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To improve the construction efficiency of precast structures, reinforced concrete corbels acted as support members are the most
common connection method. This work presents the performance of a specific beam-to-column connection using corbels with
different anchorage arrangements in precast beam-slab-column interior joint taken out from precast underground subway
station. This paper investigates the performance of a specific full-scale precast concrete beam-slab-column interior joint with
corbels and various connected methods subjected to low-cycle repeated loading. Meanwhile, the influences of concrete corbels
(including column- and beam-end corbels) on the shear strength and deformation are investigated. The analyses results indicated
that (1) corbels of the laminated beam (composite beam) can obviously improve the shear stress of the core region, which was
beneficial for specimen design followed the strong-joint-weak-member concept; (2) a simplified approach to deal with the uneven
thickness of corbels in the core region was proposed, which was utilized to study the effect of thickness on the shear performance
of the core region; (3) the shear stress increased with respect to the compression stress, and the shear strain had a trend of
decreasing according to calculating results using modified compression field theory; and (4) the deterministic expressions were
proposed to predict the designed load of column corbels based on three different connection methods between laminated beams

and core region of joint.

1. Introduction

The precast concrete structures offer many advantages over
conventional construction, the most important of which is
the short onsite construction time, lower traffic impact,
high-quality control, and environmental protection [1]. So,
they have been extensively investigated and employed in a
wide variety of the above structures. Exactly for these, the
precast structures also have many shortcomings, such as
poorer integrality, insufficient energy consumption capacity,
more difficult on-site installation, and connection methods
of joints. Another issue to be commended was that the
available full-scale tests on the seismic behavior of con-
nections, especially for underground structures, can be
characterized as poor. The seismic performance of the

precast structure relies largely on the mechanical behavior of
joints, which was also reached and confirmed by other
studies [2]. In order to circumvent the drawbacks of the
precast structure and directly adopt the existing cast-in-
place concrete specification, the assembled monolithic
concrete structures combined postpouring concrete and
precast element are studied and have been recommended for
applications in underground stations [2, 3]. At present,
precast underground structures are characterized by rela-
tively complex conditions in terms of large-scale, compli-
cation, and diversified, which are different from that of
aboveground structures. Moreover, the seismic performance
of the underground structure is not as safe as one thought,
which has been validated against the damages of some
tunnels and stations [4, 5]. Therefore, the seismic behavior of
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underground structures should be first validated against the
experimental results before they were applied. Unfortu-
nately, the seismic performance of precast structures was
examined in a limited number of studies. Until now, full-
scale seismic experiments were the main methods to study
the mechanical properties of precast joints, the reason of
which was that the lack of in-depth understanding of contact
performance between precast elements made it difficult to
express the real mechanical properties, which could be
exhibited during a deformation stage [6-8].

There are also many studies on the seismic performance
of beam-column joints of aboveground structures. Megally
et al. [9] studied the seismic performance of segment-to-
segment joints in the precast segmental concrete bridge and
indicated that external tendons improved ductility and
displacement capacity. Seible and Latham [10] attempted to
study the effectiveness of interface dowels for horizontal
shear transfer in connection with clean and specially
roughened contact surfaces. Brooke et al. [11] conducted
tests on four beam-column joints with large diameter and
high-strength reinforcement, which solved the high level of
reinforcement congestion. Kashyap et al. [12] performed
experiments on 14 FRP-to-masonry bond tests and pre-
sented a new FRP-to-masonry bond model. Priestley [13-15]
studied the seismic performance of precast concrete frame
buildings, beam-column joints, and shear walls and put
forward several design suggestions. Shafaei et al. [16, 17]
studied the seismic performance of beam-column joints
having either nonseismic or seismic reinforcement details,
and the results indicated that rehabilitated methods can
recover the mechanical properties. Elsanadedy [18]
attempted to develop new precast moment connections for
increasing the progressive collapse robustness of precast
buildings. Huang et al. [19] presented a novel type of precast
concrete beam-column connection including a hinge shaft
and multislit devices, and the seismic performance of the
proposed connections was superior to that of the monolithic
joint. Li et al. [20] presented a method for improving the
seismic performance of RC joints using ferro-cement jackets
with embedded diagonal reinforcements. The above-men-
tioned research results have promoted the development and
application of precast structures.

The assembled monolithic concrete subway station
contained the amount of joints located in the transverse
direction and longitudinal direction. The joints of column-
basement [21], sidewall-basement [22], and column-lami-
nated slab (composite slab) [23] have been studied and
detailed in a standalone paper. Tests of full-scale precast and
cast-in-place specimens showed that precast concrete
specimens were capable of matching the overall perfor-
mance of the monolithic connection. Exactly for these,
compared to joints in the transverse direction, the perfor-
mance of the beam-slab-column joint located in the lon-
gitudinal direction should be considered due to the complex
assembled process and the force transmission mechanism.
In order to improve the convenience of construction, var-
ious anchorage arrangements including grouted splices,
straight lapping splices, and bend-up cross lapping splices
were utilized to connect discontinuous reinforcement bars
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reserved on the outside of precast concrete elements. It was
worth mentioning that precast elements with corbels can
improve the assembled efficiency and reduce on-site support
components. However, the available literature on the be-
havior of concrete corbels can be characterized as poor. In
particular, the effect of the connection types between precast
laminated beams and core region on the load subjected to
corbel was insufficient. Additionally, the corbel also in-
creases the shear area of the core region.

Apart from the influence of the corbel on the core region
of the joint, the corbel is an easily damaged part due to the
poor detailing of bearing pad position, and the loading
capacity cannot be fully recovered by appropriate retrofitting
solutions. Therefore, investigators have studied rehabilita-
tion to improve the mechanical properties of the corbel.
Gulsan and Shaikhan [24] attempted to produce a steel
confining system for the rehabilitation of damaged concrete
corbels. Experimental results showed that the proposed
rehabilitation technique can improve load capacity and
ductility. Souza et al. [25] presented the procedures adopted
for repairing and strengthening the damaged concrete corbel
belonging to an industrial biomass boiler, and the strut-and-
tie model was utilized to verify the force mechanism of
corbels. Tsang [26] explored an innovative idea of upscaling
decorative architectural elements to fulfill more stringent
performance and enhance the mechanical properties of the
building structure. Ahmad et al. [27] conducted tests on nine
members attached carbon fibre reinforced polymers (CFRP),
and the result showed that load capacity of corbels was
significantly improved and U-wrapping was the recom-
mended arrangement for strengthening corbels. Simulta-
neously, many studies [28-31] have indicated the
mechanical behavior of the concrete corbels can be im-
proved by wrapping the carbon fibre reinforced polymers.
Based on reviews from previous research, the damage of
concrete corbels was largely affected by the bearing pad
position. However, the connection mode of the components
that acted on the concrete corbel can also indirectly affect the
damage of corbels. For the precast beam-slab-column joint,
the connected types of precast elements that acted on the
concrete corbels were various (fixed connection, hinged
connection, and free connection). So, substantial attention
should be paid to concrete corbels.

In light of the above-mentioned background, this paper
aims at investigating the seismic performance of full-scale
precast beam-slab-column interior joints with corbels and
several connection modes of discontinuous reinforcement,
as shown in Figure 1. Meanwhile, another full-scale cast-in-
place specimen is built monolithically to serve as the control.
The present work is organized as followed. Firstly, details of
the experimental program of precast and cast-in-place
specimens are present. Then, the behavior including failure
mode, load-carrying capacity, and strain distribution of
specimens subjected to low-cycle repeated loading is in-
vestigated. Based on the experimental results and the
modified compression field theory (MCFT) [32, 33], the
influence of the shear behavior of the core region of the
beam-slab-column interior joint is studied with respect to
two parameters: the compression stress and in-plane
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FIGURE 1: Structure diagram of the subway station and isolated reinforced concrete beam-slab-column joint.

thickness of joint, which lays the foundation for the nu-
merical model of precast joints. Finally, an exploratory study
of the influence of different connection modes of laminated
beam and core region on the designed load subjected to
corbels is presented. The research outcome of this study will
provide an in-depth understanding of the application of
precast elements in underground structures.

2. Experimental Program

To further address the above-mentioned deformation and
damage mechanisms of real joints, two full-scale beam-slab-
column joint specimens with slabs were designed and
prepared. One specimen was assembled with different
precast elements and noted as precast middle beam-slab-
column joint (PM]J). The second specimen was built
monolithically to serve as the control and named as cast-in-
place middle beam-slab-column joint (CM]J). The specimens
were taken out from a two-story three-span subway station,
with 7.6m of story height and 22.9m of span length, as
shown in Figure 1.

2.1. Design and Description of Specimens. Combining with
the loading equipment of 40,000kN capacity multifunc-
tional electrohydraulic servo loading system and the overall
bending moment diagram of the cast-in-place monolithic
subway station, the construction dimensions of specimens
with approximately 5,000 mm in height and 6,300 mm in
length were adopted. The precast specimen was composed of
two precast column elements, two semi-precast beam ele-
ments, and four semi-precast slab elements. The assembled
process was detailed in a standalone paper [34]. It was noted
that the slab width was designed to take into account the
limits due to the available installed space of the loading
system. So the width of the slab was 2,400 mm, which was
assumed equal to 6 times the thickness [35].

Various connection types, such as grouted sleeves,
lapping connection, and cast-in-place connection, were
adopted for the specimen PM]J. Twenty-four grouted sleeves

were utilized to connect the precast top column and low
column, which have a rectangular cross-section with
700 mm x 900 mm; the precast upper and lower columns
were connected by the core region. The details of longitu-
dinal and transverse reinforcement were given in references
[2, 36]. In order to improve the construction convenience,
the overlapping connection of steels was adopted for the
semi-precast beam and concentrated in the beam-column
joint core region. It was worth mentioning that the over-
lapping connection was of crucial importance for the me-
chanical performance of specimens, so the anchorage length
was 900 mm, which ensured enough connecting strength of
precast beams [37], as shown in Figure 2. For four precast
slabs, the cross-lapping connection was adopted according
to the bend-up reinforcement at the ends of semi-precast
slabs to avoid contradictory positions of steel bars between
the beam and slab. The precast slabs and cast-in-place
concrete slabs were connected by rough concrete interfaces
and erecting steel bars. Since the dead and live loads of the
slab surface were not considered, the function of slabs only
provided the strengthening effect on the laminated beam.
More details about slab connection were available in ref-
erence [2]. In addition to precast specimens, the geometry
and dimensions of the cast-in-place specimen were the same
except for obvious differences including continuous steel
and construction method and excluding corbels.

Exactly for the steel connection, the corbel connection
acted as an important addition of devices to provide the
installed convenience. So corbel strength of beam and
column played an important role in transferring pressure
from each precast element. The outer edge height of the
beam-corbel, hl, was 150 mm, which was a controversy
regarding the recommended size as the code for the design of
concrete structures [37]. For the corbel of the precast col-
umn, the cross-sectional dimension and shape were illus-
trated in Figure 3, and the same contradiction still exists. The
reinforcement steels in the corbel of column and beam met
the structural requirement, for example, diameter, spacing,
reinforcement ratio, and the control index of cracking.
Additionally, the ratio of reinforcement was illustrated in
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FIGURE 3: Schematic diagram of corbel column: (a) schematic diagram of corbel and (b) corbel shape of precast lower column.

equations (1) and (2). fi was the stranded for the tensile
strength of concrete prism, which was 1/10 of the com-
pressive strength; f, was the yielding strength of steel; b was
the width of corbel; h, was effective height; A, was the steel
area of corbel; and F, and F), was the vertical and horizontal
force subjected to the corbel, respectively. According to
ACI318-14 [38] and studied results [39], the mechanical
ratio of main and secondary steel bars was provided, and the
expressions of shear strength of corbel were given as
equation (3). But how to calculate the design load V', and the
influencing factors were not clear.

e M
% 0.85f 7,
Fy\  fubhy
FV<ﬁ<1—O5F )05+(a/h) (2)
V< Vu . (3)
bdf.

2.2. Material Properties. The specimens were mainly com-
posed of different grade concrete, different types of steel
bars, grouted sleeves, and cementitious grout for the splice.
The concrete grade of the precast column and other semi-
precast elements including slabs and beams were C50 and
C40, respectively. In order to improve the bonding strength
between precast elements and postpouring concrete (lami-
nated beams and slabs), the grade of postpouring concrete
should be improved to C45, and the contact surfaces were
roughened. It was worth mentioning that the concrete grade
of the core region (overlap region of beam, column, and
slab) was designed in accordance with column strength, as

well as its grade of concrete was C50. The concrete grade of
each element is shown in Figure 2. The measured mechanical
properties of steel and concrete were obtained by material
tests and summarized in Table 1 [2]. Additionally, the
properties of grouted sleeves and cementitious grout for
splice were shown in previous studies [22, 40].

2.3. Test Content and Instrumentation Distribution.
Different connection methods including grouted sleeves,
corbels, and development connections were distributed
around the core region of the beam-slab-column joints. The
grouted sleeves improved stiffness and strength of the
connection region (precast column connected with grouted
sleeves); corbels connection increased sliding distance
(precast beams and columns were connected by corbels.
Meanwhile, precast slabs and beams were connected by
corbels); and assembled seams reduced the connection
quality of each precast part; and the development connection
of steels increased the complexity of the connection region.
To contribute towards a better understanding of these dif-
ferences of deformation and strength between precast and
cast-in-place specimens, the response quantities of mea-
suring content included deformation, strength, and strain.
Details of measuring instrumentation were illustrated in
Figure 4. Each test specimen was subjected to quasi-static
load reversals that simulated earthquake loads. Reverse
cyclic loading was applied at the two ends of the beam in
opposite directions, as shown in Figure 5. The cyclic loading
was generally load-controlled up to yield load at first and
displacement-controlled up to failure with increasing dis-
placement ductility coefficient [41]. Test setup and loading
law were detailed in a standalone paper [34]. In addition, the
load applied on the beam-end was removed when the
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TaBLE 1: Mechanical properties of materials.
Materials Grade d (mm) fy (MPa) f. (MPa) E, (MPa)
28 420.6 593.9 21x10°
25 4544 617.0 21x10°
Reinforcement HRB400 22 446.5 574.9 2.1x10°
18 436.2 564.1 2.0x10°
HPB300 10 309.3 451.3 2.20x10°
Strength feu (MPa) fe (MPa) E. (MPa) v
Concrete C40 454 26.6 3.14x10* 0.2
C45 51.1 29.3 3.38x10* 0.2
C50 55.9 32.7 3.33x10* 0.2

Note: d is the diameter of steel; f, is the ultimate strength of steel; E; and E, are steel and concrete elastic modulus, respectively; f,,, is the compressive strength
of concrete cube; f; is the compressive strength of concrete prism; and v is Poisson’s ratio.
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strength decreased to 85% of the maximum achieved
strength and the dial indicator automatically obtains test
data at a frequency of 50 Hz.

3. Experimental Results and Discussion

3.1. Overview of Failure Pattern. The failure process of
specimens was divided into four main damage stages
(cracking stage, yielding stage, limiting stage, and failure
stage) distinguished by forcing state. The final failure mode

of both specimens including failure location and cracking
distribution was different obviously because of the different
construction methods of the precast specimen and cast-in-
place specimen. The main damage of cast-in-place specimen
was distributed in the beam, slab, and core region of joints.
Mostly, it exhibited well-distributed fine flexural cracking in
the beam and slab, and shear cracks were found in the core
region. However, the cracks of the precast specimen were
concentrated in the gap provided between the precast ele-
ment and postpouring concrete, that is, the interface of
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laminated slabs, contacting faces of the precast beam, and
postpouring core concrete. It was noteworthy that there was
no indication of brittle damage in the specimens. The
specific failure process of each specimen was as follows.

In terms of the failure mode, two reference specimens
failed in different ways [23, 36], as shown in Figure 6.
Compared with the cast-in-place specimen, the following
observation was realized. Although the crack propagation
process of the precast specimen during the cyclic tests was
identical to the respective process observed in the cast-in-
place specimen, the failure modes of both were different,
which were mainly reflected in the following two aspects.
Firstly, the construction connected method of cast-in-place
and precast specimens was different. Corbels of semi-precast
columns lead to redistribution of internal force in the beam.
Meanwhile, beam corbels were equivalent to increasing the
shear region of the core region. Secondly, the bonding
strength of the interface between semi-precast elements and
postpouring concrete including core region and postpouring
slab was weak. It was noteworthy that the slight damage of
the concrete laminated slab was observed due to the
strengthening effect of the slab on the beam, as reported by
Wang et al. [35].

3.2. Hpysteretic Response and Envelopes. The obvious four
forcing stages including elastic, yielding, stable, and
descending stages were observed in the loading process from
the specimen CM]J. Unfortunately, partial data of specimen
PM]J in the positive direction become invalid due to the
equipment strength self-protection, which was never con-
sidered before testing design. However, partial results, in-
cluding yielding state, peaking state, and ultimate state, can
be reached from backbone curves. The equivalent bending
moment method [2] was used to determine the yielding state
for each specimen, and the peaking state was taken as the
maximum strength value, and the ultimate state was defined,
arbitrarily, as a 25% drop in strength from the peak value. It
can be seen from Table 2 that the yielding strength of the
specimen PM]J was about 1.2 times that obtained from
specimen CMJ, but the yielding displacement was 0.7 times
that of specimen CM]J. This can at least illustrate that the
precast specimen has excellent integrity performance in the
early loading stage. The precast concrete joint was capable of
matching the ultimate strength of the cast-in-place specimen
in the positive direction, while there was an obvious dif-
ference in the negative bending moment direction. The
reason for the above observation was that the two joints
differed in the arrangement of the connections, especially
corbels of beams. Combining with the failure mode of
testing specimens, it can be seen that the failure of the cast-
in-place specimen was mainly concentrated in the core
region, and the damage of the precast specimen was focused
on the bottom of the core region. Given that the core region
of joints was divided into upper and lower parts, the corbel
of beams improved the shear strength of the upper part of
the core region, which will be discussed in the later section.

Exactly for strength and displacement, ductility was an
important index for evaluating the seismic performance of

reinforcement concrete specimens. The cast-in-place spec-
imen attained a displacement ductility level of about 5.02,
while the ductility of the precast specimen was 8.27, which
was 1.65 times more than that of the former specimen, as
shown in Table 2. The main reason for larger ductility was
that the opening gap of the semi-precast beam and the corbel
of the column contribute to the global deformation in the
later loading. A similar explanation of the above finding had
also reported by Liu et al. [23].

3.3. Strain of Grouted Sleeves. The connection performance of
grouted sleeves directly affected the normal use state of the
structures even triggered the collapse. The spliced-bar strain
ratio was obtained by dividing the spliced sleeve strain with
the splice-end bar strain, which was utilized to evaluate the
deformability of structures [21, 42]. The axial strain of grouted
sleeves encased in a column with concrete was measured with
strain gauges, which were located at the bottom of the precast
column, as shown in Figure 4. Meanwhile, the axial strain was
compared in Figure 7 to the corresponding steel strain in the
cast-in-place specimen. It can be seen that the strain values of
grouted sleeves were much smaller than those of steels, and
they were approximately 6 times less than those of grouted
sleeves when the drift was 3% in the positive moment. Un-
fortunately, the axial strain of grouted sleeves in the negative
load-carrying capacity was of no avail, but the strain of
grouted sleeves was smaller than that of steels from the initial
forcing stage. On the whole, the deformation of the grouted
sleeve section was much smaller than that of the corre-
sponding section in the cast-in-place specimen. This phe-
nomenon was also found in previous research results [21].
Therefore, the reducing effects of grouted sleeves on the cross-
section deformation should be carefully considered in the
design of precast structures in seismic areas.

3.4. Concrete Strain. Based on the aforementioned test re-
sults, there was no obvious damage in the grouted sleeves
region. The bonding strength of the surrounding concrete
was weak because of the smooth surface of grouted sleeves.
Therefore, the concrete strain corresponding to grouted
sleeves (reinforcement steel) was measured in Figure 8. One
can see from relationship curves that grouted sleeves (steels)
can deform compatibly with surrounding concrete and
avoid bond slipping cracks. In general, the concrete strain
was greater than that of corresponding grouted sleeves or
steels. For example, the maximum strain was 400 pe, as
shown in Figure 8(a). Mostly, the strain value of specimen
CM] was about 6 times more than that of specimen PMJ, as
shown in Figure 8(b), which demonstrated that concrete at
the column base was almost closed to failure.

4. Forcing Analysis of Core Region

The designed concept of strong-joint-weak-member and
strong-column-weak-beam was recommended for the
reinforced concrete structures in seismic regions [43, 44],
which significantly improved the seismic performance of
structures, especially aboveground structures. Meanwhile,
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FI1GURE 6: Distribution of cracks of precast joint (PM]).
TABLE 2: Feature point values of test results.
Specimens Position Loading direction A, (mm) P, (kN) A, (mm) P, (kN) A, (mm) P, (kN) U
North Negative 13.81 -891.91 89.65 —1,193.00 130.29 —1,014.05 6.62
cMy Positive -19.90 1,588.81 -42.15 1,839.00 -75.68 1,563.15 ’
South Negative 25.67 —1,099.07 50.30 —1,437.00 83.90 —1,221.45 3.42
Positive -29.70 1,340.04 —48.65 1,596.51 —105.92 1,357.03 :
North Neg-at.lve 11.56 -1,036.17 32.70 —-1,189.00 112.00 —-1,010.65 9.69
PMJ Positive —14.52 1,802.53 — — — —
South Negative 15.59 -1,226.14 22.70 —-1,334.00 106.70 -1,133.90 6.84
Positive -18.85 1,800.24 — — — — :

Note. A,, A,, and A, present the yielding displacement, peaking displacement, and ultimate displacement, respectively; P,, P,, and P, stand for the yielding
strength, peaking strength, and ultimate strength, respectively; u was displacement ductility that was obtained as the ratio of ultimate displacement A, to

yielding displacement A, of specimens.
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FIGURE 7: Relationship curves between steel strain and deformation of loading end.

the shear deformation resulted in pinching of hysteresis loop
and reducing energy consumption, as pointed by previous
studies [36]. On the basis of tested results, it can be seen that
failure was characterized by failing in crushing and spalling
of the concrete in the core region, while few bending cracks
were observed in the column and beam elements. That is to
say, the performance of the specimen was controlled by the
shear behavior in the core region instead of the bending
behavior of beams or columns. Therefore, the steel strains
and shear deformation of the core region were measured.

4.1. Strain of Reinforcement Steel. In order to study the
difference of shear behavior in the core region of precast
beam-slab-column joint and cast-in-place joint, steel strain

gauges were mounted in the transverse reinforcement within
the core region to monitor strain responses at various lo-
cations, as presented in Figure 4. One can see from Figure 9
that transverse reinforcement was at the tension state, which
illustrated that the compressive stress in the core region was
borne by the concrete. There was a noticeable difference in
the strain change trend between the two specimens. As
observed in specimen CM]J, the strain changed compatibly
with the deformation of beam-end, but the unobvious
change trend was observed in the precast specimen. The
position of maximum strain was also different because of the
presence of beam corbel. The concrete slab can confine the
joint core region to improve the shear strength. For precast
specimens, this restraint effect was also from the contri-
bution of beam corbels except for concrete slabs, which lead
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to the remarkable increase of the stirrup strain at the lower
edge of precast beam corbels. The main reason for the above
observations was as follows: (1) beam corbels increased the
shear area of the core region, which changed the forcing
proportion of truss mechanism and compression strut
mechanism in the core region of joint and (2) the interface
between the precast beam and postpouring core region
weakened the deformation of the core region, which resulted
in insignificant changes in the stirrups in the core region.

_\h+b, |A; + A, +]A{ + A @
hb 2 '

Apart from the stirrup strain of transverse reinforce-
ment, the shear deformation, y, of the core region was
measured by two dial indicators X; and X, and calculated by
the following formulation, as shown in equation (4) [21].

Ay, Aj, Ay, A; were the diagonal deformation of the core
region according to dial indicators X; and X,, respectively; h
and b were the section height and width of the core region,
respectively. The shear deformation lead to forming inclined
shear cracks, and the core region had a deformation trend
similar to “rhombus.” The shear angle of PMJ was generally
lower than that of specimen CM]J, and the maximum shear
angle was only 80% of that of conventional cast-in-cast
specimens. Furthermore, the relation of shear angle and
displacement of specimen PM] was close to linear.

In light of the above-mentioned stirrup strain and shear
angle, the shear mode in the core region was different ob-
viously. Based on the previous knowledge that the beam
element of specimen PM] exhibited a significant stiffness
caused by corbels, the shear deformation of the core region
could be improved. However, it was obviously different from
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the experimental results, and the reason was probably that
the influence of corbels on the shear strength of the core
region was neglected. The shear strength of the core region
was improved by an increase in the shear area. Therefore,
there was no doubt that corbels provided important insights
into the influence on the shear behavior of the core region,
which will be discussed and analyzed in the next section.

4.2. Shear Strength Analysis of the Core Region. Based on the
aforementioned test results, it indicated that the shear
strength of the core region has remarkable effects on the
failure mode and loading capacity of beam-slab-column
joints. Therefore, the relationship of shear stress and strain in
the core region should be researched, which also lays a
foundation for further investigations of numerical models,
such as the Pinching4 material model of OpenSees, which is
an object-oriented open source FE software program, as
shown in Figure 10. The mechanical performance of the joint
core region that was constrained by the surrounding ele-
ments (column, beam, and slab) was complicated. Therefore,
take the precast experimental specimen as an example; the
longitudinal and transverse reinforcement ratios were 1.7%
and 1.6%, respectively. Meanwhile, the ratio of reinforce-
ment of the core region was consistent with that of original
specimens when the researched area was changed. The in-
fluence of different axial pressure stress and thickness on the
shear behavior of the core region was studied.

4.2.1. Axial Compression Ratio. The size (i.e., area or vol-
ume) and compression stress of the core region adopted in
the beam-slab-plate joint were of crucial importance for the
performance in terms of shear strength, stiffness, and shear
deformation. Moreover, there was a noticeable difference in
the compression stress between the column section and the
core region section. In order to be consistent with the study
parameters in the test, the standard of the axial compression
ratio of column end was adopted. The relationship of shear
stress and strain in the joint core region was studied by the
modified compression field theory (MCFT).

It can be found from Figure 11 that the shear strength in
the core region improved with respect to the pressure stress.
On the contrary, the shear strain corresponding to the
maximum shear stress had a trend of decreasing as the
pressure stress. Meanwhile, there was a platform process of
stress-strain curves at each state of the loading history, but it
decreased monotonously with increasing of the vertical
compression stress, as shown in Figure 11. The shear be-
havior of the joint was identical to the respective mechanical
performance observed in the precast column subjected to
different compression ratios. In light of the above-men-
tioned results, the shear behavior of the core region was
strongly affected by the surrounding stress, which was
transferred by the columns and beams. With respect to
experimental specimens, the unbalanced shear stress on
both sides of the core region was caused by the different
positive and negative bending moments of members, which
illustrated that the shear behavior exhibited a dynamic
process caused by the different pressure stress at each forcing
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FIGURE 10: A two-dimensional calculated model of beam-column-
joint.

state. Therefore, a uniaxial material model of shear stress-
strain adopted in the Pinching4 in the OpenSees was difficult
to be reached.

4.2.2. The Influence Analysis of Corbel on Shear Strength.
Exactly for vertical pressure stress, the size of the core region
proved to play a crucial role in the shear behavior. Compared
to the cast-in-place specimen, the beam corbel increased the
shear area of the core region. The shear behavior of rein-
forced concrete slabs was modeled with the MCFT, which
was derived from assumptions that the stress and strain
distribution in the thickness direction was consistent.
Therefore, the thickness of the core region needed to be
equivalently simplified, as shown in Figure 12. The partial
area of corbel, S, was arranged to the lower part of the core
region, S,. Furthermore, the area of S; was equal to that of S,,
and the thickness was constant through the height.

It was noteworthy that the cracking distribution was
affected by this simplified treatment method, which was
beyond the scope of this paper. Exactly for this, the pressure
stress transferred to the section of the core region increased
monotonously with decreasing of the core region area under
the same constant column axial compressive load acted on
column end. In addition, the name of the specimen was
dented as 0.85-xx. Namely, 0.85 represented the axial
compression ratio of column-end, and the xx was the
thickness of the joint core region.

As a result, the maximum shear stress in the core region
degraded with the increase in the thickness of the core
region, and the main reason for the above observations was
that the pressure stress was improved by the decrease of
forcing area in the core region. On the basis of the above-
mentioned results, the pressure stress increased the shear
stress of the core region. Shear capacity was defined as the
product of shear stress and volume of the core region. Al-
though the shear stress decreased with the increment of the
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Figure 12: Simplified model of core region of assembled joint.

area of the core region, the shear capacity was gradually
increasing, as shown in Figure 13. The corbel increased the
shear area of the joint, which was beneficial to realize the
design ideas of strong-joint-weak-member.

5. Designed Analysis of Corbel

In light of the above-mentioned experimental results, cor-
bels had remarkable effects on the failure mode. In partic-
ular, the beam corbel can increase the shear strength of the
core region, and the influence of the beam corbels on the slab
can be detailed in a standalone paper [45]. Based on the
aforementioned designed works, the reinforcement was able
to meet the cracking requirement. However, one inclined
crack was observed in the precast column corbel. Therefore,
the designed work about reinforcement concrete corbels
should be taken into account. Especially, when it was

uncertain how much load could be subjected to corbel,
which depended on a lot of factors including the boundary
conditions (beam and core region), contact method and
element type, and so on. For the sake of simplicity, it was
classified into three calculated conditions, as shown in
Figure 13. Condition A was fixed connection between beam
and core region of specimen, which was in line with the real
state of joint in this experiment and classified as rigid or wet
connections, as shown Figure 14(a); Condition B was the
hinged connection, which was generally used in steel
structures, as shown Figure 14(b); and Condition C stands
for no connection, which was grouped into dry connection
and expressed by the specification [37], as illustrated in
Figure 14(c).

b, M
F,=F, +F,t-—5 (5)
vl ex exbo bo
b
Fv2=Fex+Fex71' (6)
by
F,=F,,. (7)

The force subjected to the corbel of columns for the
different conditions was reached by the force equilibrium
method, as shown in equations (5)-(7). One can see that there
was a noticeable difference in load, F, (F,;,F ,,andF ;),
using different anchorage arrangements in precast concrete
structures. The hinged connection was largest; the fixed
connection was the second larger; and the free connection was
the weakest. Although the slight discrepancies in the real state
and experimental condition, some designed suggestions can
be obtained. Precast column corbels can avoid installing
vertical supports and improve the convenience of the in-
stallation of precast elements. Moreover, this was attributed to
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the presence of corbels in the column, in which the partial
vertical load was shifted from beam ends, which made it easier
to meet the shear strength adjacent to the joint core region.
However, from the perspective of test results, corbels may be
damaged due to insufficient strength. Just like the center
column of the underground structure that was considered to
be components with high load-bearing capacity and stiffness
to provide vertical load rather than the horizontal load. In
other words, the underground structure could be much safer
due to the center column has been born partial load. However,
the vertical bearing capacity of the column was affected by the
horizontal deformation [5].

6. Conclusion

The quasi-static experiments were conducted with the pri-
mary objective of the seismic performance of full-scale
beam-slab-column interior joint with corbels and cast-in-
place specimen without corbels taken out from the under-
ground subway station. Based on the experimental results,
the shear behavior of the core region was studied with

respect to different parameters. Meanwhile, the designed
load of column corbels was discussed. The following con-
clusions can be drawn:

(1) The noticeable differences between the precast and
cast-in-place beam-slab-column interior joints were
the amount of cracking and damage. For the cast-in-
place specimen, well-distributed inclined shear
cracks formed; concrete cover spalled completely in
the core region of joints; and flexural cracks were
concentrated in the plastic hinge zone of the beams.
However, more local damage was observed for the
precast concrete specimen with the gap between
precast elements, especially the splitting cracks de-
veloped at the laminated slab.

(2) In terms of the failure mode of the core region, the
knowledge about the forcing mechanism of the core
region of two reference joints was in different ways.
The corbel beam increased the shear area and the
opening gap (assembled seams) contributed to the
global deformation, which was in line with the
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strong-joint-weak-member concept in the seismic-
resistant design.

(3) A simplified approach to deal with corbels in the core
region that facilitates the use of modified com-
pression field theory was proposed, which provided
qualitative measures to evaluate the influence of
corbels on the shear behavior of the core region
under quasi-static lateral cyclic loading.

(4) The pressure stress and thickness of the core joint
had remarkable effects on increasing the shear stress
and strain. The shear stress increased with respect to
the pressure stress, but the shear strain had a trend of
decreasing. While shear stress decreased with in-
crement of the area of the core region subjected to
constant pressure stress, and the shear capacity was
gradually increasing.

(5) The effect of the designed load of column corbels was
scenario-dependent and associated with connection
methods between the laminated beam and core
region.

Overall, the precast concrete beam-slab-column joints
were capable of matching the overall performance of the
monolithic connections according to test results. However,
making more accurate recommendations and consider-
ations about connection technology between precast con-
crete parts needed deeper numerical or experimental
investigations by examining more precast reinforcement
concrete specimens.
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