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Abstract

Corrosion-induced bond degradation of deformed steel rebar in concrete is experimentally investigated with acous-
tic emission (AE) and 3D laser scan technique. Concrete specimens were fabricated and subjected to direct pullout
test after being corroded to different levels. The number and width of cracks present during the corrosion tests and
the pull-out tests were recorded. The energy released during the pullout tests were captured with AE probes, and

the frequency characteristics was analyzed. After pullout tests, the surface morphology of corroded steel rebars

was determined with a 3D laser scanner. A modified bond deterioration model was proposed and the parameters
associated with the model were analyzed. Results indicated that two types of AE signals were acquired during pullout
tests: concrete cracking in high frequency range of 35~41kHz and steel-concrete friction in low frequency range

of 3~15kHz The bond strength and the bond-slip characteristics depend upon the level of corrosion as well as the
number and width of cracks. The reduction factor of the bond-slip model exponentially decreases as a function of the
average cross-sectional area loss and linearly decreases with an increase of the rib area loss.
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Introduction

A perfect bond between concrete and steel rebar is the
basis for analysis and design of reinforced concrete (RC)
structures [1]. However, this principle may not be sat-
isfied when the bond is degraded due to material dete-
rioration in concrete, steel or both. Corrosion of steel
reinforcement is one of the main causes for RC dete-
rioration, it reduces the cross-sectional area of reinforc-
ing bars, weakens steel-concrete interfaces, and induces
cracks in concrete cover as corrosion products expand
[2-5].
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Both flexural and pullout tests have been used to inves-
tigate the influence of various factors on the corrosion-
induced bond degradation between steel and concrete.
Flexural tests with beams or slabs were used to simulate
the anchoring condition of longitudinal reinforcement
under a combined bending moment and shear force
[6-8]. Due to their simplicity in comparison with flex-
ural tests, pullout tests were more frequently reported in
the literature. The factors that have been studied include
concrete strength [9], concrete cover thickness [10],
corrosion-induced crack width [11, 12], concrete water
cement ratio [13, 14], stirrup or carbon-fiber-reinforced
polymer (CFRP) confinement [15-19], recycled aggre-
gate [20, 21], steel rebar diameter and deformation (plain
or deformed steel rebar) [22, 23], corrosion methods [24,
25], and pre-stressing strand [26]. Use of optical fiber to
study the corrosion effect on the bond strength was also
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investigated [27]. However, most of the studies pay little
attention on the de-bonding process and the bond-slip
characteristics during pull-out test. Moreover, the aver-
age corrosion-induced mass loss of steel rebars is used
as the only index to quantify the corrosion level, which is
not reasonable especially for non-uniform corrosion that
usually occurs on the surface of steel rebar. In addition,
all the bond strength is calculated based on the original
steel bar surface instead of the real corroded steel surface
as the latter could not be obtained using conventional
measurements.

Over the past decades, acoustic emission (AE) technol-
ogy has been widely used for structural health monitor-
ing especially for real time detection of growing cracks
[28]. Corrosion of steel reinforcement causes initiation
and propagation of micro-cracks in the surrounding
concrete, which can be captured by AE probes. AE has
also been used for corrosion monitoring of steel rebar in
concrete structures [29-31], and its accuracy to localize
and characterize the corrosion damage was confirmed by
X-ray computed tomography [32]. Use of AE to assess the
bond behavior of corroded smooth and ribbed rebars was
also investigated [33]. Therefore, AE could be an effective
tool to study the corrosion-induced bond degradation. In
addition, with the aid of 3D laser scanner, accurate meas-
urement of non-uniform corrosion occurred on the sur-
face of steel rebar has been realized [34—36].

In this study, the effect of corrosion on the bond degra-
dation between concrete and steel rebar is experimentally
investigated with acoustic emission and 3D laser scan
technique. First, concrete specimens were prepared and
subjected to accelerated corrosion tests. Next, pull-out
tests were performed, during which the energy released
due to crack propagation was monitored by using AE
probes. Then, the corroded steel rebars were taken out of
the specimens, and the surface morphology was scanned
with a 3D laser scanner. The average corrosion loss, the
rib area loss, and the real surface area were determined.
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Finally, the corrosion-induced bond degradation mecha-
nism was discussed and taken into account in the devel-
opment of an empirical bond-slip model.

Material and methods

Material and specimens

Grade 420 and No. 19 (metric unit) steel bars were
used in this study. The steel bars have a nominal diam-
eter of 19.1mm and a nominal cross-sectional area of
284mm?. The average spacing and height of bar ribs are
12.0mm and 0.98 mm, respectively. The yield strength
and ultimate strength are determined to be 480 MPa and
720 MPa, respectively.

The pullout  test  specimens used are
152.4mm x 139.7mm x 177.8 mm concrete blocks with
one embedded deformed bar each as schematically
illustrated in Fig. 1la. The steel rebar is located near the
top face with a clear concrete cover of approximately
41.3mm to replicate the application condition in RC
beams. The embedment length of the steel rebar was
selected to be 127 mm, which is 6.7 times the bar diam-
eter. To reduce the potential arching effect and end
restraint, the steel rebar was encased in a 25.4mm long
PVC pipe (within concrete) with an inner diameter of
254mm at both ends. The above design offered ideal
bond breakers for the steel rebar that at its both ends, the
steel rebar can slide freely without causing any noticeable
anchoring effect on concrete. To limit the corrosion on
the embedment portion and minimize the effect of PVC
pipes on the pullout strength of steel bars in concrete,
only the ends of PVC pipes near the embedment portion
were sealed with epoxy resin. The mill scale formed on
the steel rebar was thoroughly cleaned off the embedded
portion by using sand blaster so that any adhered oxides
were removed. A total of 18 specimens were prepared
and tested, including 3 specimens for reference and 15
specimens subjected to corrosion.
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Fig. 1 (a) Pullout test specimen dimensions (unit: mm), and (b) plywood mold for pullout specimen casting
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Type I Portland cement was used in this study. Lime-
stone with a maximum diameter of 19 mm was used as
coarse aggregate, and sand with a fineness modulus of
2.78 were used as fine aggregate. The concrete was mixed
with 400kg/m? cement, 180 kg/m? water, 740 kg/m? sand,
and 1260kg/m? limestone. The water cement ratio is 0.45
with no admixtures. At the day of pullout tests, the com-
pressive strength and flexural strength were determined
to be 32.42 MPa and 1.62 MPa, respectively.

For the casting of concrete, formworks were con-
structed using 13 mm thick plywoods as shown in Fig. 1b.
Two holes with a diameter of 28.6 mm were drilled on the
two opposite side walls for bar placement at the prede-
termined location. Once the steel bar is in place, silicon
resin was applied to seal the void between the holes and
the PVC pipes. Two epoxy coated steel bar stirrups with a
diamter of 12.7 mm were used as confinement. To ensure
the placement of stirrups at the certain location, four
palstic ties were used to mount the stirrups against the
sidewalls.

Accelerated corrosion test

After air curing in room temperature for 28 days, 15 out
of 18 concrete blocks were placed face to face (i.e. the
surface with a cover thickness of 41.3 mm) in a corro-
sion bath, and the space between them were filled with
river sand as illustrated in Fig. 2. To create a corrosive
environment, 3.5wt.% NaCl solution was sprayed every
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2 days in the first 2 weeks to preserve moisture and
chloride ions in the sand, and tap water was sprayed
every 2 days to keep the moisture level of the river
sand after 2 weeks. A constant electrical voltage of 10V
was applied to accelerate the corrosion process, and
the steel rebar and a graphite rod with a diameter of
6.4mm were respectively connected to the positive and
negative ends of a power supply. During the test, the
river sand was sampled for moisture measurement, and
the moisture level ranged from 20% to 30%. In order to
monitor the electrical current through the steel rebar,
one 10Q resistor was connected in the circuit. The
voltage on the resistor was recorded at an interval of
1.0min with a DataLogger system for the determina-
tion of the electrical current flowing through each steel
rebar. The corrosion-induced mass loss of steel rebar
can then be evaluated by:

MlIdt 1
Am =
zF (1)

where Am is the mass of steel corroded (g), M is the
atomic weight of the metal (56g/mol for iron), I is the
applied current (ampere), ¢ is the time (second), z is the
ionic charge (2 for iron), and F is the Faraday constant
(C/mol). The time to reach the designated mass loss was
calculated from Eq. (1) with the recorded corrosion cur-
rent from DataLogger system. The target corrosion level
in this study ranged from 0% to 35% mass loss.
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Fig. 2 Accelerated corrosion test setup
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Pullout test setup
Pullout tests were conducted on a material test machine
at a loading rate of 2mm/min, as shown in Fig. 3a with
the steel rebar pulled downward. A 12.7 mm thick steel
plate was used to provide an upward reaction to the bot-
tom face of the concrete specimen. Between the steel
plate and the concrete block was a 6.35 mm thick rubber
pad with a center hole that was used to avoid the stress
concentration caused by any potentially uneven concrete
surface introduced during the casting process. To ensure
that the applied force go downward without any poten-
tial eccentricity, a steel ball bearing was placed between
the rubber pad and the reaction frame and the steel rebar
went through the hole in the center of the ball bearing.
Each specimen was instrumented with two Linear Vari-
able Differential Transformers (LVDTs), one was at the
top end of the steel rebar (LVDT#1) and the other was
placed at the top surface of the concrete block (LVDT#2).
The LVDT#1 used to measure the top slip of steel rebar
was mounted directly on the top surface of the concrete
block, and the other LVDT#2 used to measure the con-
crete movement and rubber deformation was mounted
on the test frame as shown in Fig. 3a. One string poten-
tiometer was mounted around the rebar to measure the
rebar elongation. Two strain gages were attached on
the rebar surface to measure its strains, which would be
used to calculate the rebar slip at the bottom of concrete
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block. The readings from the LVDTs, the string potenti-
ometer, strain gages, and the applied load were collected
through a Ni Compact Rio Data acquisition system with a
sampling rate of 10Hz.

AE test

In order to characterize the debonding process, the
acoustic signals of concrete cracking and its friction
against the embedded steel rebar were recorded during
the pullout tests. A 24-channel Micro-II PCI-8 module
system from Physical Acoustics Corporation was used to
acquire data. The acoustic sensor (Model R1.5I) used in
this study incorporated a built-in low noise input, 40dB
preamplifier, and a filter. Its resonant frequency is 20 kHz.
Three AE sensors were placed on three surfaces of each
concrete block as shown in Fig. 3b. The front surface of
the concrete block, closest to the steel rebar, was left for
monitoring crack growth with a crack meter. Each AE
sensor was fixed to a steel angle that was attached to
the concrete surface with super glue and silicone grease.
Such an attachment scheme can couple the AE sensor
and its substrate concrete surface for an efficient transi-
tion of acoustic signals.

3D laser scan
At the end of pullout tests, the concrete blocks were
broken by using a steel hammer and the uncorroded/
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Fig. 3 Pullout test setup: (a) schematic view of pullout test, and (b) top view layout of AE sensors (unit: mm)
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corroded steel rebars were taken out of the concrete
blocks. Both the steel rebar surface and steel-concrete
interface were visually examined first, and then a sand
blaster was used to remove the attached concrete debris
and/or corrosion products. After cleaning, the surface
morphology of the embedded steel rebars was scanned
using a 3D laser scanner. The scanner is capable of meas-
uring the preferential surface profile over 360 degrees
with a scan density of 36 points/mm? After scanning, the
3D coordinates of each point on the surface of the steel
rebar were acquired and processed with ScanStudioHD
software to get point cloud files with a higher signal-to-
noise ratio of the data.

Results and discussion

Crack pattern and opening

The cracks induced by steel rebar corrosion were
inspected prior to pullout tests and shown in Fig. 4.
Four types of crack pattern were observed: one crack
that propagates through the concrete cover as shown in
Fig. 4a, two cracks that propagate through the two side
surfaces as shown in Fig. 4b, two cracks with one propa-
gates through the concrete cover and the other through
one side surface as shown in Fig. 4c, and three cracks that
propagate through both the concrete cover and the two
side surfaces as shown in Fig. 4d. The appearance of dif-
ferent number of cracks at different locations is attrib-
uted to the non-uniform corrosion of steel rebar around
both of the circumference and the length, as well as the
non-homogeneity of concrete cover (i.e., spatial and size
distribution of aggregates) [37, 38].

Figure 5a and ¢ show the pullout force-slip curve and
the corresponding front surface condition of specimen
RE#2 under different load levels, respectively. It can be
seen in Fig. 5a that the pullout force increases rapidly
in the beginning with an unnoticeable slip, which is due
to combined chemical bond and mechanical interlock
between steel rebar and concrete. As the pullout force
increases to 65.0 kN, crack initiates at the bottom of
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the front surface and the force decreases slightly. With
further increase of slip, the force increases again to the
maximum 69.8 kN, and an obvious crack is observed on
the front surface as shown in Fig. 5c. Afterwards, the
pullout force decreases gradually and the crack grows
higher and becomes wider with further increase of slip.
The test terminated as the force decreased to 21.0 kN.

Different form the uncorroded specimen RE#2, a
corrosion-induced crack is present on the front sur-
face of the corroded specimen C#10 before pullout
test as shown in Fig. 5d, and the corresponding pullout
force-slip curve is shown in Fig. 5b. The pullout force
increases rapidly with a small slip in the beginning of
the test. As the force reaches 60.8 kN, a load-induced
crack appears on the front surface as shown in Fig. 5d.
In the meantime, the corrosion-induced crack becomes
higher and wider. The maximum pullout force is 68.0
kN and it decreases slightly and remains stabilized
around 60.0 kN until the slip reaches 2.6 mm. After-
wards, the force decreases gradually and finally stops at
16.9 kN with a slip of around 12 mm. Both the corro-
sion-induced crack and the load-induced crack gradu-
ally become higher and wider with an increase of slip
throughout the pullout test.

Figure 6a shows the width of corrosion-induced
cracks appeared on the front surface of concrete speci-
mens before and after pullout test, and Fig. 6b shows
the increase in the crack width during the pullout test.
The corrosion-induced crack width increases with an
increase of corrosion loss before the test (see Fig. 6a).
However, the opening of the corrosion-induced cracks
decreases with an increase of the corrosion level (see
Fig. 6b). This is because the height of rib decreases at
high corrosion levels, resulting in a reduced mechani-
cal interlocking action against surrounding concrete
and consequently a decreased opening of surface cracks
[39]. Regression analysis was performed and the fitted
curves are also displayed in the figure.

Fig. 4 Representative corrosion-induced concrete surface cracking




Tang et al. J Infrastruct Preserv Resil (2022) 3:5 Page 6 of 18
80
(a) 65.0 kN —RE#2 (b) 80 ——C#10
70 70
g% Z 60
<= 40 < 40
2 30l B
= 30 230
£ - =
20 & 20
10 10 {
0.0 kN
0 L 0 1 1 1 1 1
0 1 2 3 4 5 6 7 0 2 4 6 8 10 12

Top slip (mm)

69.8 kN

Load-
induced
crack

M

Loading

Loading

Loading

for (c) RE#2 and (d) C#10

56.0 kN

Load-
induced
crack

Fig. 5 Pullout force-slip curve for specimen (a) RE#2 and (b) C#10, and the corresponding front surface crack growth under different loading levels

Top slip (mm)

50.3 kN 29.8 kN

Load-
induced
crack

Load-
induced
crack

~ S

Loading

Surface morphologies and quantification of corroded steel
rebars

Figure 7 presents the scanned surface profiles of uncor-
roded and three corroded steel rebars with different
corrosion levels. As shown in Fig. 7a, the ribs of the
uncorroded rebar are periodically distributed along
the length and their geometry and texture can be seen
clearly. For the corroded steel rebars as shown in Figs. 7b-
d, the effect of corrosion on the steel rebar surface can be
clearly seen. When the corrosion loss is 7.8%, a few small

corrosion pits appeared on the surface do not change the
ribs significantly (see Fig. 7b). When the corrosion loss
reaches 15.6%, a few medium size corrosion pits appear
and slightly change the depth of a few ribs (see Fig. 7c).
When the corrosion loss is 29.5%, a few large corro-
sion pits appears and completely remove many ribs (see
Fig. 7d).

To quantify the corrosion loss of steel rebars, the
scanned 3D point cloud data was imported to ImageWare
software and all the points on the steel rebar surface were
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aligned along the centerline of the steel rebar. For cross-
sectional view, planes perpendicular to the centerline of
the steel rebar were inserted along the length of the steel
rebar at 1.0mm spacing. All the points within 0.2mm
distance to each plane were projected to the plane. The
projected points on the plane formed a polygon, which
was considered as the cross section cut from that plane.
The residual cross-sectional area of the corroded steel
rebar corresponding to the j-th plane is the area of the
polygon, which can be calculated by:

n—1

Acj =05 Z (xiyi-1 — xip10i) (2)
i=0

where x; and y; are the coordinate of each projected point
on the plane, and # is the number of projected points.
The average residual cross-sectional area along the
embedded length can be obtained by

1
o DA 3)

where m is the total number of planes cut along the
embedded length. Then the average cross-sectional area
loss was calculated by using the following equation:

Aavg =

m = (1 — Aavg/Ao) x 100% (4)

where A, (=284 mm?) is the nominal cross-sectional area
of uncorroded steel rebar.

As mentioned before, the rib plays an important role
in the bond strength. Therefore, the rib area loss is also
determined. Figure 8 shows a typical cross section of steel
rebar before and after corrosion test, which is enclosed
by the scanned points. The rib area is defined as the area
that has a radius greater than the radius of rebar lug
r>ry and ry=9.5mm for steel rebar used in this study.
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The rib area before and after corrosion is indicated by the
shaded area as shown in Fig. 8a and b, respectively. The
average rib area of corroded rebar along the embedded
length is

1 m
Aag(r 2 70) = — 3 Ac(r = o) )
j=1

where r is the distance from the center (x,, y,) to the
points at the circumference of the scanned cross section
as shown in Fig. 8, A j(rz ry) is the residual rib area of
the j-th cross-sectional polygon for corroded rebar as
shown in Fig. 8b. Then the rib area loss is expressed as:

na = [1 — Aaye(r > 10)/Ao(r = ro)] x 100% (6)

where Ay(r>r,) represents the area of ribs for uncor-
roded cross section which is indicated by the shaded area
in Fig. 8a, and it is calculated by using:

n—1

Ao(r = 1) = 0.5 Z (xiyi-1 = xiv1yi) =75 (7)
i=0

where x; and y; are the coordinates of points that consist
of the cross-sectional polygon of uncorroded steel rebar.
Both the average area loss and the rib area loss for steel
rebars embedded in all specimens are calculated and
shown in Table 1.

The width of cracks appeared on the surface of all
specimens was measured by using a concrete crack width
gauge and given in Table 1. For each specimen, crack
width along a crack was sampled every 1.0mm spac-
ing, and therefore the mean value and standard devia-
tion of each crack are provided as shown in Table 1.

The corrosion damage is classified into three categories
as shown in Table 2 according to the number and width
of crack as well as the average cross-sectional area loss,
which will be correlated to the characteristics of bond-
slip curves.

Load-slip curves

The bond stress was calculated based on the embedded
surface area of an uncorroded steel rebar to simplify the
calculation of bond stress as follows:

T =P/(mwdyly) (8)

where 7 is the bond stress, P is the applied load, [, is
the embedment length, and d,, is the nominal diameter
(d,=19.1mm). As mentioned previously, the bar slip at
the top of concrete block (top slip, i.e. the relative slip
between the rebar and the top surface of concrete) was
directly measured with LVDT#1. The rebar slip at the
bottom of concrete block (bottom slip, i.e. the relative
slip between the rebar and the bottom surface of con-
crete) was determined based on the following equation:

8 =As —Leg — Ap )

where A, is the elongation of steel bar measured from
the string potentiometer, L is the distance from the bot-
tom face of the specimen to the strain potentiometer, &
is the strain of the steel rebar, and Ay is the deformation
of the rubber layer which was recorded from the LVDT#2
mounted on the top frame of the test machine.

Figure 9 shows the load-deformation curve in rubber
layer, load-strain curve in steel rebar, and load-slip curves
at the top and bottom of concrete blocks for specimen
C#6 during the pullout test. As indicated in Fig. 9a, the
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Table 1 Corrosion levels and cracks on the concrete surface
Specimen Average area Rib area loss Crack widths before pullout tests (mm) Damage
loss n, (%) n, (%) rating
Front face Left side face Right side face Total width (Table 2)
C#1 15 10.0 031£0.17 03240.17 - 0.63 moderate
C#2 1.8 11.2 03440.12 - 034 slight
C#3 2.2 7.10 0.50£0.11 0.254+0.09 - 0.75 moderate
C#4 4.1 11.8 042+0.14 - 042 moderate
C#5 7.1 34.0 0.39+0.10 - 0.39 slight
C#6 77 40.0 030+0.14 048+0.24 1.39+£047 217 severe
C#7 7.8 304 - 04440.16 1.204+0.05 1.64 severe
C#8 9.1 375 064+0.12 0.76£0.22 - 140 moderate
C#9 10.3 48.8 021+0.11 0.30+0.16 - 0.51 moderate
C#10 12.2 584 0.26£0.09 027+0.13 - 053 moderate
C#IN 15.6 70.1 024+0.15 0.87+043 1.56+£0.51 267 severe
C#12 17.8 712 0.8440.30 1.1440.55 - 1.98 severe
C#13 18.1 72.1 1.07£044 1.00£0.33 1.284+0.92 335 severe
Ci#14 295 904 026+0.18 712084 151066 348 severe
C#15 35.0 935 098+0.30 0.78+0.19 0.79+0.32 255 severe

Table 2 Ratings of corrosion-induced damage

Rating Average Numbers Total crack width
corrosion of Cracks
mass loss
Slightly damaged <7% 1 <0.5mm
Moderately damaged 7%~ 12% 2 0.5~15mm
Severely damaged >12% 2o0r3 >1.5mm

rubber layer shows a typical nonlinear elastic behavior,
and two distinct regions can be observed. As the defor-
mation is smaller than 0.15mm, the load increases slowly
with the increase of the deformation. This is because
the lateral deformation of rubber has just been devel-
oped and is increased with the increase of the compres-
sive displacement. Subsequently, the load increases more

rapidly as the deformation increases, which is due to the
fact that the inner self-contact deformation strengthened
the overall axial stiffness [40]. When loaded to the criti-
cal value ~50 kN, it started to decrease. The maximum
deformation in rubber layer corresponding to the maxi-
mum load was measured to be ~0.28 mm. In the unload-
ing process, fluctuation is observed due to the cracking
and crushing of concrete bottom surface above the rub-
ber layer. Different from the rubber layer, the relation
between the applied load and the rebar strain is linearly
elastic as displayed in Fig. 9b. This is because the maxi-
mum pullout load applied to the specimen is significantly
lower than the yield load of the steel rebar.

Figure 9c shows the load-slip curves of corroded
specimen C#6. There are two curves, one is with the
slip between the top end of the steel rebar and the top
surface of concrete (i.e., the top slip measured from

60 60 60
—— Top slip
(a) 50 (b) 50 F (c) ,9'79 mm —— Bottom slip|
50
40 F / 40F =
z = Z
Z =
< 30f E30f =
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<] 8 S
= 20F S 20F
10 | 10
0 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1
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Rubber deformation (mm) Rebar strain (mm/mm) Slip (mm)
Fig. 9 Representative curves for specimen C#6: (a) load-deformation in rubber layer, (b) load-strain in steel rebar, and (c) load-slip
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LVDT#1), and the other is with the slip where the steel
rebar exits out of concrete (i.e., the bottom slip calcu-
lated from Eq. (9)). The bottom slip is always greater
than the top slip under the condition of reaching
the same load because the bottom slip represents the
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accumulative deformation over the embedment length.
It can be seen from Fig. 10c that the load increases rap-
idly in the beginning of the pullout test and reaches the
maximum ~50 kN as the top slip is around 1.0mm.
Afterwards, the load decreases sharply to 16 kN and
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the corresponding top slip reaches 9.0mm, which
approximately equals to the rib spacing of the steel
rebar. As the test proceeds, the load first increases
slightly and then decreases gradually to 12 kN and the
corresponding slip is around twice of the rib spacing. It
is noted that the difference between the two slips under
the same loading force varies with the loading process
as shown in Fig. 9c. The slip difference increases from
0.13mm to 0.79 mm as the pullout force increases from
20 kN to 50 kN in the loading process, and reaches
the maximum 0.90 mm as the load decreases to 40 kN.
Afterwards, the difference between the two slips gradu-
ally become smaller and smaller.

Figure 10 plots the bond stress as a function of the
top or bottom slip for all specimens. The bond stress-
slip curves based on the bottom slip are not smooth
especially in the descending portion, which is due to
concrete crushing as mentioned before with Fig. 9a.
All the specimens are divided into three groups based
on the number and width of cracks appeared on the
concrete surfaces as well as the average corrosion level
as classified in Table 2. Only the results of two refer-
ence specimens are presented because testing of the
first specimen was terminated due to the inappropri-
ate parameter setup. As shown in Fig. 10(a-1), the
bond stress-slip curve for the specimens with uncor-
roded steel rebars can be broadly divided into three
stages. In stage I, the bond stress, that is mainly from
chemical bond and mechanical interlock between steel
rebar and concrete, rapidly increases with an increase
of slip. In stage II, the internal cracks induced by steel
rib sliding propagate to the concrete surface, and the
bond stress becomes stabilized. In stage III, cracks
reduce the concrete confinement and the bond stress
gradually decreases with an increase of slip. The bond
stress slip curves based on the bottom slip as shown in
Fig. 10(a-2) show similar trend as those based on top
slip. However, the slopes of the ascending portion of all
curves in stage I are greater based on the top slip than
those based on the bottom slip due to the accumulated
effect of steel rebar deformation at the bottom of con-
crete. Regarding the slightly and moderately corroded
specimens as indicated in Fig. 10b, they exhibit the
same behavior as the specimens with uncorroded steel
rebars and three obvious stages can also be observed.
Moreover, the maximum bond stress decreases slightly
in comparison with those of uncorroded specimens.
For most of the severely corroded specimens as shown
in Fig. 10c, stage II disappears and only stage I and
stage III are observed. In addition, the maximum bond
stress decreases significantly. This is because the cor-
rosion products of steel rebar expand and change the
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interfacial zone between concrete matrix and rebar
significantly.

Bond degradation

Figure 11a shows the relationship between the average
cross-sectional area loss and the average rib area loss
for corroded steel rebars. Nonlinear regression analysis
was performed and result shows the rib area loss expo-
nentially increases with an increase of the average cross-
sectional area loss. However, the increase rate of rib area
loss 7, is gradually decreased as the average area loss #;
increases. When the average cross-sectional area loss
reaches around 35%, all the ribs are completely corroded.
This is obvious that the ribs are the outer layer of a steel
rebar and corrosion would occur first on the rib area
before it penetrates deep into the core area.

Figures 11b shows the relationship between the maxi-
mum bond stress and the average cross-sectional area
loss of steel rebar, and it can be observed that the max-
imum bond stress decreases with an increase of the
average area loss 7, which is consistent with results in
[23]. Nonlinear regression analysis was performed and
exponential decay function shows a satisfactory fitting.
Similarly, the maximum bond stress decreases with an
increase of the rib area loss 7, as shown in Fig. 11c. Dif-
ferent from exponential decay for the average area loss
7y, a linear function better describes the relationship
between the maximum bond stress and the rib area loss
#,. Figure 11d shows the change of the maximum bond
stress with an increase of the crack width appeared on the
concrete surface, and it can be observed that the maxi-
mum bond stress gradually decreases with an increase of
the average crack width.

In a study conducted by Zhao et al. [20], it is concluded
that corrosion has no influence on the bond stress for
concrete specimens reinforced with stirrups, which is dif-
ferent from the observation in this study. This is because
the maximum corrosion loss of steel rebar and the maxi-
mum crack width observed in [20] is 3.99% and 0.58 mm,
respectively, which are significantly lower than the maxi-
mum corrosion loss 30% and the maximum crack width
3.48 mm investigated in this study. At low levels of cor-
rosion, the interlocking between the ribs of the steel
rebar and the surrounding concrete does not change
very much, and the stirrups provide lateral confinement
even cracks appear in the concrete. However, at higher
levels of corrosion, the diminished steel ribs reduce the
mechanical interlocking between steel rebar and sur-
rounding concrete, and the bond stress consequently
decreases.

Figures 11e shows the corrosion effect on the difference
of slips at top and bottom concrete faces, and the slip dif-
ference increases with an increase of either average area
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loss or rib area loss. This is because corrosion reduces
the cross-sectional area of steel rebar embedded in the
concrete, and part of the embedded steel rebar may yield
and produces significant deformation. Linear regression
analysis was performed and the fitted curves and equa-
tions are also displayed in Fig. 11e. Figure 11f shows the
relationship between the width of cracks on the concrete
surface and the corrosion loss in terms of both the aver-
age cross-sectional area loss and the rib area loss. It can
be seen that the crack width increases with an increase
of either cross-sectional area loss or rib area loss, which
agree well with observations in [17, 20].

AE results

During pullout tests, the acoustic signals were collected
by AE sensors and they are divided into three parts
according to the three stages as shown in Fig. 10. Fig-
ure 12 presents the acoustic energy spectra for three
representative specimens, and two dominant frequency
peaks are identified from each of the three acoustic
energy spectra in three stages. The high frequency peak
reflects concrete cracking and the low frequency indi-
cates the interfacial friction between steel rebar and sur-
rounding concrete during the pullout tests [33, 41]. As
observed in Fig. 12, the energy released in stage I due to
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Fig. 12 Acoustic energy spectra of representative specimens with: (@) uncorroded rebar (RE#2), (b) corroded rebar (C#1), and (c) corroded rebar
(C#8)
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concrete cracking is generally higher than that from the
friction. In contrast, the energy released in stage III from
the steel-concrete friction is higher than that from con-
crete cracking. In stage II, the energy levels released from
concrete cracking and steel-concrete friction are gener-
ally comparable. This is because stage I is the process of
crack initiation and propagation in concrete, while stage
III corresponds to the interfacial sliding between steel
rebar and surrounding concrete. As shown in Fig. 12, the
friction generated acoustic energy is mainly distributed
in a low frequency range of 3 ~15kHz, and the cracking
generated acoustic energy concentrates in a high fre-
quency range of 35 ~41kHz.

The dominant frequency ranges of seven representa-
tive specimens in stages I and III are presented in Table 3.
For each specimen, three sets of signals were collected
from three AE sensors, and therefore the mean value and
standard deviation based on these three signals are given
in Table 3. It can be clearly seen from Table 3 that the
frequencies identified in stage I for concrete cracking are
almost the same for concrete specimens with or without
corrosion. This is because for corroded specimens, cor-
rosion-induced cracks would propagate and new cracks
would also generate in stage I during the pullout test as
shown in Fig. 5d. However, the effect of corrosion on the
dominant frequency can be observed in stage III due to
steel-concrete friction. As indicated in Table 3, the speci-
men with uncorroded steel rebars had a much higher
friction-associated frequency (12.04kHz) than those with
corroded steel rebars. This is because the uncorroded
specimens have significantly harder steel-concrete inter-
faces for the propagation of friction—induced acoustic
wave than those with corroded steel rebars. The average
friction frequency is around 8 kHz for the specimens with
corroded steel rebars as shown in Table 3.

Characteristics of deteriorated bond-slip curve

At the end of pullout tests, representative specimens
with various levels of corrosion damage were inspected

Table 3 Frequencies in kHz identified during pullout tests

Specimen Stage |: concrete cracking Stage lll:
steel-concrete
friction

RE#2 39.71 £ 1.227 12.04 £ 2.255

Ci#1 40.04 + 0.489 7975 £0.282

Cit6 39.71 £0.282 7486 £ 1409

C#7 40.04 £ 0.489 7.812 4 1.760

C#8 39.71 £ 0.564 8.138 £ 0.746

Ci#12 39.88 +0.746 8.138 £ 0.746

C#15 40.36 4+ 0.746 7812 +£0.108
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visually. Figures 13a-d present the photos of concrete
and steel surfaces of uncorroded, slightly corroded,
moderately corroded, and severely corroded specimens,
respectively. Crushed concrete can be observed on the
ribs of uncorroded rebar as shown in Fig. 13(a-2). For
the slightly corroded specimen as shown in Fig. 13b, rib
deformation can be seen on the concrete surface and
some crushed concrete retained on the rebar ribs. For
the moderately corroded specimen, some ribs completely
corroded away and were left on the concrete surface as
displayed in Fig. 13c. For the severely corroded specimen,
all the ribs were corroded away and left on the concrete
surface. In this case, a relatively smooth surface and a
trace of friction can be observed in Fig. 13(d-2).

Modeling of deteriorated bond-slip

The model developed for specimens with uncorroded
steel bars by [42—44] was modified to take into account
the corrosion effect in this study. This model divides the
bond-slip curve into three portions: the ascending por-
tion in stages I, the stable portion in stages II, and the
descending portion in stage III as indicated in Fig. 10.
The model is mathematically expressed as:

¢(S’/51>a

0§s,<s1
t/o=4 ? ) s1<s <sp (10)
¢’S/[ﬂ(5 —52> +S} sH<s <1

where T is the bond strength of each specimen, T, is the
bond strength of uncorroded specimen at stage II, ¢ is
the reduction factor, s =s/d, is the normalized slip by rib
spacing (d,=12.0mm in this study), s, is the normalized
slip at which stage II begins, s, is the normalized slip at
which stage III begins, « is related to the slope of ascend-
ing portion in stage I, 8 is associated with the slope of the
descending portion in stage III. Figure 14 compares the
measured bond-slip curves and the fitted curves based
on the modified model in Eq. (10) for several specimens,
and it can be seen that the modified model in Eq. (10) can
be used successfully to describe the bond-slip relation of
corroded steel rebar with concrete.

The parameters in Eq. (10) were extracted based on the
fitted bond-slip curves and they are listed in Table 4. It is
noted that the parameters a based on the bottom slip are
greater than these based on the top slip. This is because
a is related to the slope (bond rigidity) in the ascending
portion, and the bottom slip is always greater than the
top slip at the same load level due to accumulated defor-
mation. However, no trend is observed for parameter
B. The values of both parameters s; and s, based on the
bottom slip are greater than those based on the top slip,
which is also attributed to the accumulated effect. For
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Fig. 13 Visual observations on steel-concrete inte

rfaces after pullout tests: (1) concrete interface, (2) steel rebar surface; (a) uncorroded rebar, (b)
slightly corroded rebar, (c) moderately corroded rebar, and (d) severely corroded rebar

slightly and moderately corroded specimens, s, is always
greater than s;, and a stable plateau appears. However,
for severely corroded specimens, s; equals to s, due to
absence of stages II as shown in Fig. 10c.

Figure 15 shows the relationship between the reduction
factor ¢ and the corrosion loss of steel rebar in terms of
the average cross-sectional area loss (Fig. 15a) and the rib
area loss (Fig. 15b). It can be observed that the reduction
factor decreases with an increase of both average area
loss and rib area loss. Regression analysis was performed,
and fitting results show that the reduction factor expo-
nentially decreases as a function of the average cross-sec-
tional area loss, while linearly decreases as the average rib
area loss increases.

Figure 16 shows the recommended values of a and S
based on different corrosion levels for convenient engi-
neering applications, and the corrosion levels of steel
rebar are divided into five groups. It is noted that both
a and f3 are based on the measured bottom slip and the
average cross-sectional area loss #;. The values of a and
B do not change significantly as the corrosion loss is
higher than 5.0% as indicated in the circled area. There-
fore, for the purpose of simplicity, the corrosion levels
are re-grouped into three levels as indicated in the inset
table in the figure: #;, =0, #;, =0~ 5.0% and 7, >5.0%. For

uncorroded steel bars (1, =0), a=0.68, §=3.40 are rec-
ommended. For steel rebars with corrosion-induced area
loss ranging from 0% to 5.0%, recommended values of
a=0.54 and ="7.07 are provided. For steel rebars with
cross-sectional area loss higher than 5.0%, @ =0.38 and
S=5.90 are recommended.

Conclusions

In this study, the corrosion effect on the characteristics of
steel-concrete bond-slip curves is experimentally inves-
tigated with acoustic emission and 3D laser scan tech-
nique, and an empirical bond-slip model is developed.
Based on the results and discussion, the following con-
clusions can be drawn:

(1) Two types of acoustic emission signals were
acquired during pullout tests: concrete cracking
in high frequency range of 35~41kHz and steel-
concrete interfacial friction in low frequency range
of 3 ~15kHz. The frequency characteristics of fric-
tion-induced acoustic signals in stage III is affected
by steel rebar corrosion: 12kHz is identified for
concrete specimens with uncorroded steel rebars
and 8 kHz for specimens with corroded steel rebars.
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Fig. 14 Comparison of measured and fitted bond-slip curves with eq. (10) for specimen (a) RE#2, (b) C#10, (c) C#13, and (d) C#15

Table 4 Parameters extracted from bond-slip model

Specimen N, (%) n, (%) 1) Top slip Bottom slip
a B s S5 a B s s,

RE#2 0.0 0.0 1.00 0.60 50 0.010 0.040 0.70 4.0 0.017 0.067
RE#3 0.0 0.0 1.00 0.60 30 0.010 0.040 0.65 2.8 0.027 0.077
C#1 15 10.0 1.07 0.60 45 0.009 0.090 0.70 6.5 0.059 0.190
C#3 22 1.2 0.80 0.60 45 0.002 0.140 0.62 6.0 0.023 0.230
C#4 4.1 7.10 0.98 0.20 9.0 0.033 0114 0.30 8.7 0.130 0.130
C#5 7.1 1.8 1.10 0.30 8.0 0.002 0.057 040 8.0 0.040 0.160
Cc#e 77 34.0 0.74 0.20 35 0.024 0.024 0.50 3.6 0.090 0.090
C#7 7.8 40.0 0.74 0.10 25 0.030 0.030 0.20 3.0 0.095 0.095
C#8 9.1 304 0.88 0.20 6.0 0.007 0.051 0.35 10 0.052 0.200
C#9 10.3 375 0.67 0.25 5.0 0.014 0.190 035 5.0 0.033 0.240
C#10 122 488 0.90 0.20 45 0.003 0.190 0.40 8.0 0.053 0.140
C#IN 15.6 584 0.60 040 25 0.002 0.002 0.60 48 0.150 0.150
C#12 17.8 70.1 0.74 040 2.8 0.019 0.019 0.40 35 0.077 0.077
C#13 18.1 712 0.83 0.25 4.5 0.016 0.016 0.35 50 0.100 0.100
Ci#14 295 72.1 0.72 0.25 2.0 0.023 0.023 040 6.0 0.160 0.160
C#15 350 904 0.70 0.12 50 0.045 0.045 0.20 6.0 0.090 0.090
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The rib area loss of steel rebar exponentially
increases as a function of the average cross-sec-
tional area loss. The bond stress decreases with
an increase of the average area loss, the rib area
loss and the crack width on the surface of con-
crete specimens. Both the steel rebar slip difference
between the top and bottom concrete faces and
the average concrete crack width increase with an
increase of both average area loss and rib area loss
of steel rebars.

Steel-concrete bond degradation depends on the
average area loss, the number and width of con-
crete cracks. With less than 7% area loss and a nar-
rower than 0.5mm crack, the maximum bond is
slightly increased due to increased confinement.
With 7-12% area loss and two cracks with a total
width of 0.5-1.5mm, the maximum bond strength
decreases, but still show similar bond-slip curves
with uncorroded specimens. With more than

(4)

12% area loss and two or three cracks with a total
width of greater than 1.5mm, the maximum bond
strength decreases significantly and shows differ-
ent bond-slip curves as those with uncorroded steel
rebars.

An empirical bond-slip model is developed and
the corrosion effect on the model was taken into
account by introducing a reduction factor. The
reduction factor exponentially decreases with
an increase of the average area loss, and linearly
decreases as a function of rib area loss of steel
rebars.
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