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Abstract: The accurate prediction of nonlinear structural behaviors under different seismic intensities
is an important basis for seismic resilience assessments of building structures. The moment–rotation
relationship is often used to characterize the seismic performance of connections, and is widely used
in high-efficiency nonlinear structural analysis. In this paper, a method of calculating the curve using
a four-linear equivalent model is presented, aiming to quantify the characteristic point parameters of
the moment–rotation curves of monolithic precast beam–column (MPBC) connections for engineering
design purposes. The method considered the contribution of the elastic flexure of beams and columns,
the relative slip of beam longitudinal bars in the core zone, and the formation of plastic hinges at
beam ends to the total deflection. Due to the presence of local complex configurations in MPBC
connections, the fine fiber section method was used for moment–curvature analysis of critical beam
sections. The determination of the sectional analysis processes was controlled by the strain of steel
bars or concrete or their coupling effect. In addition, a two-step method was proposed to construct the
moment–rotation relationship of cruciform beam–column connections for solving the deformation
compatibility of beams on both sides of the column caused by asymmetric reinforcement and the
strength difference between new and old concrete. To reflect the current manufacturing level of
MPBC connections, 58 representative specimens reported in recent years were analyzed and classified
as type 1–5. All types of MPBC connections and their 18 cast-in situ counterparts were calculated
using the proposed method for both verification and quantification. The verification showed that the
proposed method had good applicability to both cast-in situ and precast beam–column connections.
The quantification showed that the characteristic point parameters were slightly different between
these two connections. Accordingly, modification coefficients were suggested for MPBC connections
to facilitate design.

Keywords: seismic resilience; moment–rotation curve; monolithic precast; beam–column connec-
tion; quantification

1. Introduction

In recent years, due to the encouragement of the government, monolithic precast
frame structures have been vigorously applied in China. However, the difference of non-
linear behavior between cast-in-place and precast structures has not received attention in
design and seismic resilience assessments. The determination of the structural damage
state is an important part in the seismic resilience assessment of buildings, which is also
the basis for the calculation of repair cost, building repair time, and casualties. Therefore, it
is necessary to investigate the force state of the connections under different deformations
for scientifically evaluating the seismic resilience of monolithic precast frame structures.
The moment–rotation relationship is an intuitive reflection of the mechanical behaviors of
concrete members or their subassemblies, which includes the fundamental performance
parameters, i.e., initial stiffness, load-carrying capacity, ductility, and nondestructive dis-
placement. Additionally, the cumulative energy dissipation capacity of members relies on
their ductility, and thus can be indirectly compared to the moment–rotation relationship
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when the hysteresis curve shows no obvious pinch effect. The moment–rotation curve can
be utilized for the rapid definition of the nonlinearity of concrete members. Therefore, it is
widely adopted by commercial analysis software and is preferred by engineering design-
ers. Reliable structural nonlinear analysis results can be obtained if the moment–rotation
relationship of the components can be accurately predicted.

The precast concrete structure is a product of the progress of modern industrialization.
Its development is of great significance to improve building quality, environment protection,
and intelligent construction level. The construction process of a monolithic precast frame
basically goes through three stages: component factory processing, transportation, and
field assembly. The basic components of the frame (e.g., beams, columns, slabs) are divided
into individual members to be manufactured and cured in the component factory. After
the members reach the construction strength, they can be transported to the site and
assembled in order. Since the prefabricated members can withstand the construction
loads during the assembly stage, the use of scaffolding is reduced to a certain extent.
Some self-sustaining measures, such as thickened beam U-shells, corbels or a temporary
steel angles arrangement, and diagonal bracing bars in the core zone, also meet this
purpose [1–3]. During on-site construction, the members are integrated by a reliable
connection of reinforcements and post-poured concrete. Therefore, the connection between
prefabricated members becomes the key link for the quality control of frame structures.
Among these connections, column–foundation connections and beam–column connections
are two parts that determine the structural safety. Column–foundation connections are
generally achieved by sleeve grouting, and have been extensively used in engineering. In
tensile tests of grouted sleeves, the steel bars usually fracture outside the sleeves [4,5], and
the reliability of such a connection has also been confirmed in relevant joint tests [6]. By
contrast, beam–column connections are of diverse configurations, and have more options
in the location of the post-casting area, the connection and anchorage methods of the steel
bars, the treatment of the concrete-connecting interface, the type of bars and concrete, the
usage of special materials, and other aspects. Therefore, some scholars remain in search of
the possibility of improving their performance [7–9]. Since the design strategy of MPBC
connections is to emulate cast-in situ connections, the original calculation methods are used
in their usual design [10], except for the additional structural measures [11]. There is an
urgent need to understand the differences between the emulated connections and cast-in
situ connections in bearing capacity and deformability, because these differences will affect
the seismic performance of the whole structure. Both of the two aspects are included in the
moment–rotation curves. Therefore, it is quite necessary to quantify them.

At present, analysis methods for the moment–rotation relationship of cast-in situ beam–
column connections have been reported [12,13]. The results of the used methods were
verified with the data from completed tests and empirical modifications were given for the
general application of these methods. Considering the shear failure of existing bridge piers
constructed in accordance with old codes, a flexure–shear interaction numerical model was
proposed [14]. The model explained the different failure modes (ductile bending failure and
brittle shear failure) of specimens caused only by different reinforcement ratios well. As for
precast beam–column joints, a hybrid system developed by the PRESSS program, using
unbonded post-tensioned tendons and mild steel for realizing self-centering and energy
dissipation capabilities, has been tested and modeled [15,16]. The analytical model of
parallel rotational springs representing the two moment contributors, respectively, proved
satisfactory. However, there are few verifications for MPBC connections. On the one hand,
the existing calculation methods are no longer applicable due to the diverse and complex
local configurations of the above-mentioned MPBC connections. On the other hand, there is
a lack of experimental foundations for the verification of calculating methods since relevant
test reports have accumulated only in recent years.

The purpose of this paper is to propose a calculation method suitable for predicting
the moment–rotation behaviors of MPBC connections based on the calculation concept of
the traditional cast-in situ connections. A large number of test results, reported in recent
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years, were used as the database to quantify the moment–rotation relationship of MPBC
connections. On this base, modification coefficients were given to provide a reference for
relevant engineering designs.

2. Proposed Method

A common method for simplifying the moment–rotation curve or force–displacement
curve is the adoption of a multi-fold line. In general, the tri-linear model has been able
to reflect the nonlinearity of members approximately, and is extensively used [17]. In this
paper, the four-linear model was adopted [18]. By adding an elastic limit control point
(point A in Figure 1) before the yielding of the member, the elastic stiffness information
can be expressed more accurately. This is helpful when evaluating the initial damage
of the components. Figure 1 shows the force–deformation feature of a typical cruciform
beam–column joint and the idealization of its positive moment–rotation curve. When the
length of the upper and lower columns is the same, the maximum bending moment of the
columns is half of the total. Points A–D on the dashed line are the cracking point, yield
point, peak point, and ultimate point, respectively. Point A is at the position where stiffness
deviates. Point C is the maximum moment point on the curve. Point B is the point of
tangency of the parallel line of the origin to line C on the M–θ curve. This is commonly
named the farthest point method, and its effectiveness was confirmed in reference [19].
This definition approach is relatively objective and easy for machinery computation. Point
D is generally considered the failure point of the connection. Through these definitions, an
actual behavior can be idealized as a four-linear line; thus, the solution of the actual curve
can be simplified as the calculation of characteristic point parameters (moment value and
rotation value for each point).

Figure 1. Idealization of moment–rotation relationship.

2.1. Calculation of Moment at Beam End

For a beam member, the moment at point A was deemed as the cracking moment Mcr,
and was calculated by the following formula:

Mcr = γ ftW0 (1)

where, γ is the plastic influence coefficient of the sectional resistance moment, which can be
calculated by γ = (0.7 + 120/hb)γm [10]. Here, hb is the beam depth, which was given the
value of 400 mm when hb < 400 mm. For a rectangular section, 1.55 was adopted for the
coefficient γm. The f t in Formula (1) is the tensile strength of concrete, and W0 is the elastic
resistance moment of the tensile edge. Figure 2 shows the concrete at the top side of the
beam reaching its cracking strain, εt. The steel bars were equivalent to the concrete sections
at the same position. For the upper steel bars, the equivalent area A1 = (Es/Ec)As,top
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was obtained by Formula (2), where Es and Ec are the elastic modulus of steel bars and
concrete, respectively, and As,top is the sum of areas of the upper longitudinal bars. The
area A2 can be calculated by the same method. According to the equal static moment of the
tension zone and the compression zone, Formula (3) can be obtained and used to calculate
the neutral axis depth x. Then, the inertia moment I0 of the section can be calculated by
Formula (4). W0 can be obtained by I0 (W0 = I0/(hb − x)). The same method can be used
when the concrete at the lower side reaches its cracking strain.

As,topεs,topEs = A1εs,topEc (2)

1
2

bbx2 + A2(x− as,bot)
2 =

1
2

bb(hb − x)2 + A1
(
hb − x− as,top

)2 (3)

I0 =
1

12
bbhb

3 + A1
(
hb − x− as,top

)2
+ A2(x− as,bot)

2 (4)

Figure 2. Equivalent section for calculating W0 and its strain relationship.

The moment at point B was deemed as the yielding moment My, and the steel bars on
the tensile side were considered yielding in the calculation. As shown in Figure 3, Formula
(5) can be obtained by the deformation relationship. Thus, the strain of concrete and steel
bars in the compression zone was correlated with the depth x of the compression zone.
The stress–strain constitutive relationship of introduced concrete and steel bars is shown
in Figure 4. Considering the confined effect of the stirrups, the modified Kent and Park
stress–strain model was used for concrete [20,21], with the position of the centroids of
the steel bars (as,top, as,bot in Figure 2) as the boundaries of the confined concrete. The
equivalent bilinear model was adopted for reinforcement, and the post-yield stiffness k2
was 0.6% of the elastic stiffness k1. Thus, the corresponding stresses σc,bot and σs,bot of
the concrete and the steel bars in Figure 3 were obtained. Formula (6) can be derived by
the equilibrium condition of the force in cross section, so as to find x. In the solution of
integrals, the beam section was divided into 1 mm high fiber sections. When the solution
accuracy was x < 1 mm, the section was considered to be in force equilibrium. This fine
fiber section method is suitable for precast connections because it is convenient to consider
the difference of concrete strength within the same section due to batch casting. My was
calculated through Formula (7). In this process, the yield of longitudinal reinforcement was
deemed as the only yield criterion of the whole beam.

εc,bot

x
=

εs,bot

x− as,bot
=

εy

hb − x− as,top
(5)

∫ x

0
σcbbdx + σs,bot As,bot = fy As,top (6)

M = σs,bot As,bot
(
hb − as,top − as,bot

)
+
∫ x

0

(
hb − as,top − x

)
σcbbdx (7)
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Figure 3. Stress and strain diagram of beam section when yielding.

Figure 4. Simplified constitution of materials.

In the calculation of the peak moment Mp at point C, the strain of the steel bars at the
tensile side of the beam was taken as a variable. For instance, the unidirectional tensile
process of the upper steel bars was simulated approximately by the constant increase of
εs,top (εy deemed as the initial value); thus, a new equilibrium condition was formed and
the depth x of the compression zone was solved by Formula (6). Then, the moment value
at each equilibrium state was obtained by Formula (7), and Mp was the local maximum
in the obtained M sequences, which ensured that the concrete at the compressed edge
reached its peak strength. In this process, concrete strain was one of the criteria for
terminating calculation.

The ultimate moment Mu at point D was controlled by the strain of concrete and
reinforcement. When compressed concrete at the edge lost its strength (lower than 3 MPa)
or the strain of tensile steel bars reached 0.06, the moment obtained was deemed as the
ultimate moment. The two criterion conditions are relatively conservative, because point
D is considered to be reached only when the strength of the connection decreases by 15%,
or when there is a risk of subsequent loading in related tests, while, at that time, the
protective concrete at the beam end has usually all spalling off. In addition, the steel bars,
in accordance with the industry standard, will not fracture when the strain reaches 0.06
(the minimum guaranteed values for delivery inspection of ductility characteristics of
reinforcement were given in Table 6 of code [22]). The moment value of point D can also be
calculated by Formula (7).

2.2. Calculation of Column Rotation

The column rotation in this paper was contributed to by four mechanisms, namely,
the elastic flexure of the beam, the relative slip of beam longitudinal bars in the core
zone, the plastic hinge at the beam end, and the flexural deformation of the column
(Figure 5). The design concept of “strong columns and weak beams, strong joints and weak
members” was generally followed in the structural design, so the relative rotation caused
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by shear deformation in the core zone was ignored [12]. Rotation values generated by these
mechanisms were identified as θ1–θ4.

Figure 5. Four mechanisms contributing to column rotation.

The rotation value θ1 was obtained by dividing the elastic deformation of the beam by
its clear length lb (Formula (8)), where Mb is the moment at the beam end, E is the elastic
modulus of concrete, and Ib is the effective inertia moment of the beam section. It should be
noted that the maximum value of Mb is My, beyond which the plastic hinge will appear and
the curvature within the length of the beam will no longer maintain a linear distribution.

θ1 =
Mblb
3EIb

(8)

The rotation value θ2 was calculated by the two-stage bond-slip model proposed by
Sezen and Setzler [23,24], as shown in Figure 6. When the concrete strain was ignored, the
development length Ld can be solved by the equilibrium condition of the axial tension and
bond forces of the reinforcement. Then, the amount of slip s of the steel bars was obtained
by Formula (9). Using the two-stage strain distribution model in Figure 6, Formula (9) can
be expressed in the form of Formula (10), where d is the diameter of the steel bars. Since
the depth x of the compression zone of the beam end in each loading phase was accurately
solved, θ2 was calculated by Formula (11), where as is the edge distance of steel bars (as,top
or as,bot).

s =
∫ Ld

0
εsdx (9)

s =


εsσsd
8
√

fc
εs ≤ εy

εy fyd
8
√

fc
+

(εs+εy)d(σs− fy)
4
√

fc
εs > εy

(10)

θ2 =
s

hb − as − x
(11)
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Figure 6. The two-stage bond-slip model, adapted from ref. [23].

Assuming that the length of plastic hinge was hb/2 and that the curvature within
this range was uniform [25,26], the maximum curvature φmax was obtained by strain
distribution on the beam section at the interface of the beam and the column:

φmax =
εs

hb − as − x
(12)

The curvature φmax here can be considered as the superposition of the uniform cur-
vature within the range of the plastic hinge and the yield curvature φy. Thus, the rotation
value θ3 can be obtained by the following formula:

θ3 =
(
φmax − φy

)hb
2

(13)

The rotation value θ4 was the ratio of the sum of flexural deformation of the upper
and lower columns and the total height, as shown in the following formula, where Mc is
the maximum moment of the column, lc is the clear height of the column, and EIc is the
flexural rigidity of columns.

θ4 =
2
3
· Mclc2

(2lc + hb)EIc
(14)

2.3. Construction of Moment–Rotation Relationship

For T-shaped exterior beam–column connections, some of θ1–θ4 will contribute to
the total deformation for each calculated characteristic moment value. The θ values of
each moment were added up for the corresponding column rotation. Therefore, the four
required characteristic points can be obtained in both positive and negative directions. For
example, the result of the positive direction was similar to the dashed line in Figure 1. Since
there is only one beam in a T-shaped connection, the cumulative method is applicable to
both symmetric and asymmetric reinforced beams.

However, for cruciform interior beam–column connections, beams on the left and
right sides of the column do not crack, yield, or fail simultaneously in case of asymmetrical
reinforcement or different concrete strengths on the upper and lower beam sections (such
as the commonly used laminated beams). This is because the mechanical behaviors of
the positive and negative directions of the beam are different, but the beams on both
sides of the column need to satisfy the deformation compatibility condition. Therefore,
a two-step calculation method is proposed in this section, as shown in Figure 7. In step
1, since the effect of beam deformation on column rotation θ1–θ3 is a series system, the
moment–rotation behavior of the beam at one side can be obtained by superposition. The
superposition results are controlled by four points in both positive and negative directions,
respectively (the positive result of one beam is like the heavy line of step 1 in Figure 7). In
step 2, considering the deformation compatibility of the beams on the left and right sides
(marked as beam 1 and beam 2 in Figure 7), the total M–θ curve (marked as sum result in
Figure 7) controlled by 7 points (the beam that was destroyed first represents the failure of
the entire joint) can be obtained by summing the M–θ curves of the beams on left and right
sides calculated from step 1. The result of this operation is approximate because the control
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points of the same beam (the solid lines of beam 1 and beam 2 in step 2) do not strictly
satisfy the linear relationship. Then, the final result can be obtained by superposing θ4 on
the sum result and considering the influence of the P-∆ effect (M− Pθ(2lc + hb)). Here, M
is the total moment, and P is the axial force at the top of the column. The shear behavior of
the core zone can also be adopted in step 2 if it is a vital component.

Figure 7. Calculation method of moment–rotation relationship for cruciform connections.

3. Test Database

A total of 17 low-cyclic loading tests of MPBC connections in recent years (in the last
five years) were selected for the quantification of the moment–rotation relationship. A total
of 76 specimens, including 58 precast connections and 18 cast-in situ counterparts, were
selected from these tests. Almost all the precast connections have their counterparts, so
the comparison between them is appropriate. These tested beam–column connections are
empty frames, excluding floor slabs and filler walls. In the form, there are T-shaped exterior
connections, cruciform interior connections, and L-shaped top connections, covering almost
all forms of the beam–column connections of the frame structures. These specimens follow
the principle of “strong columns and weak beams, strong joints and weak members”, and
their reported failure modes were basically controlled by the flexural failure of beams.
Therefore, the calculation method in this paper can basically represent all the loading and
deformation characteristics of the connections.

Due to different configurations, the selected precast specimens were classified into
five categories, as shown in Table 1. The basis for such classifications was the position of
the post-casting concrete and the anchorage position and anchorage methods of the steel
bars. Differences in these two aspects between connections in different categories can be
seen in the descriptions and connection details in Table 1. The reason for such classification
is that, due to the use of the fine fiber section analysis method, the range and strength of
post-casting concrete will affect the definition of fibers. If the plastic hinge regions at the
beam ends are completely cast-in situ (type 4 and type 5), the strength characteristics of the
concrete fibers are only affected by a constrained effect; if the areas are layered (type 1–3),
the strength difference between old and new concrete is taken into account when defining
the material properties. Similarly, the connecting methods of the beam longitudinal bars
will directly affect the use of steel bars in the calculation processes. Beam longitudinal bars
in different categories used for analysis were highlighted in the connection details. The
configurations of these five types of beam–column connections are broadly representative,
and basically cover those of the existing MPBC connections.
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Table 1. Information of selected specimens.

Type Researchers Specimens Descriptions Connection Details

Type 1

Lee et al. [27] (2017) A2, A3, B2, B3 (1) Post-casting concrete in the core zone and on the upper
beam.
(2) Beam bottom bars protrude into the core zone for
anchorage.

Gou et al. [28] (2018) P-RC, P-ECC1–5
Hou et al. [29] (2018) YKJ-1, YKJ-2
Zhao et al. [30] (2019) PK-1–4

Zhang et al. [31] (2020) P-HUPC1–4

Type 2

Guan et al. [32] (2018) S2, S3 (1) Post-casting concrete in the U-shaped keyway, on the
upper beam, and in the core zone.
(2) Beam bottom bars protrude into the core zone for
anchorage.

Guerrero et al. [33] (2019) Specimen 2–4
Yang et al. [34] (2019) SP-1–4
Lin et al. [35] (2021) PU-30, PU-45, PU-80

Type 3 Liu et al. [36] (2019) JC40, JC45, JC50 (1) Post-casting concrete in the U-shaped keyway, on the
upper beam, and in the core zone.
(2) Beam bottom bars do not protrude into the core zone;
additional bars are used for lapping in the keyway.

Gou et al. [37] (2019) PU-ECC1–4

Type 4
Wahjudi et al. [38] (2015) BCC Type 2–5 (1) Post-casting concrete at the beam end; the core zone is

prefabricated.
(2) Beam bars and re-bars protruding from the core zone are
mechanically connected or lapped in post-casting areas.

Feng et al. [39] (2018) PJZ-1–2
Yan et al. [4] (2018) P1–5

Type 5
Lu et al. [40] (2018) JMC3, JME3, JSC2, JSC4, JSE2 (1) Post-casting concrete at the beam end, on the upper beam,

and in the core zone.
(2) Beam bottom bars do not protrude into the core zone;
additional bars are used for lapping in beam ends.

Yan et al. [41] (2018) PPCJ1~2
Ghayeb et al. [42] (2020) PRCC
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Four parameters, including the concrete strength f c (prism strength), the diameter of
beam longitudinal bars d, the yield strength of beam longitudinal bars f y, and the clear
span–depth ratio of the beams 2lb/hb, of the selected 76 specimens were counted, as shown
in Figure 8. This shows that f c is mainly distributed in 30–60 MPa, d in 16–25 mm, and f y in
400–500 MPa, and the span–depth ratio of the beams is about eight. These parameters can
accurately reflect the material types and member sizes commonly used in engineering.

Figure 8. Parameter statistics of the selected specimens.

4. Quantification Results

The moment–rotation curves of all the MPBC connections and the corresponding
cast-in situ connections in Table 1 were calculated according to the proposed method in
Section 2. Two loading patterns, including loading at the column top and anti-symmetric
loading at beam ends, were applied in these tests. For verification with the test results,
the relative rotation of columns and beams was calculated, respectively, to correspond
to the loading patterns. When the mechanical behaviors of the left and right beams of
the interior joints are different (as with beam 1 and beam 2 in Figure 7), there are seven
characteristic points on the curves in positive and negative directions, respectively. That is,
there are two results for the cracking points, yield points, and peak points in each direction
(the two results represent the same state of beams on both sides). The cracking point and
yield point with larger ratios and the peak point with larger moments were selected as the
characteristic points of the joint to quantify the relevant parameters of the moment–rotation
relationship. Figure 9 shows the quantification results of each characteristic point based on
the calculated values. Solid points are the results of cast-in situ connections, and hollow
points are the results of precast connections. Values on the x-axis are the test rotation of the
corresponding characteristic points. Values on the y-axis are the ratio of calculated values
and test values. Two statistical parameters, mean and standard deviation, were identified
in Figure 9. The mean value was used to quantify the difference of characteristic point
parameters between cast-in situ connections and MPBC connections, and the standard
deviation was used to verify the accuracy of the proposed method. Although the number
of cast-in situ connections and precast connections is different, almost all precast specimens
have their counterparts. Additionally, their calculation method was the same. Therefore,
the comparison between them is reliable.
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Figure 9. Quantification of each characteristic point of the moment–rotation relationship based on
calculation results. Note: The solid points are the results of cast-in situ connections, the hollow points
are the results of MPBC connections, and the dashed lines are the mean lines. (a) Comparison of
initial stiffness; (b) Comparison of My; (c) Comparison of θy; (d) Comparison of Mp; (e) Comparison
of Mu; (f) Comparison of θu.

Because of the small change of stiffness at the initial stage of cracking, it is difficult
to accurately determine the cracking point. Therefore, the initial stiffness, characterizing
the structural behavior before cracking, was analyzed, as shown in Figure 9a. The initial
stiffness values are discrete after quantification since the results are densely distributed
between 0.5 and 2.0. The quantitative mean values of cast-in situ and precast connections
are 1.34 and 1.37, respectively, indicating that the calculated stiffness is larger than tested.
This phenomenon is predictable because the elastic stiffness is sensitive to the mounting
errors of the loading devices in tests. In addition, the stiffness of specimens in the positive
and negative directions is usually different, because the initial loading damage often leads
to the reduction of the stiffness in the other direction. Nevertheless, it can be found that their
mean values are very close, and their standard deviations are almost the same. Therefore,
we can conclude that the initial stiffness is consistent between MPBC connections and
cast-in situ connections. For the yield points (Figure 9b,c), the standard deviations of
the moment (0.10, 0.19) and rotation (0.17, 0.19) are acceptable after quantification. In
terms of the mean values, precast joints have smaller yield moments and larger relative
rotation (higher mean values indicate smaller experimental values), suggesting that the
pre-yield stiffness of MPBC connections is smaller. For peak points, Figure 9d shows that
the calculated peak moment is also highly reliable (standard deviations are only 0.11, 0.13),
and the moment of precast joints is slightly lower. The rotation values of peak points were
not quantified, because the stiffness of beams after yielding is small and the displacements
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of these points are of little significance to structural analysis [12]. For ultimate points
(Figure 9e,f), the quantification results are more discrete compared to those of yield points
and peak points, because the nonlinearity of joints is extremely high and the destruction
of joints is controlled by various mechanisms. The quantified ultimate moment values
are similar (1.12 and 1.16, respectively), but the rotation of precast connections is larger.
Therefore, there is no need to worry about the insufficient ductility of MPBC connections. In
addition, it is noted that the data set in Figure 9f is negatively sloped, which is not parallel
to the horizontal line, where the mean is. This is determined by the relatively conservative
calculation method of ultimate points in this paper. Of course, it can be seen from the
horizontal axis that the failure rotation of most tested specimens is greater than 4%, which
has far exceeded the requirements in the current code [43]. Therefore, the smaller estimate
of the large displacement value is acceptable, since the application scenarios in that state
are very limited.

The modification coefficient of each quantification parameter of MPBC connections
was obtained by dividing the mean value of the corresponding quantification parameter
of the cast-in situ joints by that of the precast joints (see Figure 9), and the modification
coefficients of six parameters are listed in Table 2. If the modification coefficient is greater
than 1, the relevant parameter would be modified to a larger value. Overestimating the
ductility and bearing capacity of joints will reduce the design requirements, resulting in
unsafe design results. The modifications that deviate from conservation design concepts
are regarded as favorable factors, and, vice versa, are unfavorable factors. Based on the
principle of “considering unfavorable factors and ignoring favorable factors” in engineering
design, the modification of θu can be ignored. The modification coefficient of K1 is close to
1, and this coefficient can also be neglected considering the error interference of statistical
samples. Although the coefficient (0.96) of Mu is unfavorable, the ultimate moment values
of precast joints are the result of larger displacements and, thus, can also be ignored.
Therefore, the modifications to the yield moment, yield rotation, and peak moment of the
MPBC connections can be adopted when they are designed based on the equivalent cast-in
situ method.

Table 2. Modification coefficients from quantification.

Relevant Parameters Modification Coefficients Adopted or Not

K1 0.98 No
My 0.93 Yes
θy 1.03 Yes

Mp 0.95 Yes
Mu 0.96 No
θu 1.22 No

All calculated moment–rotation curves and the corresponding test results were com-
pared. Two typical results with good prediction and two typical results with poor prediction
are presented in Figure 10, respectively. The figure also illustrates the contribution value
of each deformation mechanism of the beams and the column when loading in positive
and negative directions to the total rotation. As is shown, before yielding, the flexural
deformation of beams is the main rotation source, and after yielding, the beam hinge
deformation is the main rotation source. Despite some differences in bearing capacity
and stiffness deviations, it can still be considered that the proposed calculation method is
suitable for predicting the moment–rotation relationship of MPBC connections.
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Figure 10. Comparison of prediction and test results of moment–rotation curves. (a) S2 adapted from
ref. [32]; (b) A2 adapted from ref. [27]; (c) P-ECC2 adapted from ref. [28]; (d) Specimen 3 adapted
from ref. [33].

5. Conclusions

A great concern of designers in recent years is whether the traditional section analysis
method of cast-in situ connections can be directly used for the design and analysis of
MPBC connections. Given the complexity of local configurations of MPBC connections,
the fine fiber section analysis method was used and the confined effect of stirrups was
considered for moment and strain computation. Moreover, four mechanisms affecting
the joint deformation were taken into account and a two-step construction method was
proposed for solving the deformation compatibility of beams. Therefore, the method
for calculating four-linear idealized M–θ curves of MPBC connections was formed. In
order to verify the accuracy of the proposed method and quantify the characteristic point
parameters, the moment–rotation curves of 58 commonly used MPBC connections and
their 18 cast-in situ counterparts were calculated. The main conclusions are as follows:

(1) The proposed calculation method for the moment–rotation relationship is suitable for
both MPBC connections and cast-in situ connections. The bearing capacity and defor-
mation capacity of beam–column connections can be well predicted by this method;

(2) The accuracy of the moment–rotation relationship between cast-in situ connections
and MPBC connections calculated by this method is highly consistent and satisfac-
tory. Therefore, the deformation mechanisms considered in this paper are sufficient
to reflect the deformation sources of beam–column connections, and there is no
need to consider new participation components when calculating the deformation of
MPBC connections;

(3) The quantification results suggest that the yield strength, peak strength, and pre-
yield stiffness of MPBC connections are smaller than those of cast-in situ connections,
and modifications to them can be adopted during design. The ductility of MPBC
connections is sufficient. There is no need to modify their ultimate bearing capacity
and ultimate displacement during calculation or analysis.

There are still some shortages in this study, which need to be further investigated in the
future. Since the shear deformation of the core zone was not considered, the beam–column
joints for calculation need to be designed by the principle of “strong columns and weak
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beams, strong joints and weak members”; that is, the joints are finally destroyed by the
flexural failure of beams. The calculation method in this paper is not appropriate for joints
of shear failure. When calculating the relative slip of steel bars, it was defaulted that the
anchorage length of steel bars with different anchorage methods was sufficient; that is, the
pullout failure mode of re-bars was not considered.
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