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Abstract

sion is developed.

Equivalent tensile capacity

To investigate the response of post-installed rebar connectors in steel frame retrofitted concrete structures

under combined shear and tension, seven shear-and-tensile tests were conducted. The bearing capacity, stiffness,
and hysteresis behavior of the connectors were investigated during the tests. Both Monotonic and cyclic load regimes
were applied in the loading process. The results show that with the increase of the loading angle, the deformation
capacity, the yield force, ultimate tensile force, and tensile stiffness of the specimen decrease, while the maximum
shear force and shear stiffness of the specimen increase. The bearing capacity, stiffness, and energy dissipation per-
formance of the specimen under a monotonic load is greater than that under the coupled shear-and-pull load. The
bearing capacity, stiffness, hysteresis curve, and failure status of the specimens are not affected by different loading
regimes. At the end, the design formula of anchor bolt for this type of connectors from the design code of China,
United States, and Japan were compared. Formulas to calculate the shear strength under combined shear and ten-

Keywords Post-installed rebar connector, Shear performance, Deformation, Strength, Equivalent shear capacity,

1 Introduction

In 2008 Wenchuan earthquake, various damages to build-
ings within 50 kM of the epicentre were observed, includ-
ing the RC structures built after 2002 (Civil & Structural
Groups of Tsinghua University, Xian Jiaotong University
and Beijing Jiaotong University, 2008), (Ministry of Hous-
ing & Urban-Rural Development, 2010). Therefore, it is
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necessary to retrofit the existing RC structures which
have insufficient ability to resist the seismic load.

There are many technical specifications for the design,
construction of post-installed anchor connectors of con-
crete structures from various countries (ACI318—11,
2013; Design Recommendations for Composite Con-
structions, 2010; Ministry of Housing & Urban-Rural
Development, 2013). The single-sided anchor connec-
tors are widely used in retrofitting concrete structures
because it has the advantages of simple construction,
fast and reliable anchorage, etc. (Cheng et al, 2017;
Jianguo et al., 2014; Lee et al, 2010; Mourad, 1993;
Mourad et al., 1996; Nie et al,, 2015). Presently, numer-
ous experimental studies of mechanical properties of
the post-installed rebars under monotonic loading have
been presented, such as: tensile tests (Liu et al., 2010; Xie
et al,, 2015; Yilmaz et al., 2013; Zhang et al., 2016), shear
tests (Caligkan et al., 2013; Ding et al, 2016; Gesoglu
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et al, 2014; Xiaosong et al., 2018), compression—shear
tests (Peng et al., 2018) and so on. Research on connec-
tors used for structures, member connections and rein-
forcement were made in Cheng et al.,, (2017); Mourad
(1993); Mourad et al., (1996). Among the anchor bolts for
post-installed rebar connectors, reinforcement anchor
is heavily used to repair concrete structures due to its
advantages of simple construction, fast anchoring and
reliability. (Ministry of Housing & Urban-Rural Devel-
opment, 2010; Xiaosong et al., 2018; Yilmaz et al., 2013)
carried out a number of experimental studies on the pull-
out of the post-installed rebar. In Xie et al., (2015), Yilmaz
embedded the post-installed rebar into low strength con-
crete specimens and studied the tensile performance of
the connector with post-installed rebar using the diam-
eter of the reinforcement, the anchorage depth and the
distance from the centre of the reinforcement to the edge
of the concrete substrate as analysis parameters.

However, for to steel frame retrofitted RC structure, as
shown in Fig. 1a. The connectors between the RC struc-
ture and the new steel structure is made through some
post-installed rebars as shown in Fig. 1b, causing com-
bined shear and tension on the post-installed rebars. The
layout details of the post-installed rebars specimens are
shown in Fig. 1c. So far, little research on the effect of
combined shear and tension on the post-installed rebars
was made.

Therefore, in this paper, static and cyclic tests were per-
formed to 7 groups of post-installed rebar connectors.
The failure mode, bearing capacity and stiffness of each
group of specimens were investigated in detail, formulas
to calculate the shear strength under combined shear and
tension is developed.

2 Test Setup

2.1 Test Specimens

Following the guidelines of Chinese code (JGJ145-2004)
“Technical Specification for Post Anchorage of Concrete
Structures” (Ministry of Housing & Urban-Rural Devel-
opment, 2005), seven groups of post-installed rebars
were tested under different loading methods. The diame-
ter of the post-installed rebar was 20 mm, and the length
of the post-installed rebars was 350 mm, with anchor-
age length of 260 mm by taking into account the shear
forces limit. The effective anchorage is actually 240 mm
due to 20 mm length of resection along 45° in the post-
installed rebar, as shown in Fig. 2a. The construction
sequence of retrofitting the reinforced concrete beams
are: (D boring the hole with diameter of 25 mm, @ hole
cleaning, @ glue injection, @ rebar embedment, and &
curing of glue. The completed work is shown in Fig. 2b.
In the experiment, the dimension of the RC beams was
400 mm X400 mm X 1000 mm. HRB400 reinforced bars
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with diameters of 18 and 8 mm were used as the main
reinforcement and stirrups, respectively, and concrete
grade is C30. A steel plate with the thickness of 22 mm
was placed between the RC beam and the post-installed
rebar. The illustration of post-installed rebar and the
loading plate on the RC beam, is shown in Fig. 2¢, d.

Four loading angles (the angle between the post-
installed bar and the load direction): 0° for pure tension,
90° for pure shear, 30° and 60° for shear—tension coupling
effects, are chosen in this test. The fixed axial force ratio
T/T, of 0.7 was applied in the test, where T is axial ten-
sile force, T,,=AgX o0, Ag is the area of the post-installed
rebar, and o,, is the tensile strength of post-installed rebar.
The test parameters of each group of specimens are
shown in Table 1.

2.2 Material Properties

Table 2 shows the mechanical properties of the stand-
ard specimens of post-installed rebars from tensile test
results.

2.3 TestRigs

The illustration of the test rigs is shown in Fig. 3, similar
test rigs can be found in Qian et al., (2020, 2021, 2022).
The loading plates and the post-installed rebar are fixed
to a RC beam, through 19 mm diameter bolts in the ver-
tical direction, and the beam is anchored to the static
base. The movement of the RC beam in the horizontal
direction under the action of shear force was restrained
with a steel bar with the diameter of 23 mm and Chinese
steel angle section of L125X 12. The loading plate was
connected to an L-shaped loading beam, where the ten-
sile load was applied on through a vertical actuator con-
nected to a guide rail, and the shear force was applied on
through the horizontal actuator.

3 Loading Method and Instrumentation

3.1 Loading Method

Both monotonic loading and cyclic load regimes were
applied on the load beam, respectively. For static load
there are four different angles between the post-installed
rebar and the load: 0°, 30°, 60° and 90°, where 0° is repre-
senting pure tension, and 90° is representing pure shear
force. The cyclic load has been added with the angle of + 1
/500,+1/250,+1/125,+1/100 ~ +1/25.

The deformation is controlled after loading within the
ranges of £ 0.2 mm, + 0.4 mm, +0.8 mm, +1.0 mm,+1.5m
m,+2.0 mm, +2.5 mm, +3.0 mm, + 3.5 mm, and + 4.0 mm,
respectively. Forward loading is continued until the com-
ponent reaches the limit state which is considered that
the component is damaged.
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Fig. 2 Anchorage with post-installed rebar

Table 1 Test parameters
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1—Nut 2—Gasket
3—Pad(Loading steel plate)
4—Post-installed Rebar

5—RC beam

(d)Sections of post-installed

(c)post-installed rebar and the loading plate

rebar, steel and beams

Specimens No @ @ ©) ® ® @

Name C-90° C-90°-0.7 M-90° M-90°-0.7 M-60° M-30° M-0°

Load combination Shear Shearand 0.7 xt, Shear Shearand 0.7 xt, Shear and tension Shear and tension Tension

Loading method Repeatedly Repeatedly Uniaxial Uniaxial Uniaxial Uniaxial Uniaxial
relative vertical displacement between steel plates and

Table 2 Mechanical properties of post-installed bars RC beams (gauge e, f).

Type Yield stress  Tensile Yield ratio  Elongation

o, (N/mm?)  stress g, (N/ yr (%) el (%) 4 Test Results
2
mm?) 4.1 Failure Modes
Post-installed 335 520 63 20 The load and deformation relationships of each specimen
rebar are shown in Fig. 5. Fig. 5a, c presents the deformation

3.2 Instrumentation

The locations of dial gauges are shown in Fig. 4a, b, it is
similar to Fu and Parke (2018), Gao et al. (2017), Wang
et al., (2020). In the test, the shear deformation and ver-
tical deformation of the post-installed bar and the rota-
tion of the loaded steel tool were detected through the
RC beam fixed by the post-installed bar and the loaded
steel plates. It consists of dial gauge for measuring hori-
zontal displacement of the beam (a, b) and relative ver-
tical displacement (c, d), anchorage shear deformation,

under cyclic loading, and Fig. 5b, d presents the deforma-
tion under unidirectional loading. The cordinate is ten-
sion (7T) or vertical deformation (dy), and the horizontal
coordinates is shear (V) or shear deformation (y). In
Fig. 5, the numbers D ~ @ represent the specimen which
was classified in Table 1 with different load angles, load
combinations and load methods.

In Fig. 5a, c, the specimen (D is mainly subjected to
horizontal shear. The maximum load and shear defor-
mation in eastward direction are 65.5 kN and 4.03 mm,
respectively, while the maximum cyclic load and shear
deformation in the westward direction are 47.8 kN and
4.0 mm, respectively. During the fabrication process,
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(a) elevation view of the location of dial gauge

Fig.4 Arrangement of dial gauge

defaults was made for the contact surface of the loading,
causing the different in the positive and negative load-
ing process, therefore the difference between the posi-
tive (65.6 kN) and negative (47.8 kN) bearing capacity of
specimen @.

When monotonic load (Fig. 6a) was applied on the
beam, the final load, shear deformation and vertical
deformation are 108.7 kN, 16.6 mm and 1.6 mm, respec-
tively. The shear failure of the post-installed rebar is
shown in Fig. 6b. For specimen ®), at 60 kN, the shear
force and shear deformation in eastward direction are
29.5 kN and 4.0 mm, and in westward direction, the
shear force and shear deformation are 36.5 kN and 4 mm
under cyclic load; after monotonic loading was applied
on the beam (Fig. 5¢), the specimen with the shear defor-
mation of 21 mm is shown in Fig. 6¢; the ultimate load,
shear deformation and vertical deformation in the final
state are 70.5 kN, 26.5 mm and 9.9 mm, respectively; the
shear failure of the post-installed bar is shown in Fig. 6d.

(b) plan view of the location of dial gauge

Specimens @ ~@ in Fig. 5b, d were loaded under
monotonic load, it can be seen that specimen @ was
mainly subjected to horizontal shear, the maximum load
and shear deformation are 120 kN and 16.8 mm, respec-
tively, and the post-installed bar shows shear failure. For
specimen @), the maximum shear load, the maximum
shear deformation, vertical direction are 70 kN, 30 mm,
12 and 4 mm, respectively; the moments of deforma-
tion bifurcation at the east and west edges of specimen
@ are shown in Fig. 6e, and the final shear failure of the
post-installed rebar is shown in Fig. 6f. Specimen B was
subjected to both shear and tensile forces. The shear
deformation and vertical deformation of specimen (B are
similar to those of specimen @), and the post-installed
rebar shows shear failure. The specimen ® was in com-
bined tension and shear. The maximum tensile force is
120 kN and the shear force is 60 kN at the same time;
vertical cracks occurred in the RC beam during the test,
as shown in Fig. 6g, but the specimen also eventually
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Fig.5 load and deformation relationship of each specimen

failed in shear. specimen () was in tension. In the experi-
ment, the RC beam had vertical cracks, and finally the
post-installed rebar pulled out. The concrete cone around
the post-installed rebar is shown in Fig. 6h.

It can be seen from above test results that under dif-
ferent loading conditions of the same specimen, the load
bearing and deformation capacities are different. The
specimens (D and Q@ under only shear force have larger
shear capacity compared to the remaining specimens;
when the specimens are under the combined action of
shear and tension, the shear capacities of the specimens
become smaller, and the deformation capacities increase
with increasing tension force.

4.2 The Load-Deformation Relationship of the Specimen
4.2.1 Cyclic Load

The shear force—deformation curves of specimens (D
and @ are shown in Fig. 7. Under low-cycle loading,
for Specimen (D, the maximum load generated in the
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westward direction is 47.8 kN with 1 mm shear deforma-
tion for the first cycle. With the increase of the number of
cycles, the shear capacity of the specimen reduces; when
shear deformation is over 3 mm, the shear capacity of the
specimen is gradually increased. The maximum load and
shear deformation in the eastward direction are 65.5 kN
and 4.03 mm. The yield shear force of specimen (D is 45
kN, and the shear force and shear deformation at failure
are 10 9 kN and 16.6 mm.

Under low-cycle loading, for Specimen @), the shear
deformation is between — 1.5 and 1.5 mm. The carrying
capacity is gradually increased within the range in the
positive and negative for 1.5 mm maximum load carrying
capacity of the shear deformation of the first return 36.5
kN, yielding The shear force is 20 kN; when the absolute
value of the shear deformation is greater than 1.5 mm,
the bearing capacity of specimen (@ gradually decreases.
Under cyclic loading, the hysteresis curve of test piece @
is slipping. After the loading is changed from repeated
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Fig.6 Failure modes of specimens
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to monotonic loading, the shear deformation and bear- addition, as the angle between the post-installed rebar

ing capacity of specimen @) increase simultaneously, and
the shearing force and shear deformation when the post-
installed rebar fails are 70.5 kN and 26.5 mm.

Under cyclic loading, the energy dissipation perfor-
mance of post-installed bar under a single shear load is
stronger than the energy dissipation performance of the
combined shear and tensile load.

4.2.2 Monotonic Load

Fig. 8a shows the relationship between shear force (V)
and shear deformation () of specimen @~ ®. Fig. 8b
shows the relationship between the tensile force (7) and
tensile deformation (dy) of specimen @ ~ @.

From the relationship between the shear force (V)
and shear deformation (dy;) of specimens @ ~®, it can
be concluded that, with the increase of the slop, the
yield shear force, maximum shear force, initial stiffness
and second stiffness of the specimen also increase, but
the maximum shear deformation tends to decrease. In

V/KN

20 30 40

Jy/mm

(a) V-0y of specimen @~®

Fig. 8 The Load-deformation curve

and the force increases, the shear force of the same shear
deformation decreases.

For the specimen @ subjected to the coupling action
of tensile force and shear force, the values of yield shear
force, initial stiffness and second stiffness are smaller
than other specimens, and the shear deformation is
larger than other specimens. In addition, when the shear
deformation is <8 mm, the shear force of specimen @ is
the smallest; when the shear deformation is>8 mm, the
shear force is greater than that of specimen ® and less
than that of other specimens.

From the tensile deformation () relationship of speci-
mens @ ~ @ tension (7T) it can be seen with the increase
of the slop, the tensile force of the same tensile deforma-
tion becomes smaller, the yield tensile force and the max-
imum tensile force of the specimen become smaller, and
the maximum tensile deformation becomes smaller.

For specimens @ subjected to the coupling effect of
tension and shear forces, the yield tension value is greater

120
®
90 fr
z
Soge o
@
30 f @
0 1 1 1 J
0 20 40 60 80
Jv/mm
(b) T-0y of specimen @~
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than specimen ® and ® and smaller than specimen @);
while the maximum tensile value is greater than speci-
men B and smaller than specimens ® and @. Due to
the influence of the force characteristics, specimen @
can bear a large tensile force of 60 kN within a small
deformation of 0.3 mm.

Based on the test results of specimens @) ~ @), it can be
seen that the initial stiffness, yield load, maximum load
and maximum deformation of specimens @ and @ with
different loading methods are similar. For different angles
between the post-installed rebar and the loadings of each
specimen (0°, 30°, 60°, and 90°). The specimen with an
included angle of 0° @ is pulled out by unidirectional
tension; The specimens ® with an included angle of 90°
are subjected to unidirectional shear force and shear fail-
ure of the post-installed rebar occurred; For specimens
@, ® and ® which are subjected to the coupling action
of shear and tensile force, as the angle increases, the
shear performance (yield shear, maximum shear, and ini-
tial stiffness) of each specimen increases, while the ten-
sile performance (yield tension, maximum tension, and
initial stiffness) decreases.

5 Design Formula of Anchor Bolt

The strength of anchor bolt is calculated based on the
design formula of from codes in China, the United States
and Japan. The design formula of anchor bolt strength
under combined shear—tension in Chinese code (Minis-
try of Housing & Urban-Rural Development, 2013) is

VSC

Nee \2 . 2 _
0.77Ny 0.39Vy

The strength design formula of anchor bolts under
shear—tension coupling in American code (AISC360—16,
2016):

Ny, \5/3 . Ve \%3 .,
0.75N, 0.65Vy

The design formula of anchor bolt strength under
shear—tension coupling in Japanese standard (Design
Recommendations for Composite Constructions, 2010):

(1)

2)

Table 3 Test and theoretical value of specimens’strength (unit: kN)
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No\ L (Ve V'
Ny 07Vy)

In the above formulas (1)—(3): N,

sc’
design tensile force of the post-installed bar, V,,
V; are the design shear force of post-installed bar.

It can be seen from Table 3, the Chinese code formula
is the most conservative, as it is based on the yield force
of the bolt. The maximum load-bearing capacity of the
bolt test designed with the American and Japanese codes
is based on the maximum load of the anchor bolt, which
is also conservative compared to the test results; the the-
oretical value of the Japanese code is closest to the test
value. The ultimate capacity of the concrete structure
after retrofitting is higher than the theoretical value from
the code; for example, the maximum load-bearing capac-
ity of specimen @) is 2.27 times of the theoretical value of
the American code and 2.06 times the theoretical value of
the specification of Japan.

(3)

Nj, and N are the
V,, and

6 Shear-Resistant of the Post-installed Rebar

6.1 Equivalent Shear Capacity Analysis

Through the test, we can investigate the external situation
of the test of the post-installed rebar, and it is difficult
to predict the mechanism of the stress, strain distribu-
tion, the interplay between the post-installed rebar, the
Cementitious material and concrete.

To further clarify the shear mechanism of the post-
installed rebar, the interaction relationship between the
post-installed rebar and the cementing material and
concrete is assumed. In Fig. 9a, the shear force of the
cementitious material and concrete is V, and the shear
force V and the cementing material and concrete react
on the local pressure balance of the post-installed rebar.
Section pressure of the reinforcement under monotonic
shear force is uneven distributed, as left in Fig. 9b; to
calculate the evenly distributed pressure stress (o)
acting on diameter (d), Fig. 9b, right, (occ = 30¢y) (Liu
et al., 1985); pressure area of the reinforcement (4 - d),
Fig. 9c. In Fig. 9a, the shear force of the bolt in the RC
beam (point C) is zero, the distance between point C
and RC beam top point B is /; the spacing between

Specimens No @) ® ® ® ® ® @
v, (T) 109 71(63) 120 72(61) 80 (36) 63 (99) (104)
vy (7)) 45 20 (56) 37 18 (57) 29 (21) 25 (54) (76)
Vi (N 21 21 20 18 (20) (41)
Ve, (Ng,) 53 53 49 (20) 31 (45) (62)
Ve (Ng) 58 38(63) 58 39(61) 56 (24) 41 (60) (83)
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Fig. 9 Capacity of the post-installed rebar specimen

points B and A on the reinforcement (/), /=30 mm
when the steel is directly fixed on the beam.

Equation (4) shows when the reinforcement is in syn-
ergy with the Cementitious material and concrete:

V=0c-hxd (4)

When the moment action at both point A and C of
the post-installed rebar reaches the plastic moment of
the full cross section of the implant, the equation for
the moment balance at point C is Eq. (5):

h
Mpz—Mp+V(l+h)—/ Occ-d - (h—x)dx (5)
0

Equation (6) is obtained from Eq. (5):

V-h
Mpz—Mp-i—V-l—l—iz (6)
The plastic moment of the full cross section of the
post-installed rebar when axial action is not considered
is given by the following equation:

7-d?
Mpzfy-7 (7)

Substitute Eqs. (4) into (6) for the unknown quantity
h:

Page 10 of 12
Table 4 Relationship of V., and |V,
Specimen number  ,V,/kN Vi ax/KN Vy/Vimax
O 35.8 154 233
T® 313 154 2,03
@ 453 44,1 103
T® 37.1 44, 0.84
Occ-h-d-h
Mp=—Mp+occ~h~dol+% (8)
Occ - d M +2-0p-d-1-h—4M, =0 9)
W +2-1-h—4Mp/oec -d =0 (10)
4.M,
h=—-l4+,/2+—L (11)
Occ - d
h denotes height and % is Eq. (11):
4.M,
h=—l+4/2+—L (12)
Occ - d

Equation (12) is substituted into Eq. (4) for the equiva-

lent shear bearing capacity V,,,:

aM
P+ —2

Vinax = -d - (-1
a Occ (= + 0w -d

(13)

The V.. values of the implant specimens and the
tested yield shear Yy of specimens T-(D to @), calculated
based on Eq. (13), are shown in Table 4.

As can be seen from Table 4, for specimens T-(D~ @
with mortar bedding, the deviations between the calcu-
lated and measured results are large; the mortar bedding
is considered as void in the calculation, which is not con-
sistent with the actual working conditions; therefore, the
equivalent bearing capacity (V,,,,) value is less than the
yield shear force (V. The calculated values of specimens
T-@~@ are in good agreement with the measured
results, and the concrete structure without mortar bed-
ding can be better judged by the above method. The yield
strength of the connection.

7 Conclusion
Through the above research and comparative analysis,
the conclusions are drawn as follows:
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(1) As the angle between the post-installed bar and the
applied force becomes larger, the shear force and
shear stiffness of the specimen will also increase;
while the tensile force and tensile stiffness of the
specimen decrease, and the maximum shear defor-
mation and maximum tensile deformation also
decrease.

(2) The loading method has no significant effect on
the strength and stiffness of the specimen, and
the bearing capacity and stiffness of the specimen
under a single load are greater than those under
coupled load. The concrete located at the post-
installed rebar exhibits conical failure when the
post-installed rebar of the specimen subjected to a
single tensile force is pulled out. The post-installed
rebar for other specimens is the shear failure. The
maximum bearing capacity of the specimens is
greater than the theoretical value specified in the
specifications, especially when subjected to single
loading, which is much greater than the theoretical
value specified in the specifications.

(3) When the shear load is predominant, the theo-
retical value of the equivalent shear capacity of the
specimen is close to the yield shear force, and the
theoretical value of the equivalent tensile capacity
of each specimen is consistent with the maximum
bearing tensile force.
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