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1 | INTRODUCTION

Aurelio Muttoni

Abstract

Rebar-to-concrete bond is a fundamental aspect of the behavior of reinforced
concrete structures. The characterization of the interface response is challenging
due to the complexity of the physical phenomena and the large number of fac-
tors involved. Locally, the response is characterized by the bond-slip relation-
ship, which is typically obtained experimentally from pull-out tests with short
bonded lengths. The behavior of longer anchorages in structural members dif-
fers significantly from short tests as the bond stress distribution is not uniform.
In this context, this paper presents the results of a comprehensive research aim-
ing to establish a better relationship between the local bond-slip response from
short pull-out tests and the response of medium-length anchorages. The results
of an experimental program are presented, including the effect of some parame-
ters commonly found in structural applications, such as casting conditions, clear
cover, rib geometry, and rib orientation. A local bond-slip relationship for well-
confined conditions is proposed on the basis of the tests performed by the
authors and on the examination of a database on short pull-out tests from the
literature. Based on this relationship and some mechanical considerations, the
local bond-slip relationship for unconfined conditions can satisfactorily be for-
mulated based on crack-width measurements from the concrete surface. This
can be useful for the assessment of existing structures and can be seen as a step

forward in the development of a consistent mechanical model for bond.
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anchorage, bond, bond-slip relationship, casting conditions, cover effect, pull-out tests, rib
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(SLS) as well as at the ultimate limit state (ULS). However,
the complexity of the physical phenomena involved in this

The transmission of longitudinal forces between straight
reinforcement bars and the surrounding concrete is made
possible by the bond forces. Consequently, the rebar-to-con-
crete bond is a key parameter in the structural behavior of
reinforced concrete structures at the serviceability limit state

interaction hinders its characterization.

At a local level, the response is related to the relative
displacement between the bar & and the concrete &, (slip
8se» Figure 1a,c), which is inherently associated with the
interaction of the rib lugs with the concrete and its
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FIGURE 1
end anchorage; and (d) general bond-slip relationship.

internal cracking. For this reason, the interface response is
typically characterized by the relationship between the slip
and the bond stress (zp, Figure 1d), which is often assumed
to be uniformly distributed over the nominal surface of the
bar.! In structural members, the bond behavior of the bar is
a consequence of the different conditions along the bonded
length (Figure 1b). In a cracked member it is sometimes
assumed that the point of the bar halfway between cracks
has no slip, due to compatibility, and that the point at the
crack slips by approximately half of the crack width. The
reality is more complex, the point between cracks can slip
due to the crack sequence and different effects cause a vari-
ation of the crack width along the cover,! as shown in
Figure 1la. Nevertheless, bond stresses remain relatively
small and have a direct influence on the crack width and
the so-called tension stiffening (reduction of steel strains
due to activation of concrete in tension between two
cracks). In an anchorage or in a lap splice, the bond is nec-
essary to transfer the force in the reinforcement to the con-
crete or to another bar through the concrete. In these cases,
the unloaded end of the bar can slip, leading to the activa-
tion of larger bond stresses, particularly at ULS, as illus-
trated in Figure 1c.

Extensive research on the topic has shown that bond
is affected by numerous parameters, including the con-
crete properties, the bar properties and geometry, the
stress state of both materials, the confinement (provided
by the concrete cover, by transverse reinforcement, or by
transverse pressure), the relative position of the bar with
respect to the casting direction, the type of loading and
the test conditions amongst others."* This complexity is
reflected in the broad range of local bond-slip relation-
ships that can be found in literature.>”’

Current standards account for this complex mecha-
nism and some of the aforementioned parameters in a
simplified manner. For instance, in the calculation of the
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Bond in structural members; schematic representation of (a) a cracked region, (b) a reinforced concrete beam, and (c) an

anchorage and lap lengths, constant bond strength is
often assumed as in fib Model Code 2010" (MC2010),
Eurocode 2® (EC2:2004), or SIA 262:2013.° The drafts for
the new generation of standards have opted for another
approach, providing the bond length directly on the basis
of the steel stress to be activated.'””'* These provisions
are based on the expression of fib Bulletin 72,"* where
the stress that can be activated in an anchored bar is
derived semi-empirically from a statistical study of a large
test database. The nonlinearity in the relationship
between the steel stress that can be activated and the
bond length accounts indirectly for a nonconstant distri-
bution of the bond stresses along the bond length. With
respect to the crack width formulations at SLS, the code
provisions usually consider a rigid-plastic bond-slip rela-
tionship where the bond strength is explicitly or implic-
itly considered in the calculation of the crack spacing and
the tension stiffening effect.”®

MC2010 also provides a local bond-slip relationship
for ribbed bars subjected to monotonic loading that
accounts for the effect of concrete compressive strength,
bar diameter, casting conditions (also called bond condi-
tions), concrete cover, and confinement. Additional
expressions are provided to consider the effect of bar
yielding, transverse and longitudinal cracking, and other
types of loading.” The relationship is based on experi-
mental results from pull-out tests in well-confined condi-
tions with short embedment lengths (typically five times
the nominal diameter of the bar @) and a certain
unbonded length at the loaded end of the bar to prevent
the development of conical cracks.'*'> These relation-
ships are based on the work of Eligehausen et al.®> and
adapted on the basis of the expressions from fib Bulletin
72 for low and moderate confinement (so-called splitting
failures).'® They are applicable to ribbed bars respecting
the bond index or relative rib area (fg) requirements of

85U0|7 SUOWIWOD dAFeaID 8|qedl|dde ays Aq peusenob aJe saonse VO @sn JO Sa|nJ 1oy ArIqIT8UIUQ AB]IAA UO (SUORIPUOD-PUR-SWUBHW0D A8 | IMAe.q [l juo//Sdny) SUORIPUOD pUe swie 18U 8es *[€20z/0T/60] o AriqiTauniuo A8im *-13d3,18a anbeyioljaig Aq +"2ZE00€20Z 09NS/Z00T OT/I0p/wWoo" A3 |1 AreJq U JUO//:SONY W0J) pepeoumMoa ‘0 ‘8792TS.T



CORRES and MUTTONI

TABLE 1
corresponding slip (8s.(7b,max)) Of identical tests from the literature.

Reference Test type Series
Eligehausen et al. Pull-out 1.1-1.5 2o0r3
Tepfers et al.”® Ring test 4 5
Metelli et al.'® Pull-out 13 7
14 7
Moccia et al.*® Pull-out BL5D12-S5 3
BL5D20-S5 3

current standards to ensure a good bond performance
(EC2:2004 requires a minimum value of 0.056 for bars
with a nominal diameter larger than 12 mm®). Metelli
et al'® conducted an experimental program with
151 pull-out tests to evaluate the effect of the bond index,
showing that bars with the minimum bond index can
reach higher bond strengths and stiffer responses than
the MC2010 relationships. Recent studies using detailed
measurement techniques have shown the strain gradients
generated in the vicinity of the ribs due to the introduc-
tion of the bond forces,'” the nonuniform bond stress dis-
tribution and its evolution in tests with short bonded
lengths between 2 and 50.'%"°

The pertinence of the pull-out test has been ques-
tioned, as the stress state in the materials and the cover
may not be representative of structural applications.*
Another test commonly used for bond research is the
beam-end test, which provides more flexibility for
the concrete cover and bonded length.*> A recent
experimental campaign compared the results of pull-out
and beam-end tests with a bonded length of 20, observ-
ing no influence of the test setup for slip values below
0.1 mm and a 3%-5% increase of the bond strength for
pull-out specimens with comparable confinement.”* It
must be noted that being a phenomenon of local nature,
the variability observed in experimental results of theo-
retically identical specimens can be in the range of 1%-
18%, as summarized in Table 1.

For typical bonded lengths in structural applications,
the assumption of a uniform bond distribution is unreal-
istic. This was experimentally observed already in the
1950s using bars instrumented with strain gauges placed
near their axes with various test setups,”>** providing
information about the local bond-slip at different posi-
tions along the bond length.**> However, the measure-
ment resolution was limited by the minimum spacing
between gages.

The improvements in the recent years of fiber optic
sensing (FOS) and digital image correlation (DIC) have
shown great potential to better understand the bond phe-
nomenon. FOS provides pseudo-continuous strain

Specimens

Jibl—

Main experimental program characteristics and coefficient of variation for the maximum bond stress (7, max) and its

@ (mm) L,/O CoV Tpmax CoV 85c(Th,max)
254 5 1%-12% 2%-14%

16 3 7% 23%

12 5 15%

20 5 18%

12 5 7%-10% 8%-18%

20 5 2%—-8% 3%-10%

measurements along the bars with high spatial resolu-
tions and acquisition frequencies. DIC systems allow for
detailed measurements of the displacement field over
large regions of the specimen's surfaces. Recent works
have used this technique to gain a better understanding
of the local bond-slip relationship and the distribution
along bars in different structural members.”*%-2°

Several efforts have been made to establish a correla-
tion between the local phenomenon and the bond perfor-
mance in structural members. Baldzs®’ proposed a crack
width model based on the integration of the local bond-
slip relationship proposed in the fib Model Code 1990,*
assumed to be valid over the bar. This model justifies the
variation of the average bond strength for different crack
widths. Nevertheless, it ignores the effect of proximity to
the crack face, which leads to lower bond forces due to the
development of conical cracks at the rib lugs.'” This effect
is often considered by a reduction factor multiplying the
local bond stresses with a linear” or exponential decrease®
toward the loaded end of the bar. Furthermore, longitudi-
nal cracking along the bar has been shown to significantly
reduce the bond stresses, and several models have been
proposed to account for this effect.” 7>

The approximations with constant bond stress along
the bond length are reasonable and practical for many
design purposes. Nevertheless, a better understanding of
the underlying mechanisms is required to verify the
limits of applicability of current expressions, to develop
mechanical models that can more easily be extended to
new materials, and to refine the design models. This is
necessary to build efficient new structures and to better
assess the state of existing ones (e.g., for a more refined
fatigue verification accounting for the bar-concrete inter-
action or to estimate the residual resistance of anchorages
affected by longitudinal cracks due to corrosion). Fur-
thermore, local bond-slip relationships are used in finite
element models. In this context, the aim of the present
research is to investigate the bond behavior in specimens
with medium anchorage lengths where conical and longi-
tudinal cracks can develop to establish a better under-
standing of the effect of visible deteriorations on the

85U0|7 SUOWIWOD dAFeaID 8|qedl|dde ays Aq peusenob aJe saonse VO @sn JO Sa|nJ 1oy ArIqIT8UIUQ AB]IAA UO (SUORIPUOD-PUR-SWUBHW0D A8 | IMAe.q [l juo//Sdny) SUORIPUOD pUe swie 18U 8es *[€20z/0T/60] o AriqiTauniuo A8im *-13d3,18a anbeyioljaig Aq +"2ZE00€20Z 09NS/Z00T OT/I0p/wWoo" A3 |1 AreJq U JUO//:SONY W0J) pepeoumMoa ‘0 ‘8792TS.T



CORRES and MUTTONI

L fib

concrete surface on the local bond stresses. The influence
of some parameters commonly found in structural appli-
cations, such as concrete cover, casting direction, and rib
geometry, is considered in an experimental program con-
sisting of 29 pull-out tests instrumented with DIC and
FOS. The experimental results show the interaction
between the crack development and the local bond stres-
ses that can be activated. On that basis, a local bond-slip
model is proposed for well-confined conditions and
adjusted based on crack-width measurements to explain
the results for low and moderate confinement conditions.

2 | EXPERIMENTAL PROGRAM

An experimental program was conducted in the Struc-
tural Concrete Laboratory of the Ecole Polytechnique
Fédérale de Lausanne (Switzerland) to investigate the
effect of different parameters on the behavior of steel
reinforcement bars anchored in concrete and the influ-
ence of the cracks visible in the surface of the concrete
on the local bond-slip relationship. The results of three
tests performed by Moccia et al.*® (series CM11) are
included as well.

2.1 | Series PC01 and PC02

2.1.1 | Specimens

Two series of pull-out tests were conducted using bars
with a nominal diameter (@) of 20 mm: series PC01 with
4 specimens and an anchorage length (I,) of 100 and
series PC0O2 with 22 specimens and an anchorage length
of 150. In all specimens, the bonded length corresponds
to the full anchorage length, with the aim of representing
realistic anchorage conditions where conical cracks can
develop near the loaded end of the bar. The following
parameters were investigated in these series:

« Clear concrete cover c: 10 < ¢ < 50.

+ Casting position: Bars placed horizontally in the form-
work were located at the top and bottom position, and
bars placed vertically in the formwork were pulled in
the same or opposite direction of casting (Figure 2b).

« Rib geometry: Three types of bars with ribs composed
of two and four lugs were tested.

« Lug orientation: For bars with ribs composed of two
lugs, tests were conducted with the lugs oriented paral-
lelly (//) or perpendicularly (L) to the concrete-free
surface; the bars with four lugs were placed with the
lugs in a 45° disposition with respect to the concrete
surface (x), see Figure 2c.

The bars to be tested were embedded in a concrete
prism, with one dimension corresponding to the anchor-
age length and the other being 400 mm. The concrete
prisms were reinforced in the longitudinal direction with
three 18-mm bars to control cracking during the tests.
The spacing between test bars on the same side of the
specimen was 800 mm, and their position within opposite
sides was shifted by 400 mm. Figure 2a shows the geome-
try of the specimens and the main investigated parame-
ters of the series. Details about the test parameters of
each specimen are provided in Table 2.

2.1.2 | Material properties

All specimens from each series were produced from one
batch of normal-strength ready-mixed concrete provided by
a local supplier with a maximum aggregate size of 16 mm.
The concrete was poured in two layers of approximately
200 mm. The compressive strength f. of the concrete mea-
sured on cylinders (height x diameter = 320 x 160 mm) is
indicated in Table 2. The tensile strength measured at
28 days by direct tensile tests with the same type of cylin-
ders was 2.6 MPa for series PCOl and 2.5MPa for
series PCO2.

Three types of 20-mm diameter steel bars with rib
profiles commonly found nowadays in Switzerland were
used in the pull-out tests. The stress-strain diagrams are
shown in Figure 3a. The bars display different
characteristics:

« Quenched and self-tempered (QST) bars: Hot rolled,
QST bars with a well-defined yield plateau. The ribs
are composed of two lugs with a nonsymmetrical dis-
tribution, see Figure 3b.

« Cold-worked (CW) bars: CW bars with no clear yield
plateau (nominal yield strength determined at 0.2%
residual strain). The ribs are composed of four lugs dis-
posed symmetrically along the axis of the bar, see
Figure 3c.

« Threaded bars for reinforced concrete (TB): steel bars
with no clear yield plateau (nominal yield strength
determined at 0.2% residual strain). The ribs are com-
posed of two lugs disposed in continuous threads along
the axis of the bar, see Figure 3d.

The geometrical characteristics of the bar, including
the bond index f;, the maximum rib height hg max, the
transverse rib angle g, the transverse rib flank inclination
ag, and the transverse rib spacing sr are obtained from a
laser scan of the surface of the bars according to their def-
inition.** The average rib height hg . is calculated by
dividing the projected rib area over the nominal bar
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FIGURE 2 Specimen geometry and main investigated parameters of series PCO1 and PC02: (a) front elevation of a typical concrete
prism containing the test bars; (b) investigated casting positions; and (c) investigated rib geometries and lug orientations (refer to Figure 3
for the used symbols describing the rib geometries).

TABLE 2 Series PCO1 and PC02 main parameters and experimental results (for definition of parameters, refer to section Nomenclature).

Bar Rib fe Fhax Osr e Tho.1 Failure
Specimen @ L/O ¢/0 Casting type orientation (MPa) (kN) (MPa) (MPa) (MPa) mode

PC0106 20 10 1 Top cw X 39.5 76.3 243 6.1 4.1 S
PC0108 20 10 1 Bottom CwW X 39.5 87.9 280 7.0 6.4 S
PC0101 20 10 3 Top cw X 40.6 93.7 298 7.5 6.6 SPO
PC0103 20 10 3 Bottom CwW X 39.5 115.5 368 9.2 7.0 SPO
PC0201 20 15 1 Top QST 1/ 40.6 96.1 306 51 3.4 S
PC0202 20 15 1 Top QST 1 40.5 88.5 282 4.7 3.2 S
PC0203 20 15 1 Bottom QST /1 40.7 115.6 368 6.1 5.1 S
PC0204 20 15 1 Bottom QST 1 40.7 119.6 381 6.3 5.9 S
PC0205 20 15 3 Top QST 1l 40.9 114.8 365 6.1 4.8 SPO
PC0206 20 15 3 Top QST 1 40.9 125.5 400 6.7 2.4 SPO
PC0207 20 15 3 Bottom QST /1 41.0 163.5 521 8.7 7.0 SPOy
PC0208 20 15 3 Bottom QST 1 40.9 167.3 533 8.9 7.1 SPOy
PC0209 20 15 5 Top QST /1 41.1 158.5 504 8.4 5.8 SPOy
PC0210 20 15 5 Top QST 1 41.1 160.5 511 8.5 3.0 SPOy
PC0211 20 15 5 Bottom QST 1l 41.2 >171 >545 >9.1 8.3 -
PC0212 20 15 5 Bottom QST 1 41.2 >175 >557 >9.3 7.1 =
PC0213 20 15 1 Opposite QST 1l 41.3 106.0 337 5.6 5.6 S
PC0214 20 15 3 Opposite QST // 41.4 157.1 500 8.3 6.6 SPO
PC0215 20 15 5 Opposite QST 1l 41.4 163.0 519 8.6 8.1 SPOy
PC0216 20 15 1 Same QST /] 41.5 107.8 343 5.7 5.1 S
PC0217 20 15 3 Same QST 1l 41.5 133.9 426 7.1 4.9 SPO
PC0218 20 15 5 Same QST /] 41.5 163.7 521 8.7 7.2 SPOy
PC0220 20 15 5 Top cw X 41.3 133.5 425 7.1 4.6 SPO
PC0221 20 15 5 Bottom Ccw X 41.3 149.8 477 7.9 6.7 SPO
PC0222 20 15 5 Top TB /1 41.2 140.1 446 7.4 5.9 SPO
PC0223 20 15 5 Bottom TB // 41.3 176.0 560 9.3 8.0 SPO

Note: 6gg = Funax/ (1 X 0*/4). Ty max = Fmax/(® X L, x 0).
Abbreviations: S, spalling before yielding of the reinforcement; SPO, splitting induced pull-out before yielding; SPOy, splitting induced pull-out after yielding;
-, test stopped after extensive yielding without anchorage failure.
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TABLE 3
9 Sy Je
Type (mm) (MPa) (MPa) Lugs Ir
QST 20 504 567 2 0.075
CwW 20 558 625 4 0.079
TB 20 587 726 2 0.089

perimeter. The clear spacing between ribs cgje,, is consid-
ered as the spacing between consecutive rib flanks at
mid-height of the ribs based on the laser scans. The main
properties of the bars are summarized in Table 3.

2.1.3 | Test setup and test development

All specimens were tested with the bar oriented in the verti-
cal direction, as illustrated in Figure 4ab. The bar was
clamped with a steel wedge, and the pull-out force was
exerted through a hinge to minimize bending in the bar. The
reaction on the concrete specimens was applied through a
steel frame to minimize the influence on the development of
concrete cone breakouts. The frame was composed of two
UPN 120 profiles, and the frame legs were SHS
50 x 50 x 5 mm with 70 x 70 x 20 mm steel plates welded
at the extremities. In each test, the frame was aligned with
the axis of the bar. The frame was hinged at the position of
the bar to minimize the bending moment in the concrete
prism in the bar region. Two 16-mm threaded bars were used
to counterbalance the applied force. The tests were con-
ducted by applying the load at a constant loading rate, reach-
ing the maximum load in 4-5 min. After the maximum force
was reached, the test continued at a constant displacement
rate to capture the post-peak response.

214 | Measurements

The force applied to the bar, and the reactions on the
threaded bars were measured using load cells. The slip

FIGURE 3 Bar
characteristics: (a) stress-strain
curves; and cross-section and
pictures of (b) QST bars,

(c) CW bars, and (d) TB bars.

Bar mechanical and geometrical properties (for definition of parameters, refer to section Nomenclature).

hR,avg hg max SR Cclear

(mm) (mm) (mm) (mm) IXQ) ag (°)
0.94 1.46 12.63 8.17 52.6 33.9
0.94 1.42 11.91 6.83 42.4 37.5
0.88 1.43 9.90 6.38 80 46.8

between the bar and the concrete at the unloaded end was
measured with two LVDTSs. The concrete surface parallel to
the bar was tracked with DIC (see “DIC area” in Figure 4a)
using a pair of cameras SVS EV04070 with a resolution of 4.2
Mpix. The correlation was done using the VIC-3D software,>
with a pixel size of 235 pm for series PCO1 and 255 pm for
series PC02. The displacement error was 1/75 pixels for in-
plane displacements and 1/30 for out-of-plane displacements.
The data acquisition frequency was 1 Hz.

The reinforcement bars were instrumented using a single
fiber optic installed along two opposite sides of the specimen,
as illustrated in Figure 4b. Polyimide-coated fibers with a
diameter of 125 pm were used (Figure 4d). The fibers were
placed in a groove 1-mm wide and 2-mm deep that runs
along the opposite faces of the bars. The position of the
grooves was chosen to keep the fibers in a plane perpendicu-
lar to the concrete surface, independently of the rib orienta-
tion, see Figure 4c. The strains were measured using Optical
Distributed Sensor Interrogator ODiSI-6100 by Luna Innova-
tions with a strain measurement range of +12,000 pe and a
measurement accuracy of +25 pe.*® The spatial resolution of
the strain measurements was 0.65 mm, and the acquisition
frequency varied between 40 and 62.5 Hz. It must be noted
that for QST bars with a clear yield plateau, the yielding of
the bar leads to strains larger than the measurement range
and, therefore, to the loss of the fiber measurements.

2.2 | Series CM11

Specimens of the pull-out test series CM11 conducted by
Moccia et al.>® had the same geometry as specimens from
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FIGURE 4 Test setup, measurement systems and typical failure modes in the pull-out tests: (a) front and (b) side elevation of the test
setup; (c) position of fiber optic sensors in the different types of bars; (d) optical fiber detail; and (e) typical failure modes in pull-out tests.

TABLE 4 Series CM11 main parameters and experimental results (for definition of parameters, refer to section Nomenclature).
Bar Rib fe Frnax OsR Waygroess Tho1 Failure
Specimen @ /@ /@ Casting type orientation (MPa) (kN) (MPa) (MPa) (MPa) mode
CM1120 20 10 1 Top QST 1 42.3 64.0 204 5.1 2.3 S
CM1128 20 10 1 Bottom QST 1 42.3 70.8 225 5.6 5.2 S
CM1124 20 10 3 Top QST 1 42.3 94.7 302 7.5 5.4 SPO

Note: osg = Frnax/ (8 X @*14). Ty max = Frnax/ (T X 1y x ).

Abbreviations: S, spalling before yielding of the reinforcement; SPO, splitting induced pull-out before yielding.

series PCO1. The steel bars with a nominal diameter of
20 mm were embeded in a concrete prism 200 x 400 mm,
corresponding to a bonded length of 100. The evaluated
parameters in the test series were the concrete cover and
the casting conditions. The main properties of the speci-
mens are summarized in Table 4. The average concrete
strength at the time of the tests was 42.3 MPa. The hot-
rolled QST steel bars had a distinct yielding plateau, an
average yield strength of 521 MPa, and a tensile strength
of 620 MPa. The ribs were composed of two lugs with a

nonsymmetric disposition and a bond index fz = 0.072.
The tests have been conducted in a similar manner as for
series PC (more details can be found in Moccia et al.>*).

2.3 | Data postprocessing

The strain measurements along the bonded length show
local variations due to the variable cross-section of ribbed
bars, the potential variable material properties within the
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cross-section, the noise in the measurement system, and
the transmission of bond forces at the ribs.'”” These local
strain oscillations have to be removed to calculate nominal
bond stresses. A moving average filter over a length corre-
sponding to three times the rib spacing (around two bar
diameters) was applied to the raw strain measurements for
the analysis of the test results. This distance is similar to the
disturbed length observed in pull-out tests of bars with one
and two ribs performed by Cantone et al.'” For the mea-
surement of the strain due to shrinkage, a distance of ten
rib spacings was used. The average strain was computed
from the smoothed measurements of the two fibers. The
stresses were calculated considering the stress—strain rela-
tionship obtained from tensile tests of grooved bare bars
with fibers. The pertinence of this assumption was verified
with the average strain measurements over a length of four
rib spacings from the loaded end of the bar outside the con-
crete (Figure 4a). Bond stresses are derived from the
smoothed stress profiles using Equation (1), which can be
obtained from the equilibrium of a differential bar element.

T2 1)

2.4 | Failure modes

The typical failure modes in pull-out tests and the defini-
tions used in this paper are illustrated in Figure 4e.
Regardless of the test conditions, all specimens developed
a splitting crack (parallel to the bar and approximately
perpendicular to the concrete surface). Specimens with a
cover of 10 failed by spalling of the concrete cover (fail-
ure mode “S” in Tables 2 and 4) with the propagation of
two longitudinal cracks along the bar with a small angle
with respect to the concrete surface. Specimens with a
cover of 3 and 50 displayed a splitting-induced pull-out
failure (“SPO”). Some bars with an anchorage length of
150 yielded (“SPOy”), and two tests with QST bars at the
bottom of the formwork (good casting conditions) were
stopped when the stresses approached the tensile
strength of the bar. Detailed crack patterns for all speci-
mens are provided in Appendix A.

3 | EXPERIMENTAL RESULTS
3.1 | Shrinkage

Strain measurements from the fiber optic sensors were
recorded 6 h after the casting (Day 0 measurements) and

before testing. The measurements from the bar outside
the concrete were used to remove the effect of tempera-
ture variation, assuming a uniform temperature distribu-
tion along the bar. Figure 5a,b show the results for
specimens PC0206 and 08, including the raw strain mea-
surements (&) from the external (closest to the concrete
surface, red curves) and internal fibers (located in the
opposite face of the bar, blue curves), the smoothed aver-
age stress (o) and the bond stress. In specimen PC0206
(poor casting conditions), the signal presents large strain
variations reaching strains over 1.5%. for the external
fiber and regular low amplitude variations for the inter-
nal fiber. In specimen PC0208 (good casting conditions),
both signals show strain variations reaching approxi-
mately 1%o, similar to the measurements by Lemcherreq
et al.' The difference can be explained by the presence
of plastic settlement voids under bar PC0206, which limit
the capacity of the concrete to transfer forces to the bar.*®
The bar in good casting conditions is surrounded by con-
crete on all sides, thus causing a similar strain profile on
both sides of the bar. Similar trends could be observed in
other specimens, with the ribs oriented perpendicularly
to the concrete surface.

The fiber measurements were smoothed using a mov-
ing average filter over a distance of 10 rib spacings
(126 mm). The resulting stress profiles are coherent with
those found in literature."*° The bar in poor casting con-
ditions displays a minimum stress of —5.6 MPa and an
average bond stress of 0.2 MPa (average value at each
side of the maximum steel stress, see Figure 5a) with
maximum local values close to 0.5 MPa. For the bar in
poor casting conditions, the minimum steel stress was
—10.9 MPa with an average bond stress of 0.4 MPa, see
Figure 5b. The results indicate that smaller shrinkage
axial and bond stresses are induced in the bar in poor
casting conditions due to plastic settlement voids. Never-
theless, these results must be considered with care as the
peak raw strain measurements are two orders of magni-
tude larger than the shrinkage strains. Consequently, the
results are highly dependent on the smoothing. Further
tests are required to confirm these findings.

3.2 | Anchorage resistance

The anchorage resistance expressed in terms of the maxi-
mum stress activated in the bar (o) is represented as a
function of the anchorage length in Figure 6a-c. The
experimental results are compared with the tensile
stress that can be developed in the anchorage accord-
ing to the expression for mean values proposed in the
Background Document for the final draft of Eurocode
2 (BD FprEC2:2023).'"'* In all specimens, the
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Shrinkage-induced effects: distribution along the bonded length of raw strain measurements, axial stresses and bond stresses

in the bars for specimens (a) PC0206 and (b) PC0208 (red and blue colors refer to each fiber optic sensor, see sketch, black and gray curves

refer to the mean values).
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FIGURE 6 Anchorage resistance as a function of the anchorage length for specimens with covers of (a) 19; (b) 30; and (c) 50.

experimental anchorage resistance was larger than the
proposed values.

3.3 | Effect of concrete cover and casting
conditions

Figure 7a shows the average bond stress over the anchor-
age length (7}, 4,) as a function of the unloaded end slip
(8scena) for specimens with an anchorage length of
150 in all the considered casting conditions. The maxi-
mum anchorage resistance is reached for good casting
conditions (blue), followed by the bars loaded in the
opposite direction of casting (green), then by the bars
loaded in the casting direction (yellow), and finally, the
bars in poor casting conditions (red). Specimens with a
cover of 10 present a relatively brittle failure with a sud-
den drop in the force and the consequent lack of experi-
mental data (dotted lines). The influence of the concrete
cover and the casting position on the maximum stress

activated in the bar is shown in Figure 7b. This difference
is caused by the cracks and the voids under the bars due
to the plastic settlement of the fresh concrete and the
higher porosity of the concrete under the bars.***°** The
effect of the confinement and casting position on the
anchorage length is included in current standards; how-
ever, its effect on cracking at SLS is not.”® Figure 7c pre-
sents the average bond stress corresponding to a slip at
the unloaded end of 0.1 mm () for the considered
covers. Significant variations can be obserbed due to the
other parameters; however, the linear regression (dashed
line) shows an increasing trend for all casting conditions.
Therefore, the effect of confinement and casting condi-
tions can be relevant for serviceability verifications. Pérez
Caldentey et al.*’ recently proposed an empirical factor
for the crack spacing formulation based on the experi-
mental results of four-point bending tests to account for
the effect of casting conditions and the effect of cover in
poor casting conditions. The results in Figure 7c confirm
that the cover can influence the bond stresses at SLS in
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FIGURE 7

Effect of concrete cover and casting conditions: (a) average bond stress—slip relationships for specimens with covers of 10

(PC0201, 03, 13, and 16), 3@ (PC0205, 07, 14, and 17), and 50 (PC0209, 11, 15, and 18); (b) anchorage resistance as a function of concrete
cover; and (c) average bond stress corresponding to a slip at the unloaded end of 0.1 mm as a function of concrete cover.

all casting conditions. The new generation of standards
includes the effect of casting conditions on the crack
width formulation.™

Figure 8 shows the detailed measurements obtained
with DIC and FOS along the anchorage length for speci-
mens PC0201, 05, and 09 with QST/,, bars in poor casting
conditions. For each specimen, the crack opening at the
maximum load (Fp,.,) is represented in red, and
the cracks developed during the post-peak phase are
shown in gray in Figure 8a,c,e. This information was
extracted from the DIC data using the Automatic Crack
Detection and Measurement software.** Figure 8b,d,f dis-
plays the distribution of raw (light gray curves) and
smoothed strains & (red, purple, and dark gray curves),
smoothed axial stress o, bond stress 7y, steel 5 (dotted
curves), and concrete displacements §. (dashed curves),
relative slip & (solid curves), and crack width w for dif-
ferent load levels. The concrete displacement is calcu-
lated from the displacement field on the concrete surface
measured with DIC. The bar displacement is calculated
by adding the slip at the unloaded end, measured with
the LVDTs and the integrated strains along the bar. The
relative slip is the difference between these two values.
The opening of the spalling crack Wgpaning (solid curves)
is assumed to be equal to the out-of-plane displacement
of the concrete cover along the bar axis. The opening of
the splitting crack wgpiging (dashed curves) is measured
using the DIC displacements from the concrete surface

(for the definition of splitting and spalling cracks used in
this paper, see Figure 4e).

For all specimens, the splitting crack appeared first at
the loaded end of the bar and propagated toward the
unloaded end. Typically, as the load increased, one or
more cracks with a “V” shape developed on the concrete
surface along the length of the specimen. These cracks
probably correspond to the intersection of conical
cracks originating at the ribs"> with the concrete surface.
The development of these cracks can also be observed in
the stepped distribution of concrete displacements. Near
the loaded end of the bar, the propagation of these cracks
caused the breakout of a conical concrete block (dark
gray area in Figure 8c,e), causing large displacements
and a reduction of the bond stresses. Specimen PC0201
failed by spalling of the cover, the spalled region is indi-
cated with a dark gray hatch in Figure 8a.

The axial steel stress distribution shows that for small
load levels, larger bond stresses are activated at the
loaded end of the bar. As the load increases, the distribu-
tion flattens near the loaded end, indicating lower bond
stresses in that region. A redistribution of the bond stres-
ses occurs, and larger bond stresses are activated near the
unloaded end, as observed by other authors.** After the
maximum load is reached, the concrete cone detachment
causes bond stresses to vanish within the corresponding
length, as can be clearly observed in Figure 8d. In speci-
men PC0209, whose reinforcement yielded at around
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FIGURE 8 Pull-out test detailed measurements: crack pattern and distribution along the anchorage length of axial steel strains, axial
steel stresses, bond stresses, slip and crack widths for specimens (a, b) PC0201, (c, d) PC0205, and (e, f) PC0209.

95% of the anchorage capacity, the length of the concrete
cone breakout along the bar is similar to the region
where yielding was detected (Figure 8f).

The slip plots indicate that the displacement of the
concrete can be neglected until the propagation of the
conical cracks reaches the concrete surface. The crack
opening plots show that the spalling crack width reaches
considerably larger values for the bars with a cover of 10.
For specimens with larger covers, the splitting crack
widths tend to be larger. An interaction between the con-
crete cone breakout and the splitting and spalling cracks

is observed. Within the region affected by conical cracks,
larger spalling crack widths occur due to the displace-
ment of the concrete cover. Concerning the splitting
crack, as the bar slides, the partially detached concrete
blocks composing the cone are pulled. This causes their
rotation in opposite directions in the plane of the con-
crete surface, reducing the splitting crack width near the
intersection of the two cracks. Similar crack patterns and
stress distributions were observed in other specimens.
The results for all tested specimens can be found in
Appendix A.
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relationships for specimens (a) PC0201, (b) PC0205, and (c) PC0209; and (d) schematic representation of the crack development mechanism.

More detailed information about the local response at
various positions along the bar can be obtained from the
measurements presented in Figure 8 by plotting the dif-
ferent values as a function of the local slip. The local
bond stress-slip distribution and the evolution of the
crack widths at different locations are illustrated in
Figure 9. The average bond stress as a function of the
unloaded and loaded end slips (gray hatch) and
the MC2010 local bond-slip relationship (red curves) are
represented for comparison. As it can be observed in
Figure 9a,b, the average response for specimens with a
cover of 1 and 3@ displays a lower peak bond strength
than the MC2010 provisions, which is logical as the
MC2010 expressions were calibrated with short pull-out
tests with a more uniform bond stress distribution. The
local bond stress measurements display similar peak
values or even higher for the points not affected by the
cone breakout. The local measurements display a less
brittle post-peak response than the corresponding rela-
tionship according to MC2010 (unconfined splitting fail-
ure). This is also probably related to the longer bonded
length and the stress redistribution capacity. For the
specimen with a cover of 50 (Figure 9c), the average
response reaches a peak stress close to the MC2010 provi-
sion with higher local bond stresses. Points outside the
concrete cone breakout display a fairly uniform behavior.
Within the breakout region, the local bond stresses reach
lower values and have a more brittle response. The

response does not seem to correspond to a uniform
reduction of the bond stresses as proposed by MC2010,
but rather a similar ascending branch with different
maximum bond stresses and post-peak responses.”>** In
all specimens, the measured response displays higher
stiffness in the ascending branch than the MC2010
expressions. These results agree with other recent stud-
ies using pull-out tests,'® beam-end tests,'® and con-
crete ties.*®

It must be noted that the crack patterns represented
in Figure 8 correspond to the measurements on the con-
crete surface. The activation of bond forces is directly
related to the internal cracking of the concrete around
the bar, which can differ from the measurements on the
concrete surface. The spalling of the cover causes
the rotation of the concrete segments delimited by the
splitting and the spalling cracks in a plane perpendicular
to the bar, as illustrated in Figure 9d. This rotation
increases the crack with the splitting crack on the con-
crete surface and reduces it at the bar surface. The varia-
tion of the crack opening can be estimated by
multiplying the rotation at both sides of the crack by the
cover. Therefore, the estimated crack width at the bar
can be obtained by subtracting the estimated variation
from the measurement on the visible concrete face. The
pertinence of this estimation was verified and compared
with DIC measurements on the surface perpendicular to
the bar on the loaded end.*® The estimated splitting crack
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FIGURE 10 Effect of casting position for specimens PC0205, 07, 14, and 17: (a) local bond stress corresponding to a local slip of 0.1 mm

along the anchorage length; and local bond-slip relationships at (b) x/@ = 2, (c) x/@ = 7, and (d) x/@ = 13.

width at the bar is shown with dashed lines in
Figure 9a-c.

The crack width plots for specimen PC0201 show
large spalling crack openings reaching values close to
two times the maximum rib height. As the out-of-plane
displacements of the cover take place, the width of the
splitting crack at the bar is reduced (Figure 9a). Speci-
mens with larger covers show smaller spalling openings,
particularly for points outside the cone breakout. Speci-
men PC0205 shows the largest splitting crack widths at
the bar surface (close to 0.5 mm) that remain stable dur-
ing the post-peak phase, see Figure 9b. The specimen
with a cover of 50 shows the smallest crack openings, see
Figure 9c.

Figure 10a shows the local bond stress corresponding
to a local slip of 0.1 mm (zpo,) along the anchorage
length for specimens with a cover of 3@ in different cast-
ing conditions. The average value for each specimen is
represented with a dashed line. The points closer to the
loaded end (x = 0), which are affected by the concrete
cone breakout, typically display lower secant stiffness,
with the exception of the bar loaded along the casting
direction (yellow curve), which shows a similar stiffness
along most of the bonded length and even higher values
near the loaded end. In this case, the loaded end is close
to the bottom of the formwork (good casting conditions).
Outside the cone breakout region, the specimen in the
bottom of the formwork (blue curve) and the specimen
loaded against the casting direction (green curve) show
similar secant stiffnesses larger than for the other condi-
tions. The local response of the specimen at the top of the
formwork (poor casting conditions, red curve) is slightly
stiffer than the specimen loaded along the casting direc-
tion. This seems reasonable because for the bar at the top
of the formwork, the voids caused by the plastic settle-
ment of concrete will be located under the bar; whereas

for the vertical bar, they will appear under the ribs along
the full perimeter of the bar. Nevertheless, the average
response yields similar values as the voids will get smaller
in the regions close to the bottom of the reinforcement.
The difference between these two conditions can differ
depending on the distance to the bottom of the
formwork.*®

The local bond-slip responses for the four considered
casting conditions at three locations are shown in
Figure 10b,c. The results at a distance of 20 from the
loaded are within the concrete cone breakout and show a
brittle response (Figure 10b). The results at 7 and 130
from the loaded end reach larger bond stresses and have
a less brittle softening response (Figure 10c,d). At each
location, the experimental curves show similar behaviors
for the different conditions besides the differences in stiff-
ness and peak values. In all cases, the responses are stif-
fer than the MC2010 relationships.

3.4 | Rib orientation

The measured average bond stresses as a function of the
unloaded end slip for specimens with an anchorage
length of 150 and different concrete covers are illustrated
in Figure 11a. The QST bars were placed with two orien-
tations: bars with the ribs oriented parallel to the con-
crete surface (QST/,, solid curves) and bars with the ribs
oriented perpendicularly to the surface (QST,, dashed
curves). The same general response and failure mode is
observed independently of the rib orientation for good
(blue curves) and poor casting conditions (red curves).
Figure 11b shows the influence of the rib orientation on
the maximum stress activated in the bar. The results for
specimens in good casting conditions show little influ-
ence of the rib orientation. For specimens in poor casting
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FIGURE 11 Effect of rib orientation: (a) average bond stress—slip relationships for specimens with covers of 1@ (PC0201 to 04), 30
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conditions with a cover of 10 (spalling failure), the QST/,,
specimen reached an anchorage resistance 9% larger than
the QST,. For specimens in poor casting conditions with
covers of 3 and 50, the anchorage resistance for QST/,,
bars is, on average, 5% lower. Figure 11c shows that the
Tpo.1 1S, on average, 67% lower for QST, specimens in
poor casting conditions. The response in good casting
conditions shows no difference on average (values of
+15%). This can be explained by the presence of plastic
settlement voids and the porous concrete layer that, in
the case of perpendicular orientation, directly affect the
rib placed toward the bottom of the formwork. For speci-
mens with ribs oriented parallelly to the concrete, only a
lower portion of the lugs is affected by the voids. This
effect is not present in bars in good casting conditions,
which justifies the lack of uniform tendency and values
within typical bond test scatter.

Figure 11d illustrates the bond stress distribution
along the bar for five load levels for specimens with

covers of 3. The results show that for loads close to 20%
of the anchorage resistance, bars in poor casting condi-
tions activate lower bond stresses but over a longer por-
tion of the bar, particularly for the QST bar. This is in
good agreement with the differences in stiffness
(Figure 11c) and can indicate a higher redistribution
capacity when the bond-slip relationship is less stiff.
Moreover, it can be observed that higher bond stresses
are activated near the unloaded end in specimen PC0206,
which explains the higher anchorage resistance. The dif-
ference in the activation for low load levels can also be
observed for specimens with covers of 1 and 50 (see
Appendix A).

The results seem coherent with the fact that bars with
the ribs oriented perpendicularly to the concrete surface
will develop a larger component of bursting forces,
whereas if the rib lugs are oriented parallelly, there will
be a larger component of splitting forces (Figure 11e).
Consequently, specimens with a failure mode governed
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FIGURE 12 Effect of rib geometry: average bond stress-slip relationships for specimens with covers of (a) 10 (CM1120, 28, PC0106 and

08), (b) 30 (CM1124, PC0101 and 03), and (c) 5@ (PC0209, 11, 20, 21, 22 and 23).

by spalling (low confinement) can have a lower anchor-
age resistance if the ribs are placed perpendicularly to the
concrete surface. In good casting conditions, the sudden
crack development limits the influence of this effect.

Cairns et al.*’ reported that there is a high probability
that rib orientation influences the bond strength based
on an analytical formulation and an experimental pro-
gram with lap-splices that favored splitting failure.
Koschemann et al.** conducted an experimental cam-
paign with beam-end tests with bond lengths of 20 inves-
tigating the effect of rib orientation on bars with a
nominal diameter of 16 mm and rib pattern similar to
the QST bars in this publication. The lowest anchorage
resistance (around 5%) was observed for specimens with
ribs oriented parallel to the concrete surface and the lugs
leading to compression struts toward the concrete sur-
face. The experimental results presented in this paper
indicate that, for specimens with pull-out or splitting-
induced pull-out failures, the influence of the rib orienta-
tion is larger in the redistribution of bond stresses than in
the crack development. Recent studies on lap-splices*®
and anchorages® have shown that local bond-slip rela-
tionships with lower peak values and stiffness can lead to
higher strengths in poor conditions for long anchorage
lengths.

It must be noted that the difference in anchorage
resistance due to the rib orientation reported in this study
and in the literature lies within the typical scatter
observed in bond tests. However, the differences in the
secant stiffness for small slip values are significant and
indicate that the effect of rib orientation is potentially rel-
evant for SLS conditions.

3.5 | Ribgeometry

Figure 12a presents the average bond stress as a function
of the unloaded end slip for specimens with an anchorage

length of 100 and a cover of 1@. The results indicate that
the anchorage resistance of the QST, bars is lower than
for CW bars: 19% for good (blue curves) and 16% for poor
casting conditions (red curves). The stiffness follows the
same trend, being lower for QST specimens: 18% for
good and 44% for poor casting conditions. This could be
explained by the difference in orientation, given the simi-
lar geometrical characteristics of these bars. CW bars
were placed with the lugs in a 45° disposition with
respect to the direction of the concrete surface, therefore
generating a lower bursting force component and being
less susceptible to the effect of plastic settlement voids.
The results for specimens with a cover of 3@ in poor cast-
ing conditions show similar peak bond stresses and lower
secant stiffness, see Figure 12b.

Figure 12c shows the average bond stress as a func-
tion of the unloaded end slip for specimens with an
anchorage length of 150 and a cover of 50. For good and
poor casting conditions, the QST bars developed the larg-
est anchorage resistance (around 19% higher in poor cast-
ing conditions), followed by the TB bars (5% and 17%
higher in poor and good casting conditions, respectively)
and the CW bars. The difference in the bond indices of
the bars does not correlate with the results, as the bar
with the lowest bond index (QST) activates the highest
bond stresses. In well-confined conditions, the pull-out
failure occurs by shearing off the concrete keys between
the ribs, and increasing the rib spacing leads to larger
bond strengths, as observed by other authors that tested
bars with the same rib geometry and different spac-
ings.'®® As indicated in Table 3, QST bars have the larg-
est clear spacing amongst the considered bars, followed
by CW and TB bars (8.17, 6.83, and 6.38 mm, respec-
tively). This explains the highest results for QST bars.
The width of the rib can influence the results as the ratio
of c.lear/Sr determines the proportion of the perimeter per
unit of length occupied by concrete keys: 0.65 for QST
bars, 0.57 for CW bars, and 0.64 for TB. Another factor
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FIGURE 13 Spalling crack opening and splitting crack opening at the bar surface as a function of the local slip for specimens with
covers of (a) 10 and L,/@ = 10 (CM1120, 28, PC0106 and 08), (b) 1@ and L,/@ = 15 (PC0201 to 04), 3@ and L,/@ = 15 (PC0205 to 08) and 50

and ,/@ = 15 (PC0209 to 12).

influencing the bond behavior is the transverse rib angle
(B), as previously observed by Soretz et al,”’ who
reported a small increase in the bond performance with
increasing inclination of the lugs using pull-out tests on

cubes. The higher transverse rib angle for TB bars can
increase the bond strength. Consequently, the differences
in the measured responses are likely the result of the
combination of the aforementioned effects.
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4 | RESULT DISCUSSION

4.1 | Splitting and spalling crack
evolution

Figure 13 shows the evolution of the spalling crack
opening (solid curves) and of the splitting crack open-
ing at the bar surface (dashed curves) as a function of
the local slip at different locations along the bar for dif-
ferent specimens. As shown in Figure 13a,b, specimens
with low confinement display similar trends regardless
of the type of bar, anchorage length, and casting condi-
tions. For small slip values (around 0-0.1 mm), both
crack openings remain small and comparable. For
larger slip values, the spalling crack becomes signifi-
cantly larger in most specimens, particularly after the
peak load is reached (circles). The crack widths are
comparable to the local slip values within a distance of
around 7@ from the loaded end and gradually decrease
for locations closer to the unloaded end. However, the
values at the peak load are considerably larger for the
specimens in poor casting conditions. This indicates a
lower stiffness in the spalling mechanism, which can
be explained by the presence of plastic settlement
cracks.® In good casting conditions, the cracks develop
and propagate suddenly close to the peak load, which
explains the more brittle behavior. Only small differ-
ences can be observed due to the rib orientation. Speci-
mens with QST,, bars (PC0201 and 03) display slightly
larger splitting crack widths than QST, specimens
(PC0202 and 04).

Figure 13c presents the results for specimens with
a cover of 30 and shows a clear effect of the conical
cracks noticeable in the sudden change of tendency of
the spalling crack propagation. For example, in speci-
men PCO0205, the concrete cone breakout causes large
spalling cracks at 1 and 3@ from the loaded end, and a
second conical crack causes an increase in the spalling
crack width after the peak load for locations at 5 and
70 (see Figure 8c,d). For the rest of the locations, the
splitting crack increases almost linearly with the slip,
and very small spalling openings are measured. The
fiber signal is lost before the maximum force for speci-
mens PC0207 to 12. Figure 13d shows the results for
specimens with a cover of 5@. For most locations, both
splitting and spalling cracks follow a fairly uniform
tendency and with smaller crack widths than speci-
mens with a cover of 3@. It must be noted that for sim-
ilar slip values, specimens with larger covers reach
higher bond stresses, as shown in Figure 7a. No clear
trend can be observed due to the rib orientation.

Jibd—

4.2 | Local bond-slip relationship

4.2.1 | Well-confined conditions
The findings presented in the previous sections indicate
that the local bond-slip relationship from MC2010
underestimates the stiffness of the local bond response.
The pre-peak response is controlled by the maximum
bond stress (tpmax) and the corresponding slip
(6sc(7b.max))- A database of experimental results from the
literature with short bonded lengths, well-confined con-
ditions (MC2010 considers well-confined conditions
without transverse reinforcement for ¢ > 5¢), and pull-
out failure has been collected. All details are provided in
Table B1 of Appendix B. The experimental slip at the
maximum bond stress is considered equal to the slip at
the end of the ascending branch of the local bond-slip
relationship (81, see definitions in Figure 15a).
Concerning the bond strength for good casting condi-
tions, Huang et al.’> proposed a linear relationship
between the compressive strength of concrete and the
bond strength based on experimental results with normal
and high-strength concrete. This relationship was then
adjusted to include the size effect of the bar diameter by
Bamonte et al.>* Nevertheless, based on the existing tests,
it seems that a linear relationship tends to overestimate
the bond strength for higher concrete compressive
strengths. For this reason, accounting also for other
considerations,’* an empirical relationship with a lower
exponent is prosed on the basis of the existing experimen-
tal results:

56 (20)
To.max = 0.93f>/¢ (5> ) (2)

With respect to the slip at maximum bond stress,
Eligehausen et al.” observed that it is influenced by
the concrete compressive strength and by the clear
spacing between ribs. Tepfers et al.>’ proposed an
inversely proportional relationship between the peak
slip and the bond index. Various linear relationships
based on the clear rib spacing have been proposed by
other authors.’>™’ On the basis of the existing tests,
the ratio between clear rib spacing and bar diameter
seems to have a nonnegligible influence. Based on
these considerations, the following expression is
proposed:

30\ /3 70.07\ 1/
5sc1:0.09(cc1ear@>1/2([—) ( ) . (3)

cm fR
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Database analysis: (a) maximum local bond stress as a function of the concrete compressive strength; and (b) comparison

of measured-to-predicted slip values at the peak bond stress (8sc1 test/sc1,calc) as a function of the concrete compressive strength and the clear
rib spacing (MPO = modified pull-out test, PO = standard pull-out test and BE = beam-end test).

As shown in Figure 14a, Equation (2) describes better
the influence of the compressive concrete strength on the
bond strength than the MC2010 provision. Figure 14b
compares the results of the proposed expression for the
slip corresponding to the maximum bond stress with the
experimental values. Equation (3) shows good agreement
with the database results with a reasonable scatter con-
sidering the variability in bond results (Table 1).

Concerning bars in poor casting conditions, Moccia
et al.>®>® measured the size of the voids under reinforce-
ment bars cast in the horizontal position using tomogra-
phy. They observed larger voids with the increase of the
height above the formwork and proposed a method for
the quantification of the bond strength of horizontal bars
in poor casting conditions, estimating the size of the
voids under the bar using the model by Brantschen
et al.>* that proposes a reduction of the bond strength
due to the effect of a longitudinal crack parallel to the
bar. The reduction factor is assumed to be proportional to
the reduction of the area of contact between the ribs and
the surrounding concrete (Figure 15a). The reduction fac-
tor is calculated using Equation (4) on the basis of the
crack width (w), the nominal bar diameter (@), the bond
index (fr), and a proportionality factor (k= 0.75 x ny)
that accounts for the number of lugs that compose the rib
(m). According to Brantschen et al.,** the crack opening
leads to an additional slip related to the transverse rib
flank inclination (ag) that can be estimated using
Equation (5) (Figure 15b). The void size (in this case,
equivalent to the crack width) can be estimated using
Equation (6) on the basis of the plastic settlement strain
(sps) and the height above the formwork (h).

Tb 1
==, 4
Up) Tho 1+;T§% ( )

w
Abge = 5 cotag < hgcotag, (5)
W="h X Sps. (6)

The direct application of these expressions would lead
to an initial slip with no activation of bond stresses. In
fact, a part of the lugs is likely to remain in contact
with the concrete closer to the equator of the bar. Fur-
thermore, chemical adhesion and friction will act in
most of the perimeter of the bar." Consequently, the
initial slip for poor casting conditions is kept as zero,
whereas the other points of the bond-slip relationship
are adjusted using Equations (4) and (5). The parame-
ters defining the proposed local bond-slip relationship
are summarized in Table 5. The proposal is compared
with the original expressions of MC2010 in Figure 15c.

4.2.2 | Low and moderate confinements

The experimental measurements presented in this article
show that significant cracking in the bonded region
occurs due to bond for covers between 1 and 30.
Consequently, for such conditions, the assumption of a
reduction of the bond strength caused solely by the exis-
tence of plastic settlement cracks can be unrealistic.
Equation (4) is a simplification for practical purposes of
the actual variation of the contact surface with one crack.
The proportionality factor has been calibrated based on
numerical analysis for bars with different numbers and
types of lugs to provide a satisfactory estimation for the
possible different orientations.’® The experimental results
have shown the presence of two sets of cracks approxi-
mately parallel to the bar (splitting and spalling cracks).
In the following, the ratio between a horizontal splitting
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TABLE 5 Parameters defining the proposed and the MC2010 local bond-slip relationships for pull-out failure (for definition of

parameters, refer to section Nomenclature and Figure 15c).

Proposed expressions MC 2010
Parameter Good casting conditions Poor casting conditions Good casting conditions Poor casting conditions
Th.max Equation (2) 1> x (Equation 2) 2.5 x f,l/? 2.5 X i, x f1?
Thf 0.40 x Th,max 0.40 x Th,max 0.40 x Th,max 0.40 x Th,max
Sscl Equation (3) Equation (3) + A 1.0 mm 1.8 mm
Ssca 2 x (Equation 3) 2 x (Equation 3) + Adg. 2.0 mm 3.6 mm
5sc3 Cclear Celear T Aéssc Cclear Cclear
a* 0.4 0.4 0.4 0.4
N2 - Equation (4) - 0.5
Adse = Equation (5) - _
“Parameter « is the exponent for the first branch of the relationship.
(a) (¢) 25 )y casting (d) 25 .
Comar MC2010 direction
j‘gw 20 1; proposal o =— poor 20+ well-confined
3 ? 3 conditions
e g 15 4 Pwod  E s A -
=) =)
(b) AS w10 Considered parameters w10 g i
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FIGURE 15 Local bond-slip relationship: schematic representation of the effect of a longitudinal crack along the bar: (a) reduction of
the lug contact area and (b) slip increment due to the generated gap for an idealized rib geometry; (c) proposed expressions for well-confined
conditions compared to MC2010; (d) proposed reduction factor for low or moderate confinement; and (e) rib contact surface reduction for
different crack kinematics for QST, TB, CW bars and an idealized rib geometry.

component and a vertical spalling component will be
defined by the angle 6 (Figure 15e). The two extreme
cases considered by Brantschen et al.** correspond to the
effect of a splitting crack (0 =0°) or a spalling
crack (6 = 90°).

The influence of this parameter in the evolution of
the rib contact area (A./A.o) for the tested bars and for an
idealized geometry is shown in Figure 15e. For all

considered rib geometries, the largest reductions corre-
spond to angles of 45° or 64°. For the bars with two lugs
(QST and TB), the largest reductions are similar to the
case of 90°. However, for the CW bar with four lugs and
the idealized rib geometry, the reduction is significantly
larger for 6 = 45° (splitting and spalling cracks with the
identical opening). Consequently, a coefficient «,, is
introduced in Equation (4) with a value of 1.3 to account
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for cases with multiple cracks. The resulting bond
strength reduction factor (Figure 15d) is:

Tp 1
Nspl-spa = —— Tﬁ““g (7)

4.3 | Comparison to test results

Figure 16a compares the model for well-confined condi-
tions with the local measurements from specimens
PC0209 to 12 with a cover of 5@0. For good casting

Comparison of the analytical model predictions for specimens with covers of (a) 50 (PC0209-12); (b) 3@ (PC0205-08); and

conditions, the proposal follows better the measured
response within the region not affected by the cone
breakout. In this case, the stiffness of the response
remains slightly underestimated. The smaller bond stres-
ses measured for specimen PC0212 can be explained by
the larger crack widths measured (Figure 13d). The theo-
retical bond-slip relationship for poor casting conditions
plotted in Figure 16a has been calculated assuming a
plastic settlement of 1.3 mm/m (estimated void
size ~ 0.36 mm).*® They show a relatively fine agreement
with the test results (average response between the
results of the two bar orientations). The local bond-slip
measurements from specimens PC0209 and 10 justify the
absence of an initial slip in poor casting conditions.
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Specimen PC0209 (QST),) displays a uniform trend with
a shape similar to the curves of MC2010. Specimen
PC0210 (QST,) follows a similar trend for bond stresses
below 3-4 MPa, after which the trend changes, leading to
larger slips for comparable bond stresses. The difference
is probably caused by plastic settlement voids that affect
more the QST bars.

For low and moderate confinements, the crack evolu-
tion presented in Figure 13b,c shows comparable splitting
and spalling cracks for most of the bonded length, partic-
ularly before the peak force. On this basis, Equation (7)
has been applied for specimens PC0201 to 08 with QST
bars using as reference the proposed bond-slip relation-
ship for well-confined conditions (dashed black line) and
the local crack opening measurements. The crack width
considered in the reduction factor corresponds to the
magnitude of the vector addition of the splitting and spal-
ling crack components. The resulting estimated local
bond-slip relationships (dashed lines) are displayed in
Figure 16b,c, and compared with the experimental
measurements (solid lines). The results within the con-
crete cone breakout (typically from the loaded end up
to a distance of around 30 and shown in the dark gray
hatch in Figure 8) are not considered, as the assump-
tion of the reference curve is not realistic. In general,
the analytical results capture well the tendencies of the
experimental measurements, whereas the correspond-
ing local bond-slip relationships provided in MC2010
(light red and blue dashed lines) differ significantly
from the experimental results, particularly in the post-
peak range.

Describing the bond-slip relationship for unconfined
conditions as a function of the measured splitting and
spalling cracks can be useful to estimate the steel stress
as a function of the measured cracks in case of assess-
ment of existing structures (to estimate the risk of fatigue
or the residual resistance of anchorages affected by longi-
tudinal cracks due to corrosion for instance). In addition,
this can be seen as a step forward in the development of
a fully mechanical model to calculate the bond stress at
SLS and the anchorage resistance at ULS in a more ratio-
nal manner.

5 | CONCLUSIONS

This paper presents the results of an experimental pro-
gram and an analytical investigation to characterize the
local bond-slip relationship along anchored bars of
medium length and to establish a mechanical model to
describe the effect of plastic settlement voids and crack-
ing visible on the concrete surface on the local bond-slip

Jibl—

relationship. The main findings of this research are sum-
marized below:

1. The bond behavior in structural elements is complex,
and the study of elements with medium and long
anchorages is necessary to complement the experi-
ments with short bonded lengths.

2. Fiber optical sensors in combination with DIC have
proven to be useful to study the distribution of steel
stresses and bond stresses along the anchorage length,
the local bond-slip response and the influence of
cracks visble in the concrete surface. The experimen-
tal results show that cracking has an unfavourable
effect on the bond performance of anchored bars.

3. The effect of concrete cover and casting direction on
the bond strength agrees with previous research. The
anchorage resistance increases for larger covers. The
largest anchorage resistance is obtained for bars in
good casting conditions, followed by bars loaded in
the opposite direction of casting, and then by bars
loaded in the casting direction. The lowest resistance
is obtained for bars in poor casting conditions.

4. The effect of the rib orientation with respect to the
concrete surface is more relevant for anchorages with
low covers governed by the spalling of the concrete
cover. In well-confined conditions, the anchorage
resistance of bars with similar bond indexes but differ-
ent rib geometries can differ by more than 15%. In
such conditions, the anchorage response is not suffi-
ciently well characterized, accounting only for the
bond index.

5. In specimens with medium anchorage lengths and
moderate or well-confined conditions, the behavior is
less brittle, and the effect of the redistribution of bond
forces due to a lower stiffness of the local
bond response can lead to a higher anchorage resis-
tance, even if lower local bond stresses are activated.

6. The measured local bond-slip relationships show
higher stiffness than the MC2010 expressions for all
the tested conditions and parameters. Specimens with
a cover of 30 do not display such a brittle post-peak
response as the corresponding unconfined splitting
failure proposed in MC2010. They failed by
splitting induced pull-out developing bond stresses
even for slip values similar to the rib spacing.

7. A local bond-slip model for deformed bars with pull-
out failure (well-confined conditions) is proposed
based on the analysis of a database of tests collected
from the literature. The model for poor casting condi-
tions is derived based on mechanical considerations
due to the voids under the bar caused by plastic
settlement.
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The differences in the local bond-slip response for low
and moderate confinements, with respect to the pull-
out failure, can be explained by the development of
spalling cracks (parallel to the bar and approximately
parallel to the concrete surface), splitting cracks (paral-
lel to the bar and approximately perpendicular to the
concrete surface), and conical cracks leading to con-
crete cone breakouts near the loaded end of the bar.
For these phenomena, a simple model is proposed to
quantify the bond strength reduction as a function of
the measured opening of longitudinal cracks in the
bonded region.

NOMENCLATURE

b rib width

c clear concrete cover

Celear clear rib spacing

fe cylinder compressive strength of concrete

R bond index

ft tensile strength of reinforcement

Iy yield strength of reinforcement

h distance from the bar surface to the bottom
of the formwork

IR ave average rib height

IR max maximum rib height

Iy bonded length

n number of lugs that compose the rib

ng number of transverse reinforcement stirrups

ng number tests

Sps plastic settlement strain

SR transverse rib spacing

w crack width

x coordinate

A rib contact area

Frhax maximum pull-out force

a exponent for the ascending branch of the
bond-slip relationship of MC2010

aR transverse rib flank inclination

B transverse rib angle

s bar displacement

Oc concrete displacement

Osc relative slip

Osc(Tomax)  Slip corresponding to the maximum bond

stress
Osc.end relative slip at the unloaded end of the bar
Osc1 slip at the end of the ascending branch of

the local bond-slip relationship

Osca slip at the end of the plateau of the local

bond-slip relationship

Osc3 slip at the beginning of the residual fric-

Es

tional branch
bar axial strain

N2 bond stress reduction factor for poor casting
conditions

Nspl-spa bond stress reduction factor due to splitting
and spalling cracks

0 ratio between splitting and spalling compo-
nents of the crack width

K¢ proportionality factor

Km factor to account for the presence of multi-
ple cracks

o5 bar axial stress

Osr maximum stress at the loaded end of the bar

Th bond stress

Tho reference bond stress

Tho.1 bond stress corresponding to a slip at the
unloaded end of 0.1 mm

Tot residual frictional bond strength

Th,ave average bond stress over the bonded length

Th,max maximum bond stress

o bar diameter

O transverse stirrup bar diameter
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APPENDIX A: PULL-OUT TEST RESULTS

Detailed measurements for all tests are shown in

Figures A1-A6.
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FIGURE A3 Crack pattern and distribution along the anchorage length of axial steel strains, axial steel stresses, bond stresses, slip, and
crack widths for specimens: PC0212, PC0213, PC0214, and PC0215.
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FIGURE A4 Crack pattern and distribution along the anchorage length of axial steel strains, axial steel stresses, bond stresses, slip, and
crack widths for specimens: PC0216, PC0217, PC0218, and PC0220.
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FIGURE A5
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crack widths for specimens: PC0221, PC0222, PC0223, PC0101, and PC0103.

Crack pattern and distribution along the anchorage length of axial steel strains, axial steel stresses, bond stresses, slip, and
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FIGURE A6

crack widths for specimens: PC0106, PC0108, CM1120, CM1128, and CM1124.
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Crack pattern and distribution along the anchorage length of axial steel strains, axial steel stresses, bond stresses, slip, and
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