has a smaller relative impact
for large crack widths, which leads to lower relative
errors for larger stresses. The small differences between
the results using EC2:2004 and EC2:2023 are due to the
differences in the definition of the effective reinforcement
ratio.

Figure 14c shows the results for the cyclic tests at the
maximum force of each cycle. The proposed bond values
lead to a certain improvement in the estimation. It must
be noted that during the unloading phase bond stresses
decrease and can reach negative values.’>*>"” Negative
tension stiffening and the imperfect closure of cracks lead
to stresses in the reinforcement that can be larger than
the prediction according to simplified cross
section analysis.>**>*%5% This part of the response is out
of the scope of this paper. Nevertheless, this plays a sig-
nificant role in the stress variation in the reinforcement
and must be considered for the fatigue assessment.

The crack width considered in this analysis was mea-
sured on the surface of the specimens. For the considered
range of covers, the results indicate that the response is
well captured by the model based on the measured crack
spacing. For larger covers, further validations are
required. It must be noted that, as the crack width typi-
cally increases with the cover,”®*®°*% the application of
the model will likely lead to an overestimation of the
stress in the bar for large covers.

The assumption of a constant bond stress used in cur-
rent code formulations is reasonable and practical given
the inherent uncertainty and variability of the cracking
phenomenon. However, the lower experimental bond
stresses could have an influence in the crack spacing esti-
mation. This is visible in the results from series SM10
where the calculated maximum crack spacing is actually
close to the average of the experimental results (see
Figure 8d). Further research is required to confirm this
potential effect.

7 | CONCLUSIONS

This paper presents the results of an experimental pro-
gram and an analytical investigation to improve the cur-
rent understanding of cracking in structural elements,
with the aim of estimating the stress in the reinforcement
based on crack width measurements. The main findings
of this research are:

The measured average bond stresses are in most cases
lower than the values proposed by current standards,
with the exception of the stirrups in the beam tests
that showed in some cases larger values. This could
have a relevant influence in the estimation of the
crack spacing.

The decrease of bond stresses for cyclic loading con-
centrates in the first 10 to 15 cycles. After that, the
decrease progresses at a slower pace. This seems to
depend on the stress variation range. Further research
is required to confirm these findings.

. In cases where the flexural cracks develop at the

transverse reinforcement location, the presence of
transverse reinforcement does not guarantee its acti-
vation as confinement for bond stress development
between cracks along the longitudinal reinforcement.
An expression to estimate the average bond stresses
considering the crack width, the casting conditions,
the type of loading (monotonic or cyclic) and the pres-
ence of longitudinal cracks along the bar is proposed.
The expression is derived from the integration of the
local bond-slip relationship, accounting for the pres-
ence of secondary cracks. The estimated values show
good agreement with the experimental values for
short-term monotonic loading.

The slip-based model gives good results for the bar
stress—crack width response, provided that the average
bond stresses are adjusted. Using this model, a reason-
able estimation of the bar stress as a function of the
measured crack width can be obtained for the investi-
gated tests. Further research is required with larger
clear covers.

The estimated bar stresses using the slip-based model
and the proposed expression for the average bond
stresses perform better than current code formula-
tions. The code formulations tend to overestimate the
bar stress due to the inherent assumptions for the cal-
culation of the relative mean strain.

Shrinkage induced strains have a significant influence
on cracking and the estimated bar stresses. However,
neglecting its influence leads to an overestimation of
the bar stress.

NOTATION

Lower case Latin characters

br

w
C

d

Je
Jem

rib width

beam width

clear concrete cover

beam effective depth

concrete compressive strength

mean concrete cylinder compressive strength
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Ja
f ctm
Jr
Fym

clear

X

concrete tensile strength

mean concrete tensile strength

bond index of the reinforcement

mean yield strength of the longitudinal
reinforcement

mean yield strength of the shear reinforcement
beam height

depth of the compression zone in a
section subjected to bending

average bond stress reduction factor due to cyclic
loading

average bond stress reduction factor due to longi-
tudinal cracks along the bar

average bond stress adjustment factor

transfer length

ratio of the steel elastic modulus divided by the
concrete elastic modulus

stirrup spacing

crack spacing

rib spacing

clear rib spacing at the top of the lugs

beam test mid-span deflection

crack width component in the direction of the
reinforcement

crack width of the longitudinal crack along the
reinforcements

coordinate along x axis

Upper case Latin characters

N

m

=<z
2
5§
- B

3
:

transverse cross section

concrete area in the transverse cross section
elastic modulus of the concrete

elastic modulus of the reinforcement
tensile force applied to the concrete ties
number of cycles

shear force

maximum shear force during cyclic loading
minimum shear force during cyclic loading
maximum measured shear force

Lower case Greek characters

5SC
EC
6lCS
Eg
n2
A
pr
Pt

relative slip between the bar and the concrete
concrete strain

unrestrained shrinkage strain

steel strain

factor for to account for casting position
bond reduction factor near the crack

flexural reinforcement ratio as/(d-bw)

tensile reinforcement ratio as/a

shear reinforcement ratio asw/(s-bw)
maximum nominal stress in the reinforcement
for the maximum force during cyclic loading

Jibl—

Oeye, minimum nominal stress in the reinforcement
min for the maximum force during cyclic loading
T local bond stress

Th,avg average bond stress over a certain length

Thupo maximum bond stress for pull-out failure

Thu.se maximum bond stress for splitting with
confinement

Thu.su maximum bond stress for splitting in uncon-
fined conditions

s reinforcement bar curvature

Other characters
@ bar nominal diameter
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APPENDIX A

ANALYTICAL EXPRESSION DEVELOPMENT

Based on the equilibrium and compatibility conditions of
the differential element shown in Figure 1b and assum-
ing a linear elastic behavior of both steel and concrete
and no external forces acting on the element, the differ-
ential equation governing the tie segment response is
given by Equation (A.1).

d25;C :4Tb(x) ﬂ@fb(x). (A1)
dx QE;  AcE.
Assuming that the first crack appears when the con-
crete stress reaches f,, due to compatibility of deforma-
tions the cracking axial force is determined by
Equation (A.2). The stress in the reinforcement before
and after cracking can be calculated using
Equations (A.3) and (A.4) at the cracked section:

fct

Ner :E_(ACEC +AsEs)’ (Az)
c
_fap _
OsB — E Es; =&, E;, (AS)
c
_Ja _
o =" [1+(n—1)p]. (A4)

Given the stress variation, the required transfer
length [ as a function of the average bond stress 7; g,
can be determined using Equation (A.5):

0 Ac. — cht 1_:0'

P A5
$ 47b,avg 14 ( )

lcr =
47b,avg

The crack width in the crack formation stage is
therefore:

_ lerosc _ Ofe (1=p)(1+(n-1)p)
Eg 4tpE; p? '

(A.6)

This expression can be generalized for any stress oy,
as shown in Equation (A.6):

e Dose  1—p
4tEs 1+ (n—1)p’

(A.6)

In the stabilized cracking stage, the distance between
cracks is smaller than the transfer length. Therefore, the
tensile strength of the concrete cannot be reached
between cracks and no further principal crack develops
(secondary cracks may develop). In these conditions, the

Jib1—

crack width for a given stress can be calculated consider-
ing that the maximum axial force that can be taken by
the concrete as a function of the crack spacing and the
average bond stress. The resulting equation is:

Ser . ScrTh,avg 1+ (n - 1),0

w=—"
E, OsC 0 1—p

(A7)

Due to the reinforcement, the shrinkage strains
(ecs <0) are partially restrained, which causes tensile
forces in the concrete and compression in the reinforce-
ment. From compatibility and equilibrium conditions,
the initial strain can be determined using Equation (A.8):

1-p

m&s. (A.8)

Eci = Esi =

As a consequence of this initial stress-state, the crack-
ing force is reduced:

np Ecs
+ (l’l - l)pfct/EC

Ncr,cs = Ncr 1+ 1 (Ag)

Nevertheless, both the cumulative difference of
strains remains the same because both strain diagrams
are shifted by the unrestrained shrinkage strain (see
Figure 1c,d). Consequently, assuming the same bond
distribution, the anchorage length and the crack width
are the same for a lower stress in the reinforcement.
For the stabilized cracking phase, the effect of shrink-
age affects the average concrete strains as shown in
Equation (A.10):

Ser _ SorThavg 1+ (n—1)

P
:Es OsC 0 1—p —Egees |

(A.10)

APPENDIX B

CONSIDERED LOCAL BOND-SLIP
RELATIONSHIPS

The bond-slip relationships for monotonic loading were
investigated by the authors in a separate publication.*
The general expression of the segments composing the
curve is defined in Equation (B.1) (see Figure 11a):

for0 < 580 < 5501:
for 8sc1 < bse < Bsea,

Tp = Tb,max (530/5SC1 )a
Tb = Th,max
b = Th,max — (Tb,max — 7f) (Bse — Bsc2) / (Bse3 — Be2) for S5
< Ose < O3,
7y = Tpr (1 — (8sc — Bse3) / (Bsea — Ose3))  fOI Sge3 < Sye < Sgea-
(B.1)
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CORRES and MUTTONI

Moderate confinement

Thu,se = Thusu + (Tbu,po - Tbu,su)kconf

Tbf,sc = Thf,su T (be,po - be,su)kconf

. 1/a
1.5
5scl,sp = 6scl,pa < p)

Tbu,po
6502,sc = 6s02,su + (6502,1)0 - 6302,su)kconf
5SC3,SC = 5s03,su + (5s03,p0 - scS,su) kconf

5sc4,sc = Osc4,su 4 (6504,1)0 - sc4,su)kconf

Unconfined

f 0.25 20 0.2
Thusu = 7-1 (%) <5>

0

hs 1/a
6scl,su = 5scl,po (Th:;:)
Osc1
1.2:65¢1

1.2:851

TABLE B1 Bond-slip relationship parameters.*’
Param. Well-confined
T 1/6 1/8
bu Thu,po = O-Sfcm (j%) <%>
Thf 0.4-7, bu
6501 /] 30 1/3 0.08 s
o () (5)
5sc2 2'5scl
5503 sR,clear
§SC4 3'SR
a 0.4

The factor to account for the cover and transverse rein-
forcement proposed in MC2010 is used for the definition
of the confinement conditions.>*° This factor is limited to
a value of 1.5, that corresponds to the confinement when
¢ = 50. A minimum value of 1 is set, that corresponds to
the confinement when ¢ = 1@. The normalized factor can
be determined using Equation (B.2):

1 Conin 0.25 Comax 0.1
keonf =— — -1 k €10,1],
conf 0.5 ( 0 ) Coin conf [ ]

Cmin = Min(cy/2,¢4,¢y),

Cmax = MiN(¢s/2,¢x,¢y),

(B.2)

where ¢,,;, and ¢, are minimum and maximum covers
(or half bar spacing c,).” The stirrup contribution is not
considered as discussed in Sections 4.2 and 5.

Three confinement conditions are defined accordingly:

+ Well-confined: k,,s = 1, corresponding to covers >5@.

+ Unconfined: k.,,s = 0, corresponding to covers = 10.

+ Moderate confinement: 0 < ke <1, intermediate
situations.

The main parameters of the proposed bond-slip rela-
tionship for the three types of confinement are summa-
rized in Table B1.
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