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ABSTRACT The paper presents numerical findings of reinforced concrete interior beam-column joints under
monotonic antisymmetrical load. The finite element models considered compression and tension damage were calibrated
by test results in terms of the load-displacement, failure modes, and strains of longitudinal steel. The emphasis was put on
studying the effects of hoop reinforcement ratio in joint core and the axial compression ratio on the responses of the joints.
The results show that, in addition to the truss and strut-and-tie mechanisms, the confinement mechanism also existed in
the joint core. A certain amount of stirrup is not only able to enhance the confinement in joint core, undertake a part of
shear force and thus to increase the shear capacity, prevent the outward buckling of steel bars in column, improve the
stress distribution in joint core, delay cracking and restrain the propagation of cracks, but also to increase the yield load,
decrease the yield displacement of beam and improve the joint ductility. However, excessive horizontal stirrups contribute
little to the joint performance. In a certain range, larger axial compression ratio is beneficial for the joint mechanical

behavior, while it is negative when axial compression ratio is too large.
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1 Introduction

Over past decades, great accomplishments have been
achieved in uncovering mechanical mechanisms, modeling
shear strength, and updating seismic resistant design of
reinforced concrete (RC) beam-column joints. Never-
theless, due to the complex stress distribution in joint
core and adjacent areas of a RC beam-column joint,
consensus hasn’t yet been reached in understanding this
critical problem. Truss-based analogy [1,2] and strut-and-
tie model [3-5] are two typical models for analyzing the
joint mechanical mechanisms with high recognition.
Although these two theories have provided excellent
conceptual tools to approximately visualize the internal
forces transfer in joint core [6—8], it is believed that they
cannot comprehensively consider the effect of stirrups on
the structural behavior of RC beam-column joints and the
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detailed responses in joint adjacent areas, such as the beam
end zone [9,10].

A great number of experimental studies about the
mechanical behavior of RC beam-column joints have been
conducted in research community. Based on those valuable
results, various international design codes have been
established [11-14]. According to the methods for
determination of the stirrup quantity demanded, the current
codes can be classified into two categories. One obtains the
amount of stirrups in joint core as per shear strength model
based on standard truss model [11]. The other is based on
the strut-and-tie model, which emphasizes that it only
needs to control the maximum shear compression ratio and
determines the design of stirrups according to the
minimum hoop reinforcement ratio [12]. By comparing
various codes [11-14], it is found that the hoop reinforce-
ment ratio in joint core region varies in different codes. A
more detailed critical review of international design codes
of RC beam-column joints are available elsewhere [6—
8,10].
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Great efforts have been made in understanding the effect
of hoop reinforcement ratio in joint core [3,15-18]. It was
found that further increase in hoop reinforcement ratio in
joint core has a very limited effect on improving the joint
shear strength when the reinforcement ratio larger than
0.45% and 0.55%, respectively [19]. However, Kim and
LaFave [9] and Haach et al. [20] quantitatively emphasized
the effect of stirrups on the distribution of stress-strain
states.

Current codes and research results also showed
discrepancies in comprehending the influences of axial
load ratio on RC beam-column joints. As per Eurocode 8
[13] and NZS 3101 [11], when the joint attains the
equivalent seismic ductility level, the higher axial load
ratio is, the less the amount stirrups require. However, ACI
318-08 [12] ignores the influences of axial load ratio in
design. Some researchers believed that axial load ratio
shows little influence on joint performance [9], whereas
others favored that it does [6,7,9,16,21].

Over years, the study of RC beam-column joints has
relied mainly on experimental tests. Compared with large
numbers of tests, fewer investigations are available by
means of finite element (FE) method [16,20,22-24]. For
modeling of RC, the damage of concrete should be
considered [25,26] to achieve more accurate results and
stochastic analysis is recommended to demonstrate the
results are reproducible [27-29]. Rabczuk and his
colleagues have been working on modeling of RC and
evolution of cracking by means of various advanced
methods, e.g., FE method [30], meshfree method [31,32],
particle method [33,34], partition of unity method [35],
coupled element free Galerkin/FE approach [36], and
cohesive crack method [37]. Based on those significant and
valuable investigations, a series of highly-acknowledged
results and novel findings have been contributed by
Rabczuk and his colleagues.

During the past 60 years, most of the research focused
on behavior of RC beam-column joints under seismic
loading. However, compared with cyclically loaded joints,
very little information are reported in literature for the
monotonically loaded RC joints [20,21,38—41]. Actually,
remarkable differences exist in the design of joints for
seismic loading or monotonic loading [19,20]. Considering
the fact that the function of joint core stirrups has not been
fully understood and controversy still exists with regard to
the influences of joint hoop reinforcement ratio and axial
load ratio, this paper systematically carried out a series of
three-dimensional FE analysis on RC beam-column
interior joints under monotonic antisymmetrical load. By
analyzing reinforcement strain in joint core and adjacent
regions, the role of joint hoop stirrups in force transfer
mechanism, the influences of axial load ratio and joint
hoop reinforcement on structural responses of joint were
further investigated.
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2 Description of test program
2.1 Test specimens

Three RC interior beam-to-column joint specimens, with
specimen identity (ID) of SP1, SP2, and SP3, were
designed according to Chinese Concrete Code [14].
Table 1 summarizes the general information for those
specimens. Three different kind of longitudinal reinforce-
ment (HRB 335, HRB500E, and HRB600) were used in
SP1, SP2, and SP3, respectively. The letters HRB represent
an abbreviation of the hot-rolled ribbed bar and the figure
represents the nominal tensile strength of steel bar. For
example, HRB600 means the steel bar is hot-rolled ribbed
bar with a yield strength of 600 MPa. The reinforcement
details and geometrical properties of those three joints are
shown in Fig. 1. Specimens SP2 and SP3 had identical
reinforcement layout but the former reinforced with
HRB500E and the latter with HRB600. The targeted
concrete compressive strength for all specimens was
designed to be grade C50 (compressive strength =150
MPa). The average value of three concrete cubes was used
to determine the compressive strength of concrete of each
specimen on the exact day the joint test was conducted.
The material properties of concrete and steel reinforcing
bars are summarized in Table 2.

2.2 Test setup and procedure

Each specimen was subjected to monotonic antisymme-
trical loads applied at beam tips, and a constant axial load
with magnitude of 0.3f;4, (axial load ratio v = 0.3) was
applied on the column of each specimens throughout the
test (Fig. 2). The load was applied in a displacement
control mode at the rate of 0.005 mm/s. Linear variable
differential transformer (LVDTs) were used to measure the
transverse deflection at point where the loads applied.
Strain gauges were placed on both the longitudinal and
transverse reinforcing steels at selected locations within
and around the beam-column joints. The load-displace-
ment responses, strain data and cracking modes were then
used to analyze the structural behavior of the beam-column
joints and to calibrate the FE models. The test setup,
positioning the strain gauges and the LVDTs are shown in
Figs. 1 and 2.

3 FE modeling
3.1 General
FE models have been developed using commercial soft-

ware ABAQUS [42] to carry out numerical analyses. The
nonlinearity of concrete and reinforcement as well as
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Fig. 1 Details of test specimens. (a) SP1; (b) SP2 and SP3.
Table 1 General information of RC interior beam-to-column joints specimens
specimens longitudinal beam, column, transverse reinforcement axial load shear M,
steel bar  longitudinal steel longitudinal ratio in joint core ratio compression My,
bar (one side) steel bar v ratios
number Pov 3
N
SP1 HRB335 2020 12020 6010 1.03% 0.3 0.12 4.95
SP2 HRB500E 3020 12020 6010+ 8010 1.72% 0.3 0.27 2.27
SP3 HRB600 3020 12020 6010 + 8010 1.72% 0.3 0.32 1.90

IniAgi Ly + ZnpAgnLy
bihih,

plane in joint core, respectively; n;, A, and L, are the number of transverse bars along the direction of b; in joint core, the cross section area, and length of one

transverse bar, respectively; 15, Ay, and L, are the number of transverse bars along the direction of 4; in joint core, the cross section area, and length of one transverse

Note: Volume reinforcement ratio of joint core is calculated as p, ; = , in which b; and 4; are the effect width and height of the horizontal shear

N
.fC chc

bar, respectively. Axial compression ratio is defined as v =

is the width of column cross section, and /. is the height of column cross section. Shear compression ratio is defined as A =

, in which N is the design value of axial force on column, f; is the compression strength of concrete, b,

in which vy, is design value of

Vin
Jebihy’

horizontal shear force in joint core. M., and M, are the design values of ultimate moment of column and beam.

damage conditions of concrete under tension and compres-
sion were taken into account to accurately capture the
behavior of the RC interior beam-to-column joints. Test
results of the three interior beam-to-column joints
described in Section 2 were used for FE models validation.

3.2 Element types, boundary conditions, and loading
conditions

The eight-node hexahedral solid element with reduced
integration (C3D8R) and the two-node linear displacement
truss element (T3D2) were adopted to simulate the
behavior of concrete and steel bars, respectively. The
reinforcements were embedded into concrete, which
means the reinforcements are fully bonded to the
surrounding concrete [43]. The interaction of concrete
and steel bars are considered in the FE model by using
tension stiffening, which is a generally accepted modeling
technique in simulating the behavior of RC beam-column

joints [20,44-53]. The boundary conditions and loading
directions are shown in Fig. 2. In FE model, the vertical
and horizontal displacements of column bottom and only
horizontal movement of the column top were restrained.
Both the beam ends were free for applying transverse
loads. Although the exact boundary conditions of the test
specimens cannot be accurately modeled, this slight bias of
simulating the boundary conditions imposes rather limited
influence on the response of full-scale RC concrete
components and structures [27,43]. A constant axial
compressive load was applied at the top of the column
while antisymmetrical vertical loads were applied to beam
tips by means of displacement control manner.

3.3 Material modeling
The elasticity-ideal plasticity-hardening plasticity model as

shown in Fig. 3 was adopted for modeling the steel
reinforcement. The measured material properties including
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Table 2 Materials properties
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specimen steel bar concrete
grade yield strength yield strain  tensile strength Young’s grade compression  tensile strength
/9( MPa) & 1% (MPa) modulus strength 2 (MPa)
E{ (GPa) S (MPa)
SP1 HRB335 427.5 0.0021 548.5 204 C50 484 33
SP2 HRBS00E 543.9 0.0028 703.7 197 C50 48.8 3.4
SP3 HRB600 607.8 0.0031 774.1 194 C50 49.1 3.7

Note: 9, and f2, are the compression and tension strength of concrete based on concrete cube tests.

axial load

) lateral support
steel capping

H

=] LVDT specimen 5
on
— =
=]
f I
+ g
g | l g
ﬁ-__
T 1500 1500 l
S actuator
oy
- loading
direction

strong floor \;@:‘

Fig. 2 Test setup.
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Fig. 3 Steel constitutive model.

elastic modulus (E), yield strength (f;), ultimate strength
(fu), yield strain (gy), strain that hardening initiates (&y), and
hardening modulus Eg, were used. The Poisson’s ratio (v)
of steel materials was set to 0.3.

The concrete damaged plasticity (CDP) model was
adopted to model the nonlinear behavior of concrete. CDP
model in ABAQUS was developed based on the model
proposed by Lubliner et al. [54]. In this model, key

parameters are required to define the concrete behavior
under tri-axial stress states, namely the dilation angle (),
the flow potential eccentricity (e), the viscosity parameter
(1), the ratio of compressive strength under biaxial loading
to the uniaxial compressive strength (f,¢/f."), and the ratio
of the second stress invariant on the tensile meridian to that
on the compressive meridian (K.). Regarding the values of
e, fuo/fe', and K., default values recommended by
ABAQUS were utilized, namely e = 0.1, fiyo/fc' = 1.16,
and K, = 2/3. For the dilation angle (), a value of 35° was
adopted [55,56].

Regarding the elasticity of the concrete model, the
Poisson ratio v was set to 0.2 and the Young’s modulus £,
was given in accordance with Chinese code [57] based on
the measured concrete compressive cube strength. The
stress-strain relationships of concrete under tension and
compression are required by the CDP model apart from the
aforementioned parameters. The constitutive models
proposed by Guo [58] were adopted and typical stress-
strain curves under tension and compression are shown in
Fig. 4.

The stress-strain relation under uniaxial compression is
expressed by Eq. (1).

&
0x + (3-20,)x% + (0, —2)x°, x=-"S<1,

~< _ X 6@0
o) —2 x=—C>1,
ag(x—1)"+x &

(D

where f. is concrete compressive strength taken as the
cylinder strength converted from the measured cube
strength in accordance with Chinese code [57]; ¢ is the
concrete uniaxial compressive strain; o is the correspond-
ing stress when concrete strain is &.; & is the correspond-
ing strain of concrete compressive strength and was taken
as 0.002 [56,59,60]; and a, and ay denote the coefficients
to determine the ascending and descending portions of
concrete stress-strain curve under uniaxial compression
and were set to 1.78 and 2.48, respectively.

When referring to the uniaxial tensile behavior of
concrete, relation described by Eq. (2) was adopted.

; )
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Fig. 4 Damage plasticity model for concrete under uniaxial compression and tension. (a) Compression; (b) tension.

where f; is concrete tensile strength determined by the
measured cube strength in accordance with Chinese code
[57]; & is the concrete uniaxial tensile strain; oy is concrete
uniaxial tensile stress when concrete strain is &; & is the
corresponding strain of concrete tensile strength and was
taken as f; /Eq; and o is a coefficient, taken as 2.81 in this
study, to determine the descending portion of concrete
stress-strain curve under tension.

As for concrete tension and compression damage
parameters, extensive research has been conducted to
investigate their values [61-63]. However, none of these
methods has been exclusively recognized due to the
complexity of concrete material. In this study, the damage
parameters under compression and tension, d., and d;, were
calculated using Egs. (3)—(4).

g,

do=1-——2¢
¢ EO (Sc 7ﬂgc,in)

©)

Oy

d=1-——
' EO(gt_Agt,in)’

“
where ¢. and & are concrete uniaxial compressive and
tensile strains; o, and o, are the corresponding stresses
when concrete strains are . and &, respectively; Ej is the
Young’s modulus of concrete; f and A are coefficients
taken as 0.1 and 0.3, respectively, in this study; &.;, and
&.in are inelastic compressive strain and tensile strain under
tension, given as follows:

gc,in €~ FO, (5)
Euin = at—];i;. 6)

3.4 Convergence study

A convergence study was conducted to determine suitable
mesh sizes for concrete and reinforcement for the interior

beam-to-column joint. Taking SP1 as a case, the influences
of mesh sizes of concrete and reinforcement in beam and
column on load-displacement curves are shown in Fig. 5. It
should be noted that all the FE models in the current study
are full-scale three-dimension ones. The mesh sensitivity
study shows that the mesh sizes of 50 mm are suitable,
which can give accurate predictions of structural behaviors
of the interior beam-to-column joint with reasonable
computational costs.

3.5 Concrete damage parameters

Nonlinear behavior of concrete was considered by
introducing tensile and compressive damage parameters
into CDP model in ABAQUS. The values of the damage
parameters have a significant influence on the simulation
results of the behavior of the joints. Therefore, the
influences of tensile and compressive damage parameters
were studied in this section. Taking SP2 as an example,
Fig. 6 presents the comparison of load-displacement
curves of FE modeling results with experimental test
data under four cases, i.e., no damage considered, only
considering tensile damage, only considering compressive
damage, and considering both tensile and compressive
damage. It can be seen from Fig. 6 that the compressive
damage parameter has a crucial influence on the ultimate
capacity of the joint. Shayanfar and Akbarzadeh [64] also
realized the importance of considering nonlinear behavior
of concrete, reaching the conclusion that ignore nonlinea-
rities in the joint core might crucially affect seismic
performance of RC structures. For the case only compres-
sive damage considered and neglecting tensile damage, the
stiffness (slope) after cracking is obviously bias from the
experimental result. However, after the yielding of long-
itudinal reinforcement, as the load approaching the
ultimate state, the load capacity of FE model is close to
the experimental result. Thus, if only considering the load
capacity, the influence of tensile damage parameter can be
neglected. On the other hand, the FE model considering
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Fig. 5 The influence of mesh sizes on the load-displacement curves. (a) Concrete; (b) reinforcement in beam; (c) reinforcement in column.
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Fig. 6 The influence of concrete damage parameters on the load-
displacement curves.

both compression and tension damage agrees well with the
experimentally obtained curve. Therefore, to fully simulate
the structural response of the RC joint, both tensile and

compressive damage parameters are incorporated in the FE
models for concrete in the subsequent FE simulations.

3.6 FE models validation

To validate the FE models, the load-displacement curve of
the beam tip (beam tip denoted as the point where vertical
load was applied on beam element of the joint, as shown in
Fig. 2), failure models and tensile strains of the long-
itudinal reinforcement in beam element in joint adjacent
region (the locations of strain gauges are shown in Fig. 1)
measured in experimental tests were compared with those
predicted by FE models.

Figure 7 shows the comparison of the load-displacement
curves at the beam tip obtained from experiments and FE
results. It could be seen that the FE models can replicate
the load-displacement curves with a fair accuracy. On the
other hand, failure modes of FE models and experimental
tests for three specimens are shown in Fig. 8, in which
PEMAG is the concrete plastic strain when the beam load
reaches the peak and PEEQ is the accumulated equivalent
plastic strain indicating the material yields when it is
greater than zero. It could be seen from PEMAG
nephograms that all three FE models experienced beam
end flexural failure, which were in consistence with
experimental results. According to the existing knowledge,
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Fig. 7 The comparison of load-displacement curves between FE models and experimental results. (a) SP1; (b) SP2; (c) SP3.

the shear stress level in joint core increases with the shear
compression ratio [65-67]. Thus, SP3, having the largest
shear compression ratio (0.32), reaches the most significant
PEEQ. Although the PEEQ magnitude of SP1 with the
smallest shear compression ratio of 0.12 is slightly larger
than that of SP2, if only consider the joint core area,
however, the PEEQ for SP2 with a larger shear compres-
sion ratio (0.27) is more significant than SP1 in term of
area and extent. This can be reflected by more diagonal
cracks in the joint core for SP2 as shown in Fig. 8. PEEQ
for SP1 mainly occurred in the beam end areas, whereas for
SP2 and SP3 the joint core experience more obvious
PEEQ, which are consistent with the cracking modes
shown in Fig. 8. In general, phenomena above were in
accordance with experimental results so that FE outcomes
were in good match with experimental results regarding to
the failure mode.

The comparison of the tensile strain in the beam end
tensile reinforcement in joint adjacent regions (see Fig. 1
for the location of strain gauge) between FE models and
experiments is presented in Fig. 9. The FE models
appeared to be slightly un-conservative compared to the
experimental result. The maximum relative error is within
13.5% while the average relative error is within 10%,
indicating FE simulations produced acceptable results with
regards to the reinforcement strain.

It is inevitable that minor discrepancies existed between
FE models and experimental tests due to a few assump-
tions in the FE models, e.g., the bond slip between
reinforcement and concrete as well as the boundary
conditions. However, the FE models used in the current
work could produce acceptable results regarding to the
load-displacement curves at beam tip, failure modes at
joint core rejoin and tensile strain in the beam end tensile
reinforcement in joint adjacent regions.

The evaluation of how the uncertain input parameters
influence a specific uncertain output is significant to
demonstrate the reproducibility of FE results. To solve this
tough and easily overlooked problem, Rabczuk and his
colleagues have done some valuable work. Hamdia et al.
[28] developed a methodology for stochastic modeling of
the fracture in polymer/particle nanocomposites. Vu-Bac
et al. [29] put forward a framework that presents sequential
steps consisting of generating random sample data by Latin
Hypercube Sampling (LHS), transforming an arbitrary
distributions into a multivariate normal distribution,
approximating the observed data via surrogate models
and estimating the sensitivity indices for the model with
correlated parameters. However, since the current research
focused on the mechanism investigation of RC beam
column joint, a simplified conventional deterministic
analysis is used to estimate the global responses of a
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Fig. 8 The comparison of failure modes between FE models and experimental results. (a) SP1: test; (b) SP1: PEMAG; (c) SP1: PEEQ;
(d) SP2: test; (e) SP3: PEMAG,; (f) SP3: PEEQ); (g) SP3: test; (h) SP3: PEMAG; (i) SP3: PEEQ.
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Fig. 9 The comparison of steel bar strain between FE models and experimental results. (a) SP1; (b) SP2; (c) SP3.

structure because a small variability exists in such levels
[27].

4 Influence of joint hoop reinforcement
ratio on joint behavior

Difference regarding to RC beam-column joint design
among different countries is mainly reflected by require-
ment of joint core hoop reinforcement ratio. However,
consensus has been reached that shear failure should not be
occurred before beam end longitudinal reinforcement
yielding to ensure sufficient bearing capacity and ductility,
since shear failure always occurs in brittle manner with
small deflection. Therefore, a certain number of stirrups
must be provided in the joint core to satisfy the
requirement of minimum joint hoop reinforcement ratio.
Influences of joint hoop reinforcement ratio on responses
of RC beam-column joint would be investigated in this
section.

Three groups of FE models under different shear-
compression ratios and joint hoop reinforcement ratios
were established. Details of the FE models are as
summarized in Table 3. The concrete cover is set as 25
mm. Stirrups in joint core are placed symmetrically along
central axial surface as shown in Fig. 10. JTO represents

stirrup located in the central axial surface, while JTiB and
JTiT (i=1, 2, or 3) denote stirrups arranged symmetrically
about central axial surface with B and T indicating bottom
and top directions, respectively. Considering the random-
ness of intersecting points between diagonal cracks and
stirrups in the joint core area, the weighted average strain
of each stirrup element in a stirrup leg parallel to beam
length (P-direction) was denoted as JTO-P strain value,
while average strain of another two stirrup legs vertical to
beam length (V-direction) was chosen as JTO0-V strain
value.

4.1 Effect of joint hoop reinforcement ratio on stirrup strain
against column end axial compressive load

Variation of average stirrup strain in joint core under the
process of applying column end axial compressive load
(without load applied on beam tip) is shown in Fig. 11. An
interesting phenomenon could be seen from the figure that
stirrup strain in joint core was in proportion to column end
axial compressive load with the maximum strain occurred
in stirrup located in the central of the joint. The further
from the central region, the smaller stirrup strain could be.
Strain values of stirrups that are located vertically
symmetric were almost the same in joint core, indicating
a relatively even expansion of concrete in the limited
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Table 3 Summary of FE models for parametric study

group ID of FE steel bar beam column stirrup in joint core v A
model kind cross tension cross longitudinal number Pvj
section (mm) steel section (mm) steel
1 NSI1 HRB335 300x400 2020 400x400 12020 1010 0.17 0.3 0.12
NS2 HRB335 300x400 2020 400x400 12020 3010 0.51 0.3 0.12
NS3 HRB335 300x400 2920 400%400 12920 5010 0.86 0.3 0.12
NS4 HRB335 300x400 2920 400%400 12920 7010 1.20 0.3 0.12
2 NS5 HRB500E  300x400 3020 400%400 12920 1®10 0.17 0.3 0.27
NS6 HRB500E  300x400 3020 400x400 12920 3010 0.51 0.3 0.27
NS7 HRBS500E  300x400 3020 400x400 12020 5010 0.86 0.3 0.27
NS8 HRB500E  300x400 3020 400%400 12920 7010 1.20 0.3 0.27
3 NS9 HRB600 300x400 3020 400%400 12920 1®10 0.17 0.3 0.32
NS10 HRB600 300x400 3020 400%400 12920 3010 0.51 0.3 0.32
NS11 HRB600 300x400 3020 400x400 12920 5010 0.86 0.3 0.32
NS12 HRB600 300x400 3020 400x400 12020 7010 1.20 0.3 0.32

Note: py,; = Volume reinforcement ratio of joint core; v = axial-compression ratio; A = shear-compression ratio.

length within joint core area. Furthermore, it could be seen
that, as joint hoop reinforcement ratio increases, strain in
stirrup decreased and strain distribution became more
uniform, which agrees well with the existing experimental
results [68—70]. The primary reason for this phenomenon

could be that, due to more even confinement provided by
closely spaced stirrups, the dilation of joint core concrete is
well restrained resulting in a more even distribution of
lateral strain in concrete. In addition, with the increase of
joint hoop reinforcement ratio, the restraining effect of
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Fig. 11  The relationship between the stirrup strain in joint core and axial force applied on column end. (a) py, ; at 0.51% for NS2; (b) psy

at 0.86% for NS2; (c) pyy; at 1.20% for NS2.

stirrups on joint concrete was enhanced, and the resulted
strain value in each stirrup was reduced.

4.2 Effect of joint hoop reinforcement ratio on cracking and
yielding load of beam element

Cracking load of the RC beam-column joint is defined as
the beam tip transverse load (refer to Fig. 2) causing the
initial flexural crack of beam end near joint area. Yielding
load of RC beam-column joint in this work is defined as the
load applied in beam tip causing the yield of tensile
reinforcement of beam element near the joint (the location
of strain studied is shown in Fig. 2), and the corresponding
beam tip displacement is denoted as yield displacement.
Influences of joint hoop reinforcement ratio on cracking
and yielding loads of beam element under different shear-
compression ratios are shown in Fig. 12.

Figure 12 shows that the cracking load for all the cases is
around 25 kN even though the joint core hoop reinforce-
ment ratio increased from 0.17% to 1.2%, indicating the
joint core hoop reinforcement ratio exerted little influence
on cracking load of beam component regardless of the
value of shear-compression ratios (0.12, 0.27, and 0.32).
On the other hand, it could be found that, under medium
(0.27) and large shear-compression ratio (0.32), the
yielding load of beam element increases with the increase

of joint core hoop reinforcement ratio, but the increment
could be very small when joint core hoop reinforcement
ratio was larger than 0.51%. The effect of joint hoop
reinforcement ratio showed little influence on the yielding
load of beam component under small shear-compression
ratio (0.12). In addition, it could be noted in the figure that
all the curves experienced a minor fluctuation in trend: they
descended first (at around 60 kN) and ascended shortly
when longitudinal steel bar strain near the joint core
(location of strain refer to Fig. 2) reached around 1500
microstrain. This can be attributed to the fact that beam
longitudinal reinforcement throughout the joint core
experienced stress redistribution due to the formation of
new cracks in both beam component and joint core.

4.3 Effect of joint hoop reinforcement ratio on yielding
displacement of beam element

The effect of joint core hoop reinforcement ratio on the
yielding displacement (the location of strain studied is
shown in Fig. 2) of beam under different shear-compres-
sion ratios are shown in Fig. 13. For Groups 1 and 2, it is
found that beam end yielding displacement decreased with
the increase of joint core hoop reinforcement ratio.
However, this trend became rather insignificant when the
ratio reached a certain value. However, For RC beam-
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Fig. 12 Effect of joint core transverse reinforcement ratio on cracking and yielding load of beam element. (a) Group 1; (b) group 2;

(c) group 3.

column joint with higher shear compression ratio (for
example SP3 with shear compression ratio of 0.32), more
shear stress is transferred to the joint core through strut-
and-tie and truss mechanisms [65—67]. As a result, larger
shear deformation and more shear cracks are expected to
occur in the joint core (Fig. 8), which is also consistent
with the findings obtained by Fu et al. [65,66] as well as
Zhang and Wang [67]. For Group 3, on the one hand, too
much hoop reinforcement in joint core contributes little to
restrain the deformation of joint core. On the other hand,
larger shear compression ratio (0.32) increased the shear
deformation of joint core. Thus, under these two opposite
deformation mechanisms, the effect of joint core hoop
reinforcement is not clear. Further research on the
combined effect of joint core hoop reinforcement ratio
and shear compression ratio is need to clarify their effects
on the yielding deformation of RC joint.

4.4 Effect of joint hoop reinforcement ratio on cracking
load of joint core

The influence of joint core hoop reinforcement ratio on
cracking load of joint core under different shear-compres-

sion ratio is shown in Fig. 14. The strain values presented
in Fig. 14 is the average strain value of stirrup leg JTO-P as
illustrated in Fig. 10, which is assumed to be intersected by
diagonal cracks in joint core. The cracking load of the joint
core is represented as the sharp increase of strains in
stirrups. It could be clearly seen that the increase of hoop
reinforcement ratio in joint core delayed the cracking of
joint core to some extent and thus slightly improved
cracking load. But the increment became very insignificant
after joint core hoop reinforcement ratio reached a certain
degree. Owing to the increase of joint core hoop
reinforcement ratio, the restrain effect on joint core
concrete was enhanced, and a more uniform stress
distribution of concrete was generated so that the cracking
of joint core concrete could be postponed and crack load
could be slightly improved.

To explain the stirrup strain variation, the mechanism of
shear transfer in the joint core need to be reviewed. It is
commonly accepted that RC beam-column joints resist
shear by the strut and truss mechanisms as first pointed out
by Paulay et al. [2]. The strut mechanism accounts for the
contribution of the concrete, whereas the truss mechanism
represents the contribution of stirrups. The initial value of
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Fig. 13  Effect of joint core transverse reinforcement ratio on yielding displacement of beam element. (a) Group 1; (b) group 2; (c) group 3.

strain in stirrup is due to the column axial load. At the
beginning of loading the beam, the concrete in the joint
core suffers to limited stress level, and the stress in the joint
is mainly transferred by strut mechanism. Thus, the stirrup
strain seems unchanged. As the increase of load, the
horizontal component of compressive force in the diagonal
strut becomes more and more significant, which makes the
stirrup in the joint core under a compression state. Thus the
stirrup strain decrease. Once the cracking of the joint core
occurs, truss mechanism plays an important role. The
strain of stirrup crossing the diagonal crack increase
sharply. Similar results have been obtained by Haach et al.
[20].

4.5 Effect of joint hoop reinforcement ratio on stirrup strain
vs. A/A, curves

A comparison of average stirrup strain in P- and V-
direction (the directions refer to Fig. 10(a)) under different
shear-compression ratios is shown in Fig. 15, in which A
and A, represent beam displacement under loading point
and the displacement causing the yield of tension steel at

the end of beam (location of strain used refer to Fig. 2),
respectively. Due to the randomness of distribution of
diagonal cracks in joint core, five evenly-spaced points
covering the whole length of stirrup legs in P- and V-
direction were used to obtain the corresponding average
strains. It is observed that the passive constrain forces
sustained by stirrups in P- and V-directions were not
necessarily equal in magnitude, which could be clearly
seen from Fig. 15. Strains of stirrups in both directions
were close to each other under medium and high shear-
compression ratios (e.g., 0.27 and 0.32) when the
displacement reached between 2 to 3 times of the A,.

It could be seen that stirrup strain in P-direction was
always larger than that in V-direction, which is attributed to
the fact the diagonal cracks are mainly intersected with
stirrups in P-direction, as experimentally and numerically
illustrated in Fig. 8. After diagonal cracking in joint core,
strut-and-tie mechanism was triggered in the joint to
transfer shear, resulting in larger sustained strains in stirrup
legs in P-direction. According to constitutive character-
istics of concrete, as the increase of the diagonal
compressive strain, expansion in the other two orthogonal
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Fig. 14 Effect of joint core transverse reinforcement ratio on cracking load of joint core. (a) Group 1; (b) group 2; (c) group 3.

directions transverse to principal compression was increas-
ing accordingly. Stirrup legs in V-direction did not resist
shear directly, instead, the strains of which were mainly
caused by lateral expansion of diagonal compressive
concrete struts generated by truss mechanism and the
passive constrain effect preventing outward buckling of
column longitudinal reinforcement due to axial load.

Another phenomenon is that with the increase of joint
core hoop reinforcement ratio, stirrup strains in both V- and
P-directions decreased, and the differences of strain
between adjacent stirrups were descending, too. This
indicates that, at larger hoop reinforcement ratio, the
strains in one stirrup is more uniform due to more even
dilation of concrete and that shear cracks in joint core
concrete are well restrained, which is consistent with the
experimental finding obtained by Wu and Hu [71] and Hu
and Wu [72,73].

It could be concluded from above analysis that the
restrain mechanism within the joint core existed in addition
to strut-and-tie mechanism. Arranging a certain number of
horizontal stirrups could not only improve the yielding
load of beam element, reduce the yielding displacement
and increase the joint ductility, but also play a significant
role in strengthening the restraining effect on joint core

concrete. Additionally, those stirrups can also resist certain
part of shear stress in joint core, preclude outward buckling
of longitudinal reinforcement, enhance the stress distribu-
tion as well as enable stress redistribution and increase
joint seismic resistance capacity. However, excessive
amount of stirrups is unnecessary since they are not fully
engaged in enhancing joint behavior.

5 Influence of axial load ratio

Axial load ratio is a significant factor that influences the
mechanical behavior of RC beam-column joint
[9,20,23,39]. However, consensus has not yet been reached
in research community for the understanding of this
problem. To study the influence of axial load ratio, FE
models NS1, NS5, and NS9 (Table 3) under axial load
ratios of 0.1, 0.3, 0.5, 0.7, and 0.9 were investigated.

5.1 Effect of axial load ratio on reinforcement strains
(without beam tip force)

The influence of axial load ratio on beam longitudinal
reinforcement strain in joint adjacent regions is shown in
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Fig. 15 Effect of joint core transverse reinforcement ratio on stirrup strain vs. A/A, curves. (a) Group 1; (b) group 2; (c) group 3.

Figs. 16 and 17. The number and location of rebar
elements studied are illustrated in Fig. 18. It could be seen
that beam end reinforcement in joint adjacent regions
experienced tensile strain in the process of application of
column end axial compressive load. It can be also observed
in that the higher axial load ratio was, the larger tensile
strain would be. The strains increased proportionally under
low or medium axial load ratios. However, under high
axial load ratio, tensile strain increased sharply when the
axial load was approaching the maximum value. Figure 17
shows the relationship between the strain of longitudinal
reinforcement elements near the joint core and axial load
ratio. It can be found that the strains of elements 1, 2, 3, and
4 coincided very well. Three mechanisms can be found
behind this phenomenon. First, as the increase of column
axial load, the slight axial compression deformation in the
joint core causes a tensile strain in beam longitudinal
reinforcement near column face; the second is the
Poisson’s ratio effect; and the third is lateral expanded
deformation of concrete transfers a portion of tensile force
to steel reinforcement due to the bond.

5.2 Effect of axial load ratio on cracking and yielding load
of beam element

The effects of the axial load ratio on the cracking load and

yielding load of beam element are shown in Fig. 19. The
location of strain presented in Fig. 19 is illustrated in Fig.
2. The definition of cracking load and yielding load of
beam element are stated previously. It is observed that,
under smaller values (from 0.1 to 0.7), the axial load ratio
showed little influence on beam end cracking load.
However, the beam end cracking load declined obviously
under higher axial load ratio of 0.9.

For NS1, under small shear-compression ratio at 0.12,
the yielding load of beam element increased first as the
axial load ratio increased from 0.1 to 0.5, while it
decreased when the axial load ratio continued to increase
from 0.7 to 0.9. However, for NS5 and NS9 with higher
shear-compression ratio at 0.27 and 0.32, respectively,
yielding load of beam component continued to increase as
the axial load ratio increases but the increment is
insignificant once the axial load ratio larger than 0.5.
These observations show that the increase of the axial load
ratio can enhance the joint capacity to some degree, which
depends on the shear-compression ratio values.

5.3 Effect of axial load ratio on cracking and yielding
displacement of beam element

Figure 20 shows the effect of the axial load ratio on the
beam end cracking and yielding displacement. The
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Fig. 16 The effect of applying the column end axial force on strain of steel element 3. (a) NSI; (b) NS5; (c) NS9.

location of strain presented in Fig. 20 is illustrated in Fig.
2. Generally, with the increase of the axial load ratio, the
beam end yielding displacement decreased, but the
declination was insignificant when the axial load ratio
reached a certain value. This was due to the fact that the
stiffness of joint core increased with the increase of the
axial load ratio so that the shear deformation of joint was
restrained to some extent, and thus the beam end yielding
displacement declined accordingly. On the one hand, the
axial compressive load can increase the flexural stiffness of
the joint. The beneficial confinement effect from axial
compressive load enables the columns being confined with
limited flexural rotation, thus the lateral displacement
contributed by column flexural and column fixed-end
rotation was not significant, as experimental observed by
Li and Leong [23]. In addition, the presence of the column
axial compression enhances the strong column-weak beam
behavior and moves the neutral axis toward reducing the
tensile stress of the longitudinal column reinforcement,
which directly reduces the curvature of column [9]. On the
other hand, the axial compressive load restrains the crack
width of diagonal cracks in the joint core, and thus reduces
the shear deformation [6]. No obvious trend was observed
for the cracking displacement under varying axial load
ratios. The cracking of beam is mainly controlled by the

tensile strength of concrete. In addition, steel bars are
activated to play a role only after the flexural cracking. As
a result, the axial compression ratio has very little influence
on the cracking displacement regardless of the shear
compression ratio values.

5.4 Effect of axial load ratio on cracking load of joint core
concrete

The influence of the axial load ratio on the cracking load of
joint core is shown in Fig. 21. The cracking is
characterized by the sharp increase of strain. The strain
values presented in Fig. 21 is the average strain value of
stirrup leg JTO-P as illustrated in Fig. 10, which is assumed
to be intersected by diagonal cracks in joint core. It could
be seen that the joint core crack load increased to some
degree under low shear-compression ratio (0.12) when the
axial load ratio increased from 0.1 to 0.7. But the axial load
ratio slightly influenced the cracking load of joint core
when the axial load ratio increased to a certain value, e.g.,
0.9. Under medium and high axial load ratio (0.27 or 0.32),
the cracking load of joint core increased gradually when
the axial load ratio increased from 0.1 to 0.7. Nevertheless,
the cracking load of joint core had a significant decline
when the axial load ratio ranged from 0.7 to 0.9, which
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steel bars in beam element.

indicates that high axial load ratio had disadvantageous
impacts on the joint core behavior, which agrees well with
the finding obtained by Li and Leong [23].

6 Conclusions

In this paper, three-dimensional solid elements and CDP
model are used to analyze the RC interior beam-column

joints under monotone antisymmetric loading by means of
ABAQUS. The effects of tension and compression damage
and mesh size on the load-displacement curve of the beam
are studied. The influence of the axial compression ratio
and the reinforcement ratio of the core region on the
structural responses of the RC interior beam-column joints
is presented, compared, and analyzed. The following
conclusions are drawn:

1) For CDP model, the compression damage of concrete
has a significant influence on the structural responses of
RC interior beam-column joints. The capacity of the joint
decreases with the increase of the concrete compression
damage. Concrete tensile damage affects the post cracking
stiffness of the joint, whereas its influence on the joint
capacity is insignificant. It is suggested that both the
compressive and tensile damage of concrete should be
considered in FE model if the structural response of a joint
during the whole load process need to be captured.

2) Under the same shear-compression ratio, the
transverse reinforcement ratio in joint core exerts insig-
nificant influence on the cracking load of beam end. Under
shear-compression ratio of 0.12, the effect of transverse
reinforcement ratio of joint core on the yielding load of
beam end can be neglected. However, under medium
(0.27) and high shear-compression (0.32) ratios, the
yielding load increase with the increasing transverse
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reinforcement ratio in joint core if the ratio is less than
0.51%. However, this positive effect becomes insignificant
when the transverse reinforcement ratio of joint core is
larger than 0.51%.

3) In addition to the presence of the truss mechanism,
there is a constraint mechanism in the joint core area. A
certain amount of horizontal stirrups can increase the yield
load of beam end, increase the ductility of the joint,
enhance the constraint effect on the concrete, transfer shear
and prevent the outward buckling longitudinal reinforce-
ment.

4) Under small and medium shear-compression ratios
(0.12 and 0.27), the yielding displacement decreases with
increasing joint hoop reinforcement ratio provided that the
ratio is less than 0.86%. Further increase of the joint hoop
reinforcement ratio exerts little influence on the yielding
displacement of joint. Under a larger shear compression
ratio (0.32), the effect of joint hoop reinforcement ratio on
the yielding deflection can be neglected if the ratio is larger
than 0.51%.

5) The effect of axial load ratio on yielding load of beam
element is affected by shear compression ratio. Under a
shear compression ratio of 0.12, the yielding load of beam
increase with the increase of axial load ratio when the ratio
is not greater than 0.3. Otherwise, if axial load ratio is

©

Effect of axial load ratio on cracking load of joint core concrete. (a) NS1; (b) NS5; (c) NSO.

greater than 0.3, the yielding load of beam will not increase
or even decrease with the axial load ratio. Under a higher
shear compression ratio such as 0.27 or 0.32, yielding load
of beam element is enhanced by increasing axial load ratio
until a value of 0.5.
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