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ABSTRACT

ARTICLE HISTORY

This paper investigates the hysteretic behavior of steel reinforced beam-column connections with or without double-ribs
and optimizes the reinforced ribs of these connections under cyclic loading. The objective is to give a reasonable range of
double-ribs’ size and fracture behavior of the weld at beam-column connections. Two specimens (the conventional
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beam-column connection and the double-ribbed reinforced beam-column connection) are designed and tested under cyclic

loads. Meanwhile, the finite element models of these two kinds of connections are established. The hysteretic
performance and damage evolution of the connections, such as the failure modes, hysteretic curves, skeleton curves,
stiffness degradations, ductility, and energy dissipation capacities, are analyzed and verified. Moreover, fifteen numerical
models with different lengths of the line (la), the width (b), and the thickness (ts) of reinforced ribs are established for
parametric study. The results show that double-ribs can improve the strength and ductility of the connection. And the FE
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predictions agree well with the experimental results. The reasonable parameters of reinforced ribs of double-ribbed Steel;

reinforced beam-column connection are proposed.
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Hysteretic behavior

1. Introduction

The lateral stiffness of a steel frame depends on the strength and ductility
of beams, columns, and beam-column connections. Therefore, these
connections should be rigid connections [1]. It has been reported in some
literature that during the Northridge earthquake in the United States in 1994 and
the Kobe earthquake in Japan in 1995, brittle damage occurred in many rigid
beam-column connections of steel moment frames [2-4]. To avoid the seismic
vulnerability of steel beam-column connections, the seismic design principle of
"strong column weak beam and strong connection weak member" [5-6] in the
Chinese code is proposed.

Based on the above seismic design principle, the solution of moving the
beam plastic hinge away from the column is proposed by weakening or
reinforcing the connections. Over the years, numerous studies on the
mechanical performance of steel beam-column connections with reduced
beam sections have been carried out in the references [7-14]. In comparison,
relatively few studies [15-21] on the mechanical properties of beam-column
connections with the reinforcement of steel frames have been performed, and
there are especially few results concerning double-ribbed reinforced
beam-column connections. Besides, those studies mainly focused on the
mechanical performance of the connections themselves without considering
the difference in rib size, which may affect the fracture behavior of the
connections. As a result, the major objective of this study is to build and
verify the finite element (FE) models of double-ribbed reinforced
beam-column connections by comparing the experimental and numerical
results and to optimize the parameters of reinforced ribs by analyzing the
stress triaxiality index (R,), equivalent plastic strain index (P.l.) [22], cracking
index (R.1.) [23], and cracking development of these connections [24].

To achieve a deep understanding of the hysteretic behavior and the
reasonable parameters of the ribs of double-ribbed reinforced connections,
two full-scale connection specimens are designed and fabricated, which are
assembled and tested under cyclic loads. Of the two specimens, one has two
reinforced ribs, and the other is a conventional connection. Meanwhile, two
FE models are established for the above two specimens. These specimens and
numerical models are used to study the hysteretic behavior, such as the plastic
hinge positions, hysteresis curves, failure modes, load-bearing capacities,
ductility capacities, stiffness degradations, coefficient curves, and damage
curves. They are also used to verify the FE models by comparing with each
other.

Furthermore, fifteen FE models with different rib sizes are established
and analyzed to discuss the stress triaxiality ratio (R,), plastic equivalent strain
index (P.l.), and cracking index (R.l.). Based on the benefits or accelerated
failure found through analyzing the fracture behavior, the parameters of these
connections are optimized. The results can provide supportive data and a
theoretical basis for the design of symmetric double-ribbed reinforced
connections.

2. Experimental program
2.1. Specimen Design

Two specimens of beam-column connections of a steel frame are
designed, including one normal beam-column connection (NBN) for
experimental verification and one double-ribbed reinforced beam-column
connection (RRN).They are fabricated using Q345B structural steel. The
beam, column, and stiffener are welded with an E5015 electrode and full
penetration groove welding, while the shear plate and beam web are
connected by 4-M20 high strength bolts (the performance grade of these bolts
is 8.8). The section dimensions of the beam and column are HN 248 mm x
124 mm x5 mm %8 mm and HW 250 mm > 250 mm < 9 mm %14 mm,
respectively, and the shear plate is 170 mm <170 mm x5 mm. The lengths of
the beam and the column of these connections are 1400 mm and 1450 mm,
respectively, and the beam-column section stiffness ratio is 0.32. According to
the American code [25], the structural size of the reinforcing rib should meet
the following requirements: the length of a = (0.6-0.7) hy, which is the beam
section height, and the width of b = (0.45-0.55) a, a'~ 0.2a, b' =~ 0.2b, and
the thickness is t; = 1.5t;, which is the beam flange thickness. The details of
the beam and column are shown in Table 1. According to the above rules, the
length a =160 mm, the width b=80 mm, a' = 35 mm, b' = 20 mm, and the
thickness t; = 2 < 6 mm, are used in this study. The details of these two
specimens and the model parameters are shown in Fig. 1.

Table 1
Parameters of Specimens

Specimen Beam section Column section Parameters of ribs (mm)
number (mm) (mm) a b a’ b’ ts
HN HW
NBN / / / / /
248>24>6>8 250>250>9x14
HN HW
RRN 160 80 35 20 12
248x124>5>8 250>250>9x14
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(b) Double-ribbed reinforced beam-column connection (RRN)

Fig. 1 Details of specimens

2.2. Mechanical properties of the material

Five plate samples (thicknesses of 5 mm, 6 mm, 8 mm, 9 mm and 14 mm)
are taken from the shear plate, ribs, webs, and flanges of the beam and column
in accordance with relevant codes [26,27], and three groups of tensile testing
specimens are prepared for each sample type. The detailed dimensions of the
samples are shown in Fig. 2(a). The samples are subjected to uniaxial tensile
loads by a WDW-300 microcomputer controlled electronic universal testing
machine (the test setup and the failure mode of the specimens are shown in Fig.
2(b)).The Young’s modulus, yield strength, tensile strength, and elongation are
obtained. Table 2 shows the tested material properties, and the deviations
between the material performance data and the theoretical values of the Q345B
plate.
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Table 2
Material properties of the plate samples
i Section Yield Tensile Elastic .
Specimen Elongation
area strength strength modulus
No. d/%
A1/ mm2 fy1 / MPa fu / MPa E1/ MPa
A-1 72.81 358.85 590.53 202860 9.82
A-2 7277 339.41 582.59 203325 8.64
A-3 73.85 360.52 595.39 206894 9.66
B-1 83.01 340.84 572.26 205687 10.13
B-2 86.45 380.26 606.23 203346 9.20
B-3 87.35 366.22 590.16 198892 9.92
C-1 118.88 342.15 585.69 197961 11.58
C-2 117.36 378.94 608.57 201238 11.12
C-3 116.38 362.59 585.58 205897 11.88
D-1 128.52 353.68 588.41 206502 11.90
D-2 131.47 362.15 589.63 198592 11.62

D-3 130.70 349.86 580.22 198950 12.14
E-1 206.88 351.63 573.86 206253 15.56
E-2 205.53 364.12 585.58 205682 15.81
E-3 206.31 372.59 600.26 203960 15.06
Average value 358.92 589 203069 11.60
Deviation fi th ti
eviation Trom theoretic 404 6.13 -0.94 /
value (%)
o 5 6
g # t
gl D
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(a) Plate samples

(b) Test setup and failure mode

Fig. 2 Details of plate samples

2.3. Instrumentation

The displacement is measured with the YHD-50 high-precision
displacement meters, whereas the strain acquisition is performed with a
DH3816N static strain test system. The following measurements are acquired:
(1) the load-displacement curve, (2) the strain in the upper/lower flanges and
the web of beam, (3) the strain in two reinforced ribs, (4) the relative
displacement of two diagonal points in the node domain, (5) the horizontal
displacement of the flange at the beam end and the vertical displacement of the
column corner. The locations of the strain gauges and displacement meters are
shown in Fig. 3.
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Fig. 3 Instrumentation (Unit: mm)
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2.4. Loading protocol

According to the Chinese code [28], when the resistance of the connection
reaches the peak value and then drops to 85% of the ultimate load, the failure
state is reached. When the maximum load reaches the ultimate capacity of the
loading equipment, the loading should be stopped. The loading method is
shown in Fig. 4 and Table 3.
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Fig. 4 Loading method

Table 3
Loading scheme

Loading Displacement Interlayer displacement
Loading step
level amplitude (mm) angle(rad)
1 5.25 0.003 75 6
2 7.00 0.005 00 6
3 10.50 0.007 50 6
4 14.00 0.010 00 4
5 21.00 0.015 00 2
6 28.00 0.020 00 2
7 42.00 0.030 00 2
8 56.00 0.040 00 2
9 70.00 0.050 00 2
10 77.00 0.055 00 2

2.5. Experimental setup

The column is horizontally placed on the hinged supports with a height of
60 mm, which is reliably connected to the rigid ground by anchors. A thrust
collar is used to prevent horizontal slip so that the articulated boundary
conditions of the column are ensured. The tensile or compressive loads are
applied by a 50T-MTS hydraulic servo actuator, which is horizontally fixed on
the reaction wall. Moreover, the computer simultaneously collects load,
displacement, and strain data. The experimental setup is shown in Fig. 5.
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(b) Actual loading device

Fig. 5 Testing setup

3. Numerical simulation

The normal beam-column connection (NBN) and the double-ribbed
reinforced beam-column connection are analyzed by ABAQUS software [29,
30].

3.1. Constitutive model of the materials

The constitutive relations of the Q345B steel, E5015 weld, and bolts (all
three materials adopt three-fold line models (Song [31])) are shown in Fig. 6.
The material parameters of the Q345B steel, E5015 weld and bolts are listed
in Table 4, where E is the Young’s modulus, fy is the yield strength, &, is the
yield strain corresponding to the yield strength, f, is the ultimate strength, and
&, Is the ultimate strain corresponding to the ultimate strength. The parameters
of the connections, such as the geometric nonlinearity, material nonlinearity
and the Bauschinger effect [32], and the effects of welding defects are taken
into consideration, while the residual stresses caused by welding are not
considered.
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Fig. 6 Material constitutive model
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Table 4
Constitutive parameters of the materials
Material E (GPa) fy (MPa) &y fu (MPa) &u v
Q3458 203.069 358.92 0.0018 589.0 018 0.3
E5015 204.720 382.46 0.0036 599.9 020 03
Bolt 206.00 1000.0 0.0050 1140.0 0.044 03

3.2. Mesh and boundary conditions

The solid eight-node hexahedral linear reduced integral element (C3D8R),
which has the advantages of high accuracy, low computational cost, and better
ability to withstand buckling deformation [33], is selected to mesh the beam,
column, shear plate, bolts, ribs, column stiffeners, and welds. For most parts
of the beam and the column, the mesh size is approximately 30 mm. The mesh
size at the beam-column connection and the beam within a length of 180 mm
from the beam end, rib plate, shear plate, and bolts is approximately 10 mm,
and the mesh size at the welds is approximately 2 mm. The whole structure is
divided into 15,916 elements, and the FE model is shown in Fig. 7.
Face-to-face contact is adopted between the bolt and steel. The Coulomb
friction "penalty" function is adopted for the tangent friction of the contact
surfaces, and the friction coefficient is 0.3 (no friction is set between the
screw and wall hole).In the normal direction, a “hard” contact is used. In the
load interface, the displacement and rotation angle of the two ends of the
column in the X, Y, and Z directions are constrained first, and the
displacement is controlled at the coupling point. The loading system is
consistent with that of the test.

(a) NBN

(b) RRN

Fig. 7 Finite element models

3.3. Hysteretic behavior

3.3.1. Specimen deformation
(1) Normal beam-column connection (NBN)

Fig. 8 presents the deformed diagram of the test and numerical simulation
of the common connections (NBN) at different loading levels. The highest
value is set to 600 MPa since the average experimental ultimate tensile
strength of Q345B steel is 589 MPa, and the maximum experimental value is
608 MPa from Table 2. If the stress of any part exceeds the highest value,
these parts turn gray. Then, they will be regarded as failed or damaged. The
results show that the numerical results and test results for the plastic hinge
position and the deformation are basically the same. The whole connection is
still in the elastic stage at the fourth loading level, and the stress at the beam
end is the largest from the simulation results. The test and numerical results
show that the beam experiences severe buckling at 80 mm, and a plastic hinge
begins to appear at the seventh loading level, but the deformation in the finite
element analysis is more obvious than that in the actual test because the whole
analysis process is ideal. The welds of sides A and B are damaged to varying
degrees at the ninth loading level in the theoretical results. However, damage
to the weld occurs at the eighth level, and the damage is severe.

300

o /MPa
(hvg: 75%)
86

(a) Stress cloud diagram at level 4 loading

(d) Failure of B-side flange at level 9 loading

Fig. 8 Comparison of deformation of specimen NBN

(2) Double-ribbed reinforced beam-column connection (RRN)

In the same way, the deformed diagram for the test and numerical
simulation of the double-ribbed reinforced connections (RRN) at different
loading levels are presented in Fig. 9. The results show that both the
numerical and tested results at the plastic hinge position and the deformation
size are not the same as that of the NBN because of the existence of
strengthened ribs. The whole connection is also in the elastic range at the
fourth loading level, but the largest stress from the simulation results is at the
ribs and beam flanges near the ends of the ribs and the strengthened web plate.
The test and numerical results showed that the beams buckled slightly in the
two above parts and the weld that connects the beam and the column at the
ninth loading level. The welds of the rib of side A and that of the beam flange
of side B crack at the tenth loading level during the structural test, but the
damage of side A and side B is symmetrical. The damage of the welds of side
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A and side B occurs at different parts during the test because the quality of the
welds is inconsistent due to manual welding.

(f) Failure of B-side flange at 10 level loading

Fig. 9 Comparison of deformation of specimen RRN
(a) Stress cloud diagram at 4 level loading

3.3.2. Hysteretic curve

Fig. 10 shows the comparison of the hysteresis curves obtained by the test
and the numerical results. All of the curves exhibit spindle shapes. However,
the stress values from the test are slightly smaller than those from the FE
results; moreover, rheostriction is observed in the middle of the test curves. It
is determined that there is a small level of slippage during the test. The results
also show that both hysteresis curves obtained from the test and the finite
element calculation are basically consistent at the initial loading stage. After
reaching the peak load, the hysteresis curves of the specimen in the test are
not full enough because specimens had defects in the welds, and there were
some unstable factors, such as the stress concentration caused by the weld,
processing errors, and uneven material properties in the test. Comparing the
hysteresis curves of the two connections proves that the double-ribbed
reinforced beam-column connection has better seismic performance than the
other connection because it is fuller and exhibits a higher bearing capacity.

(b) Plastic hinge change at 8 level loading

=

a

o
1

Load (kN)

60 80

Displacement (mm)

— Test result of NBN
FE result of NBN

-150 -

MPs
755 (a) NBN
1552.32
600.00
- 550,14

150

zZ
3
=
k=]
<
<]
—

p . .
0 /' 60 80
/' Displacement (mm)

— Test result of RRN
FE result of RRN

-150 -

(b) RRN

Fig. 10 Comparison of hysteretic curves

3.3.3. Skeleton curve and stiffness degradation curves

The skeleton curve can reflect the relationship between the strength and
deformation of a component. Fig. 11 presents four skeleton curves of the NBN
and RRN from the tests and numerical simulations. This figure shows that the
skeleton curves of each specimen are linear before yielding, while they are
nonlinear after yielding. Besides, the skeleton curves of the experiment and

(e) Failure of A-side flange at 10 level loading
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simulation basically coincide with each other before yielding. Upon reaching
the ultimate load, the decline slope of the RRN curves is less than that of the
NBN curves, which indicates that there is a larger plastic deformation at the
strength node, and the plasticity of the steel beam-column connection always
plays an important role. However, after exceeding the peak point, the test and
simulation curves begin to separate. The decrease in the skeleton curve of the
simulation is relatively smaller than that of the test because the material of the
finite element model is relatively ideal. Meanwhile, it could be concluded
from these curves that the double-ribbed reinforced beam-column connection
has a higher bearing capacity than the other connections.
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Fig. 11 Comparison of skeleton curves

Additionally, stiffness degradation refers to the phenomenon that the
stiffness of the secant at each point on the skeleton curve gradually decreases
after the specimen enters the plastic stage. The degree of degradation can be
measured by the stiffness degradation coefficient B, which refers to the
stiffness of the loaded secant position and the stiffness at the initial elastic
stage ratio. According to the coordinates of each point on the skeleton curve,
the coefficient of stiffness degradation corresponding to each stage of loading
is calculated and drawn into a curve, as shown in Fig. 12. Before reaching the
fifth loading level, the stiffness of the two connections barely decreases. After
entering the yield stage, the test values of the NBN are highly coincident with
those of the simulation, but the test results of the RRN are generally lower
than those of the simulation. The development of the plastic hinge and failure
mode of the numerical simulation and test of the NBN are consistent, as seen
from the comparison with the displacement in the whole loading process.
However, after the plastic hinges appear at the beam end of the RRN, with the
increase in the loading grade, the buckling of the beam flange in the test or
simulation is intensified in the same position, but the change in the test is not
obvious.

—— Test results of NBN\\O o
0.2F -0 FE results of NBN
—A— Test results of RRN
- FE results of RRN

L 1 1 1 1 1 1 1
-80 -60 -40 -20 0 20 40 60 80
Displacement(mm)

Fig. 12 Comparison of stiffness degradation curves

3.3.4. Ductility and energy dissipation coefficient

The ductility is an important index for evaluating the seismic resistance of
connection specimens, which is defined as the ratio of the ultimate
displacement 4, to the yield displacement 4,. The ductility coefficients of the
NBN and RRN are shown in Table 5. In terms of x, the positive and negative
ductility coefficients of the same specimen have little difference, but the
average value of the ductility coefficient of the RRN is 38.3%, which is higher
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than that of the NBN. Meanwhile, the ductility coefficients of the RRN are
larger than those of the NBN. This means that reinforcing the beam with ribs
can significantly improve the ductility of the beam-column connection.

Table 5
Load and displacement at characteristic points and ductility factor
Speci- Force Dy Py Du Pu _
men direction (mm) (kN) (mm) (kN) #
NEN Positive 20.64 88.56 51.33  114.00 248 530

negative 19.85 89.98 42.02 106.30  2.12

Positive 20.66 112.20 70.10 13742 3.39
RRN 3.18
negative 20.06 100.62 59.36 136.15  2.96

In general, the equivalent adhesive damper coefficient h. [21] can
measure the energy dissipation capacity of a beam-column connection.
Comparing the equivalent adhesive damping coefficients of the two types of
beam-column connections (which are shown in Table 6), these values for the
RRN are still larger than that for the NBN, which shows that the reinforced
ribs of the beam have some effect on the value of E; in each model, and the
reinforcing ribs will increase the energy dissipation coefficient of the
connections.

Table 6
Comparison of equivalent adhesive damper coefficients
Specimen Test value Theoretical value Error/%
NBN 0.290 0.322 11.03
RRN 0.345 0.368 6.67

3.3.5. Damage curve

Corresponding to the hysteretic curves of both beam-column connections,
the damage curves are fitted by a power function, which is shown in Fig. 13,
where the damage modulus is calculated by the energy model [34], and the
curves of both specimens are highly consistent with the damage value. The
cumulative plastic damage values of both connections are relatively large
because the simulation displacement results are large. Besides, the slope of
these curves has gone through the same process from small to large, which
proves that the damage degradation of both connections is accelerated. The
final damage value of the simulation of the NBN is higher than that of the test,
and the difference between the final damage value and the fitting formula of
the RRN is small. Moreover, the final damage value of the RRN is still higher
than that of the NBN, and the energy dissipation time of the RRN is longer
than that of the NBN. This result is consistent with the conclusion from the
experimental results.
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Fig. 13 Comparison of fitting curves of damage degradation

From the above seismic performance analysis, it is recommended that the
double-ribbed reinforced beam-column connection is adopted for a steel frame
in practical engineering applications, but the optimal range of the ribs cannot
be obtained by only one length.

4. Parameter analysis with reinforced ribs

4.1. FE model analysis
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From the evolution of fracture theory, if double-ribbed reinforced
beam-column connections are to fully realize the purpose of fracture
resistance under earthquake loads, it is also necessary to study the brittle
fracture of steel connections with expanded flanges. According to the
experimental and simulated failure modes of the RRN, the flange weld
between the beam and column and the plastic hinge belong to the key failure
zone. Based on the results of the above test and numerical simulation, the
parameters of the finite element model of the RRN are consistent with those
of the above specimens. To distinguish the influence of ribs of different sizes
on the fracture performance of these connections, the ranges of the parameters
of the reinforced ribs of the RRN are expanded as length I, = (0.55~0.75)h,
width b = (0.4~0.6)a, thickness t;= (1.4~1.8)t;, a’=35 mm and 5’ = 20 mm.

The dimensions and key analysis parts of the ribbed plate are shown in Fig. 14.

These models are divided into three group models (RRN-A, RRN-B, and
RRN-C) in accordance with the three indexes of the rib length, width, and
thickness. Every index of the rib in each group of models has five different
parameters, which are shown in Table 7, Table 8, and Table 9.

Table 7
Parameters of ribbed plate of RRN-A group model

Model number a (mm) a/hp b (mm) b/a ts(mm) ts/t

RRN-A1 137.5 0.55 69 0.5 12 15
RRN-A2 150 0.6 75 0.5 12 15
RRN-A3 162.5 0.65 81 0.5 12 15
RRN-A4 175 0.7 88 0.5 12 15
RRN-A5 187.5 0.75 94 0.5 12 15
Table 8
Parameters of ribbed plate of RRN-B group model
Model number a (mm) alhy b (mm) b/a ts(mm) to/tr
RRN-B1 160 0.645 64 0.4 12 15
RRN-B2 160 0.645 72 0.45 12 15
RRN-B3 160 0.645 80 0.5 12 15
RRN-B4 160 0.645 88 0.55 12 15
RRN-B5 160 0.645 96 0.6 12 15
Table 9
Parameters of ribbed plate of RRN-C group model
Model number a (mm) alhy b (mm) b/a ts(mm) to/tr
RRN-C1 160 0.645 80 0.5 11.2 14
RRN-C2 160 0.645 80 0.5 12 15
RRN-C3 160 0.645 80 0.5 12.8 1.6
RRN-C4 160 0.645 80 0.5 13.6 1.7
RRN-C5 160 0.645 80 0.5 14.4 1.8
pathl:weld

a

path2:20mm outward
at the reinforcement end

() Critical path

(b) Key point

Fig. 14 Key paths and key points
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4.2. Fracture analysis indexes

Using the indexes (stress triaxiality ratio (R,), plastic equivalent strain
index (P.1.), and cracking index (R.1.)), the possibility of brittle fracture of the
RRN is analyzed, and the fracture characteristics of these connections are
studied and evaluated. Furthermore, the influence of ribs of different sizes on
the fracture performance of these connections is comprehensively analyzed.

The stress triaxiality ratio can effectively reflect the plastic deformation
and stress concentration in the material (Schafer B. W. et al. [35]). The larger
the Ro value is, the larger the volumetric deformation. The greater the stress
concentration, the more elastic strain energy is released, and the easier it is for
cracks to occur. The specific calculation is as follows:

’\/E(Ul +0,+03)

R =
3\/(0_1 _02)2 +(o, - 53)2 + (o, _0_1)2

()]

where o1, 02, and oz are the principal stresses.

El-Tawil [36] proposed the equivalent plastic strain index, which is equal
to the ratio between the equivalent plastic strain and the yield strain. The
equivalent plastic strain index can reflect the local ductility and fracture
tendency of the material. The larger the value of P.I. is, the greater the plastic
deformation at that point, and the greater the possibility of ductile cracking of
the material, which is defined as follows:

R E @

where ¢, is the yield strain at the calculation point and ¢; is the equivalent
plastic strain component.

Haneock [37] and Mao [39] proposed using the stress triaxiality ratio Ro
and the equivalent plastic strain index P.l. to define the cracking index R.I.
when studying the brittle fracture of metal materials. The cracking index is
equal to the ratio between the average stress and the equivalent stress. The
higher the R.1. value is, the greater the possibility of cracking, and the larger
the joint damage. The calculation formula is as follows:

RI = Pl
exp[-3(o, + 0, + 7;) /40,]

©)]

where o, is the von Mises stress.
4.3. Influence of I,
The elastic-plastic fracture indexes (R,, PI, and R.1.) of path 1, path 2, and

three key points of RRN-A derived from ABAQUS are shown in Figs. 15-17,
respectively.
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Fig. 17 Crack development at key points in RRN-A
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The stress triaxiality curves of RRN-A in path 1 have an “M” fluctuation
along the length of the weld, which indicates that there is a high possibility of
brittle fracture near the rib between the reinforced ribs. The maximum value
(1.06) of RRN-AL1 is slightly higher than that of the other four values. The
values of R,decrease with increasing rib length. However, the decrease in the
three indexes is not obvious when the rib length increased to 175 mm.
Compared with the stress triaxiality curves for path 1, the “M” fluctuation
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along the beam end of the stress triaxiality curves in path 2 is more complex.

The maximum value of R, is at one side of the rib of RRN-AS5, which is 0.79 12 —=—RRN-B1
and is near the mid-beam point. The maximum value of the equivalent plastic ' Em:gg
strain index curves in path 1 is larger than that in path 2, which indicates that — v RRN-B4
the middle of path 1 has a greater possibility of brittle cracking. Therefore, a o RRN-B5
reasonable length of the reinforced rib is 0.60 ~ 0.70 hy,. ‘q"»/““&.ﬁ;f '\“\l;t—‘l\.\'
The equivalent plastic strain index curves of RRN-A in path 1 show a “W” &7 5d T —;.-\x*;

shape along the length of the weld, which means that the weld at both ends of
the weld and in the middle of the weld has a great possibility of cracking. The
value of RRN-A1 is mostly higher than that of the other four values,
especially the maximum value (7.92), which is close to the right end of the
beam. Besides, the maximum value of the middle weld is between 5.95 and 0.6
7.26, indicating that the cracking possibility of the right end of the weld is the . . . .
highest. The equivalent plastic strain index curves of RRN-A in path 2 have -62 -31 0 31 62
an inverted “V” fluctuation along the beam. Unlike that in path 1, the Length of weld along beam end (mm)

maximum value is in RRN-A5 not in RRN-A1, which is 15.13. Besides, the
value of the equivalent plastic strain index in the middle of the beam is higher
than that of the other parts. Furthermore, the maximum value of the equivalent

T

0.8

(a) Stress triaxiality ratio

plastic strain index curves in path 2 is larger than that in path 1, which ~10.
indicates that the close-middle in path 2 has a greater possibility of cracking. e :Egm'g;
Thus, a reasonable length of the reinforced rib is 0.60 ~ 0.70 h,. s RRN-B3
The cracking index curves of RRN-A in path one also show a “W” shape 8r —v— RRN-B4
along the length of the weld, which means that the weld at both ends of the RRN-B5
weld or in the middle of the weld has a great possibility of cracking. Through
analyzing the values of RRN-A in path 1, the crack probability in the middle )
of the weld is higher than that of the others because the maximum value /'/
(33.69) of RRN-AL is higher than that (30.50) of RRN-A2. The cracking /4
index curves of RRN-A in path 2 show an inverted "V" shape along the beam g
width. The maximum value (47.13) is in RRN-A5, which is close to the y4 A
mid-beam point. Comparing the maximum value of the two diagrams, the {*,/ )
cracking possibility at the mid-beam point in RRN-5 is largest because its _6‘2 = ;1 0 3‘1 6‘2
maximum value is larger than that of RRN-AL. Therefore, a reasonable length Length of weld along beam end/mm
of the reinforced rib is 0.60 ~ 0.70 h,.
Fig. 17 shows the crack length development curves of three key points of (b) Equivalent plastic strain index
RRN-A. With increasing reinforced rib length, the cracking time is gradually
delayed, but the crack length increases. After entering the fifth stage of E 40 = RRN-B1
loading (the 22nd circle), the slope of each crack length development curve at — e RRN-B2
points A and B rises rapidly, but the curves at point C rise slowly. The longest —4— RRN-B3
crack lengths at points A, B, and C are 1.07, 1.09, and 1.02, respectively. The 30 —v—RRN-B4
crack length at point A and point B of RRN-AL is the longest and that of \ RRN-B5
RRN-A2 is the second longest, but the crack length at point C of RRN-AS5 is
the longer than that of RRN-A2. According to the above analysis of the )
cracking index, the crack probability of the weld at point B is highest. The /K
final crack lengths of RRN-A1, RRN-A2, RRN-A3, RRN-A4, and RRN-A5 at 4
point B are 1.09 mm, 1.02 mm, 0.77 mm, 0.66 mm, and 0.75 mm, respectively. /) ) /
The cracking times of RRN-A3, RRN-A4, and RRN-AS5 are later than those of 4*‘ " e
the other two. Consequently, a reasonable length of the reinforced rib is ) “*x,,x;y"/ N ‘
0.60~0.75 hy, .62 .31 0 31 62
In summary, a reasonable length of the reinforced rib of the double-ribbed Length of weld along beam end (mm)
reinforced beam-column connections of 0.60 ~ 0.70 h, was determined
through studying the stress triaxiality ratio (R,), plastic equivalent strain index
(P.1.), cracking index (R.l.), and crack development at three key points. (c) Cracking index
4.4. Influence of b Fig. 18 Parameters about fracture assessment in path 1 of RRN-B
Similar to the analysis of la, the elastic-plastic fracture indexes (R,, PI,
and R.1.) of RRN-B derived from ABAQUS are shown in Fig. 18, Fig. 19, and o
Fig. 20, respectively. Compared with the R,curves of RRN-A, the curves of o 1.0r
the stress triaxiality ratio of RRN-B in Fig. 18 and Fig. 19 are similar to those
of RRN-A. The stress triaxiality curves of RRN-B in path one also have an 0.8l
“M” fluctuation along the length of the weld, which indicates that the = S e
possibility of brittle cracking of the weld near the rib between the two ribs is ./'/. n,,,n,;;;:é; iﬁ; . e
high. Although the maximum value (1.02) is in RRN-B5, the maximum values Ll : o -
of these five curves are very close (the error is within 5%). Similar to the /
stress triaxiality curves of RRN-A in path 2, the shape of the “M” fluctuation 0.4F —=—RRN-BL
along the beam end is slanted. Similarly, the maximum value (0.74) is in J :Egs:gg
RRN-BS5, but the maximum value of these five curves is still very close (the ’,,:’ 02+ RRN-B4
error is within 5%). Therefore, it is difficult to analyze the influence of b by RRN-B5
discussing the stress triaxiality ratio. 4 . A )
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(a) Stress triaxiality ratio
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Fig. 20 Crack development at key points in RRN-B

In the same way, the equivalent plastic strain index curves of RRN-B in
path one also show a “W” fluctuation along the length of the weld. The value
of RRN-B1 is mostly higher than that of the other four values, and the
maximum value is 6.75. Besides, the value of the P.I. in the middle part of the
weld is between 5.87 and 6.67, indicating that the change in the rib width has
some influence on the cracking condition of path 1. Regarding the equivalent
plastic strain index curves of RRN-B in path 2, the shape of these curves
along the beam is similar to that of RRN-A in path 1. The maximum value
(15.30) is in RRN-AS5, which is close to the midpoint of the beam. Meanwhile,
the error among RRN-B3, RRN-B4, and RRN-BS5 is small, and the maximum
value of these three curves is also higher than that of the other two curves.
Compared with the maximum value of the equivalent plastic strain index
curves in the path, the maximum value of the equivalent plastic strain index
curves in path 2 is larger, which means that the near-middle in path 2 has a
greater possibility of cracking. Therefore, a reasonable width of the double
ribs is 0.50 ~ 0.60 a.

Similarly, the cracking index curves of RRN-A in path one also show a
“W?” shape along the length of the weld, which means that the weld at both
ends of the weld or in the middle of the weld has a great possibility of
cracking. Through analyzing the values of RRN-B in path 1, the crack
probability in the middle of the weld is higher than that of the others because
the maximum value (28.60) of RRN-B1 is higher than that of the others. The
cracking index curves of RRN-A in path 2 show an inverted “V” shape along
the beam width. The maximum value (44.54) is in RRN-B5, which is close to
the mid-beam point. Comparing the maximum value of the two diagrams, the
cracking possibility at the mid-beam point in RRN-5 is largest because its
maximum value is larger than that of RRN-AL. Therefore, a reasonable length
of the reinforced rib is 0.45 ~ 0.55 a.

The crack length development curves of three key points of RRN-B are
shown in Fig. 20, which have the same trend as that of RRN-A. After entering
the fifth stage of loading (the 20th cycle), the slope of each crack length
development curve at point A rises rapidly, but the curves at points B and C
rise slightly later, and the longest crack lengths at points A, B, and C are 1.12
mm (RRN-B1), 1.05 mm (RRN-B1) and 0.91 mm (RRN-B5), respectively.
According to the above analysis of the cracking index, the crack probability of
the weld at point A is the highest. The final crack lengths of RRN-B1,
RRN-B2, RRN-B3, RRN-B4, and RRN-B5 at point B are 1.12 mm, 1.05 mm,
0.93 mm, 0.94 mm, and 0.98 mm, respectively. Besides, the cracking times of
RRN-B3, RRN-B4, and RRN-B5 are later than those of the other two. As a
result, a reasonable width of the reinforced rib is 0.50 ~ 0.60 a.

In summary, a reasonable length of the reinforced rib of the double-ribbed
reinforced beam-column connections is difficult to obtain by studying the
stress triaxiality ratio (R,) because the error between the values of the five
models is very small. However, a reasonable length of the reinforced rib of the
double-ribbed reinforced beam-column connections is 0.50 ~ 0.55 a, which is
determined by studying the plastic equivalent strain index (P.l.), cracking
index (R.1.), and crack development at three key points.

4.5, Influence of tg

The curves of the elastic-plastic fracture indexes (R,, PI, and R.1.) of the
RRN-C group model are presented in Figs. 21-23, respectively. Compared
with the R, curves of RRN-A and RRN-B, the curves of the stress triaxiality
ratio of RRN-C in Fig. 21 and Fig. 22 are more regular than those of the other
two, and the shape of the curves looks like a wave along the length of the
weld. The values of all stress triaxiality curves of RRN-Care between 0.87 and
1.04, and the maximum value (1.04)is in RRN-C1 near the reinforced rib,
which indicates that the possibility of brittle cracking of the weld near the rib
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is high. The values of RRN-C3, RRN-C4, and RRN-C5 are relatively smaller
than those of RRN-C1 and RRN-C2, which indicates that the crack probability
of RRN-C1 is highest among these five models. Concerning the curves of the
stress triaxiality ratio in path 2, these curves also show an “M” fluctuation
along the width of the beam, but they tilt left. The maximum value (0.81) near
the right rib is in RRN-C5, and the values of RRN-C5 are significantly higher
than those of the other four values, which means that the crack probability
near the right reinforced rib of RRN-C5 is the highest among these five
models. As a result, the reasonable thickness ts of the double ribs is 1.50 ~
1.60 t; by discussing the stress triaxiality ratio (R,).
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Fig. 21 Fracture assessment parameters in path 1 of RRN-C
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Fig. 23 Development of crack at key points in RRN-C

In Fig. 21(b), the curves of the equivalent plastic strain index of the
RRN-C in path one also show a “W” fluctuation with low left and high right
along the length of the weld. The value of RRN-CL1 is partly higher than that
of the other four values, but the maximum value (8.28) at the right end of the
weld is in RRN-C4. This indicates that the crack probability of the right end
of the weld is the highest. However, the shape of the equivalent plastic strain
index curves of RRN-B in path 2 is different from that of RRN-C in path 1,
and they are similar to those of RRN-A and RRN-B in path 2. The maximum
value (16.45) is in RRN-C5, which is close to the midpoint of the beam,
followed by RRN-C4 (15.78). Meanwhile, the error among RRN-B3,
RRN-B4, and RRN-BS5 is small, and the maximum value of these three curves
is also lower than that of the other two curves. Therefore, a reasonable
thickness t, of the double ribs is 1.40 ~ 1.60 t;, determined by discussing the
equivalent plastic strain index.

The curves of the cracking index (R.1.) in path 1 of RRN-C in Figs. 21(c)
and 22(c) are similar to those of RRN-A and RRN-B, respectively. From Fig.
21(c), the crack probability of the right end of the weld is higher than that of
the mid-weld because the maximum value (30.92) of RRN-CS5 is higher than
that (28.8) of RRN-C4. The error among the other three models is relatively
small. Similarly, in Fig. 22, the maximum value (53.08) is in RRN-C5, and
the second largest value (46.81) is in RRN-C4. Therefore, a reasonable
thickness t; of the double ribs is 1.40 ~ 1.70 t; based on the cracking index.

The crack length development curves of the three key points of RRN-C
are shown in Fig. 23, which have the same trend as those of RRN-A and
RRN-B. After entering the fifth stage of loading (the 21st circle), the slope of
each crack length development curve at three points rises rapidly. The shape
of the curves at point C is the largest and that of the curves at point B is the
smallest. Besides, the longest crack lengths at points A, B, and C are 1.06 mm
(RRN-C5), 0.92 mm (RRN-C1), and 1.15 mm (RRN-C5), respectively.
However, the time to start cracking of RRN-C5 at the three points is later than
that of the other models and that of RRN-C1 at the three points is the earliest.
According to the above analysis of the cracking index, point C is the most
dangerous among the three points, which means that RRN-C2, RRN-C3, and
RRN-C4 are relatively safe. The final crack lengths of RRN-C1, RRN-C2,
RRN-C3, RRN-C4, and RRN-C5 at point B are 0.93 mm, 0.92 mm, 0.98 mm,
1.02 mm, and 1.15 mm, respectively. Thus, a reasonable thickness of the
reinforced rib is 1.40 ~ 1.60 t;.

In summary, a reasonable thickness of the reinforced rib of the
double-ribbed reinforced beam-column connections is 1.50 ~ 1.60 t;, which is
determined by studying the stress triaxiality ratio (R,), plastic equivalent strain
index (P.1.), cracking index (R.l.) and crack development at three key points.
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5. Conclusions

Based on the experimental and numerical analytical results, the FE model
of a double-ribbed reinforced beam-column connection is verified. Using the
stress triaxiality ratio (R,), the plastic equivalent strain index (P.l.), cracking
index (R.1.), and crack development at three key points, reasonable parameters
of the reinforced ribs of the double-ribbed reinforced beam-column
connections are suggested. The following conclusions are drawn:

(1) Compared to conventional connections, double-ribbed reinforced
beam-column connections have a higher damage modulus and ultimate
bearing capacity with increasing cumulative displacement, and the reinforced
ribs can effectively move the plastic hinge away from the beam end.

(2) For the hysteretic behavior, the hysteresis curves of the two specimens
and the two finite element models are basically consistent at the initial loading
stage and gradually become different due to the existence of stress
concentrations, processing errors, and uneven material in the specimens. Due
to the existence of the reinforced ribs, the average value of the ductility
coefficient of the RRN is higher than that of the NBN, and the energy
dissipation coefficient of the RRN is higher than that of the NBN.

(3) From the comprehensive analysis of the stress triaxiality ratio (R,),
equivalent plastic strain index (P.l.), cracking index (R.l.), and crack
development at three key points, reasonable parameters for the ribs of the
double-ribbed reinforced connections are given as follows: 1,=0.60 ~ 0.70 hy;
b =0.50 ~ 0.55 a; and t, = 1.50 ~ 1.60 t;.
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