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damage development and the current accumulated 
damage. The larger the extent of the accumulated 
damage, the more damage will be caused by the 
plastic deformation of the same amplitude in the next 
cycle. That curve inflexion point is close to the point 
where the crack propagates through the beam flange,  
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

which indicates the connection damage is mainly 
caused by the crack of metal in the plastic phase. 

(2) The loading amplitude has an obvious effect 
on damage evolution. The damage evolution curves 
of the four CA specimens (tested under CA cyclic 
loads) are shown in Fig. 9. When the beam tip load 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Accumulated plastic rotation, �3p (rad)

Fig. 8  Curves of damage within each cycle versus accu-
mulated plastic rotation under constant amplitude loads 

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 7  Damage evolution process 
(a) S-1; (b) S-2; (c) S-5; (d) S-6; (e) S-7; (f) S-9 

Fig. 9  Curves of damage versus accumulated plastic 
rotation under constant amplitude loads 
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amplitude exceeds 1.5δy (for specimens S-6–S-8), the 
damage to the connections becomes evident. When 
the load amplitude is below this value (for specimen 
S-9), the damage caused under ultra-low cycle load-
ing is negligible and can be ignored.  

(3) The damage process curves of each specimen 
are approximate to the power function. Power func-
tion axb is adopted to fit the tested results as shown in 
Fig. 10. Fitting parameters are listed in Table 7. The 
fitting results show good agreement with test data, 
which indicates the power function is reliable for 
describing the course of the damage. 

5.3  Validation of connection damage evolution 
equation  

1. Linear cumulative damage evolution equation 

The linear cumulative damage law is a com-
monly used damage model in the field of low cycle or 
ultra-low cycle fatigue. Based on the Miner linear 
damage assumption, the influence of the sequence of 
CA cyclic load is not taken into consideration. The 
total damage is obtained by adding the damage caused 
by each load with the same amplitude linearly. The 
damage corresponds to the specific load amplitude 
and can be calculated by 
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where Nfi denotes the cycle numbers of CA load with 
amplitude i. The damage caused by cyclic loads with 
different amplitudes is added linearly to calculate the 
damage of a specimen subjected to VA load as  
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Table 7  Fitting parameters of damage process curves 

Specimen a b R2 

S-1 35.4 1.98 0.9798 

S-2 280.6 4.30 0.9735 

S-3 44.1 3.35 0.9270 

S-4 21.7 5.18 0.8685 

S-5 310.4 5.09 0.9878 

S-6 24.2 3.29 0.9924 

S-7 420.5 5.76 0.9546 

S-8 58.0 3.56 0.9928 

S-9 4.3 3.88 0.9421 

Average 133.24 4.04  

COV* 1.19 0.29  
* COV: coefficient of variance 

Fig. 10  Damage evolution curves obtained by linear and power functions under VA loads 
(a) S-1; (b) S-2; (c) S-3; (d) S-4 

(a)
(b)

(c) (d)
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The damage evolution curves of the VA loaded 
specimens obtained by this linear assumption based  
model and the corresponding test results are shown in 
Fig. 10. The damage process produced by this model 
is quite different from the test results, so the linear 
cumulative damage law is not suitable for simulating 
the bending moment connection damage process. 

2. Power function damage evolution equation 
The accelerating rate of damage progression can 

be embodied by the power function-based damage 
law according to the previous analysis. The macro 
connection damage evolution equation is  
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where φpi represents the plastic rotation of every half 
cycle, φu represents the ultimate rotation of a connec-
tion subjected to monotonic load, and φy denotes the 
connection rotation at yield point. Combined with the 
concept of Miner linear cumulative damage, the 
damage can be expressed by the linear combination of 
the power function-based model as  
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The test results of connection damage regressed 

by Eq. (6) are shown in Fig. 10, and the fitting pa-
rameter c is given in Table 8. 

3. Modified Park-Ang combination model 
Park and Ang (1985) proposed a damage evolu-

tion model combining the displacement and energy 
index as  
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where δmax is the maximum deformation under cyclic 
loading, δu is the ultimate deformation under mono-
tonic loading, Fy is the yield strength, ∫dE′ is cumu-
lative dissipated energy, and β is a constant. In this 
model, displacement and energy are combined  
linearly. 

The Park-Ang model can be modified to the 
expression of exponent function as  
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where the constant parameter β is taken as 0.23 ac-
cording to the previous study (Xiong, 2011), and the 
parameter c is regressed by the test data obtained in 
this study. The fitting results are listed in Table 9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

The damage evolution curves for some of the 
specimens obtained by Eqs. (6) and (8) are compared 
in Fig. 11. The damage evolution curves obtained by 
these two models are approximate. The fitting results 
show that these two models are more suitable for 
simulating the damage process for specimens 
S-1–S-3, which were subjected to variable amplitude 
load, compared with CA loading specimens S-7–S-9 

Table 9  Fitting results of modified Park-Ang damage 
evolution model 

Specimen c D 

S-1 5.04 0.82 

S-2 5.80 0.73 

S-3 4.76 0.73 

S-4 6.80 0.56 

S-5 3.12 0.65 

S-6 4.39 0.81 

S-7 3.00 0.70 

S-8 2.12 0.76 

S-9 2.07 0.69 

Average 4.12  

Standard deviation 1.65  

COV 0.40  

Table 8  Fitting results of power function damage evolu-
tion model 

Specimen c D 

S-1 8.08 0.82 

S-2 7.74 0.73 

S-3 7.07 0.73 

S-4 7.84 0.56 

S-5 4.57 0.65 

S-6 6.75 0.81 

S-7 4.48 0.70 

S-8 3.17 0.76 

S-9 2.84 0.69 

Average 5.84  

Standard deviation 2.08  

COV 0.36  
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as shown in Fig. 11. However, the calibration for the 
parameters of these models is all dependent on test 
data regression; thus, a more general and accurate 
damage evolution model needs to be established.  

5.4  Damage mechanism and ductile fracture- 
based damage evolution equation 

Based on the analysis above, for a connection 
designed with the philosophy of strong column-weak 
beam, the connection damage is mainly caused by a 
crack in the metal in the plastic phase at the beam end, 
and the damage course is the crack process of the 
beam flange at the beam end. Skallerud and Zhang  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(1997) have demonstrated that fatigue and tensioned 
ductile cracks are the major causes for crack devel-
opment in these types of connections.  

1. Metal fatigue theory 
According to the Manson-Coffin relationship 

and Paris equations, which describe fatigue crack 
propagation, Solomon (1972) and Krawinkler and 
Zhorei (1983) proposed the relationship between 
crack length and connection cycle numbers under CA 
loads (Xiong, 2011): 
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(a) (b) 

(d) (c)

(e) (f) 

Fig. 11  Comparison between power function model and modified Park-Ang model 
(a) S-1; (b) S-2; (c) S-3; (d) S-7; (e) S-8; (f) S-9 
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where a is the crack length, N is the cycle number, Δεp 

denotes the half of the amplitude range of plastic 
strain, α and β are the material property related  
parameters.  

2. Metal ductile fracture theory 
Under cyclic loading, when the stress amplitude 

exceeds the material yield strength, the material turns 
into plastic repeatedly, leading to the initiation of 
ductile fractures in metal. It is assumed that ductile 
fracture initiation results from void growth and coa-
lescence, which is related to plastic strain and stress 
triaxialities surrounding the void. A brief review of 
the cyclic void growth model (CVGM) developed by 
Kanvinde and Deierlein (2004) based on the previous 
work of Rice and Tracey (1969) is given here. It is 
postulated that voids expand and shrink under cyclic 
loading due to altering excursions of positive and 
negative mean stresses or stress triaxialities. The 
driving force behind void growth is the cumulative 
tension plastic strain; ductile fracture initiation occurs 
when the void reaches a critical size. For a single 
spherical void in an infinite continuum, the void 
growth rate under monotonic tensile loading can be 
expressed as (Kanvinde and Deierlein, 2004; Wang et 
al., 2011; Liu et al., 2016) 

 

R1.5
pd / e d ,Tr r C                    (10) 

 

where r is the instantaneous void radius; TR=σm/σe is 
the stress triaxiality (ratio of mean stress σm to effective 
stress σe); C is a material constant; pd  is the incre-

mental equivalent plastic strain. Therefore, a ductile 
fracture caused by void growth is proportional to 

R1.5
pe dT  , and the ductile strain *

p  is defined as the 

index to describe the ductile fracture accordingly 
 

R1.5*
p pe .  T                              (11) 

 

Under cyclic reverse loading, when the triaxial-
ity is positive, the void expands under plastic strain-
ing, and if it is negative, the void shrinks. The mag-
nitude of triaxiality TR and the equivalent plastic 
strain govern the rate of void growth or shrinkage. Tt 
and Tc represent the stress triaxiality when tensioned 
and compressed, respectively. Integrating Eq. (10) 
over tensile and compressive loading excursions re-
spectively, the term εp

* during cyclic loading can be 
expressed as 

t c

t c

1.5 |1.5 |*
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 

             (12) 

 

where εt and εc represent the strain when tensioned 
and compressed, respectively. 

3. Ductile fracture based damage evolution 
equation for connection 

Studying the connection damage behavior to-
gether with the fracture mechanism, the evolution of 
connection damage can be captured by investigating 
crack development in beam-to-column connections. 
To relate the ductile fracture micro mechanism to the 
macro connection fracture analysis, it was assumed 
that the initial defect distributed uniformly in the 
beam flange at the beam end. The effect of crack 
location in the beam flange was not taken into con-
sideration in this study. The initial crack can be pre-
sumed to be the surface crack of the beam flange 
according to the equal defect area. Based on the 
fundamental assumptions of damage mechanics, 
crack propagation through the thickness of the beam 
flange can be regarded as a reduction in the effective 
area of the beam flange. Therefore, the damage pro-
cess can be obtained by analyzing crack propagation. 
Considering the main driving force of crack growth is 
the ductile strain range εp

* within each cycle, the 
crack growth rate expression is rewritten as  
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d
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d

a
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N
                        (13) 

 
As the stress triaxiality is related to the geome-

tries of a specimen, numerical computation is needed 
to calculate the triaxiality for a connection with 
complicated geometries. Previous study indicates that 
the theoretical value of triaxiality can be taken as 1/3 
and −1/3 when a beam flange is subjected to tension 
and compression, respectively (Xiong, 2011). 
Therefore, Eq. (12) can be simplified as 

 

R1.5*
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e [ ( ) ( )]d ,  ( ) ( ) 0.
tT t t t t t          (14) 

 

The summation term of the equation can be de-
fined as effective plastic strain εEPS:  
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When stress triaxiality distributes uniformly, the 
effective plastic strain range ΔεEPS is the key factor 
influencing the connection fracture. Therefore, 
Eq. (13) can further be simplified with the term of 
ΔεEPS: 

 

               R1.5
EPS

d
e ( ) .

d
Ta

a
N

                      (16) 

 

The growth in crack length in each cycle under 
CA loads can be obtained by integration of Eq. (16): 
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Based on the assumption of a surface crack, the 
bearing capacity of the connection after a crack ap-
pears in the beam flange can be calculated as Fig. 12 
shows. In this study, a beam flange that has com-
pletely fractured is regarded as being in its end state, 
and the plane-section assumption is adopted to cal-
culate its ultimate strength. 

 
 
 
 
 
 
 
 
 
 

 
 
 

 
The bearing capacity of a connection with crack 

area s can be obtained approximately by 
 

D y ( )( ),M bt s h t                     (17) 

 

where b and t represent the beam flange width and 
thickness, respectively, h is the height of the beam 
section, and σy denotes the material yield strength. 
The crack area s can be obtained by integration of 
every crack length at different locations: 
 

0
( )d . 

b
s a x x                              (18) 

The relationship between connection damage and 
crack length within each cycle can be quantified as 
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This equation is suitable for the CA loading, and 

it can be employed approximately in the situation of 
variable loading according to the Miner linear cu-
mulative concept. Compared with the power function 
model and the Park-Ang model mentioned above, this 
fracture mechanism-based model has some ad-
vantages as follows:  

1. This model is based on fatigue damage me-
chanics and the ductile fracture mechanism, and ef-
fective plastic strain is adopted as the damage evolu-
tion index in this model. The parameters of the model 
have definite physical meanings.  

2. It can reflect the accelerating damage evolu-
tion of connection. By relating the damage of the 
current cycle to the crack length in last cycle, the 
effect of accumulated damage on damage develop-
ment is described.  

3. The different influence of tension and com-
pression load on connection damage has been taken 
into consideration by adopting the effective plastic 
strain to evaluate the damage process, which better 
conforms to the practical damage mechanisms of 
metal material. 

4. The effect of loading history is considered by 
including the accumulated damage of each cycle. 

 
 

6  Conclusions 
 
In order to investigate the damage behavior of 

beam-to-column connections in SMRFs during se-
vere earthquakes, a series of tests were carried out on 
nine full scale specimens of connections, in which 
five specimens were tested under variable cyclic 
loading and four specimens were tested under con-
stant cyclic loading. Based on the test results, three 
damage evolution models were validated, and a 
model that captures the underlying mechanisms of 
damage was proposed according to fatigue fracture 
mechanics. The following conclusions can be drawn:  

1. In the connection tests, the cracks initiated 
from the toes of the WAHs in the beam flanges and 

h

t

Fig. 12  Schematic of calculation for connection bearing 
capacity after flange crack 
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then propagated through the thickness of the beam 
flanges just beneath the WAHs. A total of six speci-
mens fractured completely through the beam top 
flanges through the toe of the WAH and the other 
three (i.e., specimens S-3, S-5, and S-7) fractured 
across the beam bottom flanges. 

2. The effects of loading amplitude, loading 
history, and peak load on the connection damage were 
analyzed. The test results indicate that when the weld 
quality is guaranteed, connection fractures are most 
likely to initiate from the WAH, and load amplitude 
range has less impact on the connection damage be-
havior. The influence of loading history is closely 
related to the peak load cycle numbers, and the 
bursting strong peak load is very detrimental to the 
connection.  

3. The relationship between connection damage 
and its bearing capacity was established; the character 
of connection damage was analyzed according to the 
damage process. It is demonstrated that damage to the 
connections accelerated in the process of cyclic 
loading, which is related to the load amplitude and 
cumulative damage during loading. Power function 
proved to be reliable for describing the development 
of the damage. 

4. Three commonly used damage evolution 
models were calibrated and validated by the test data. 
The comparison between these models and the data 
revealed that the power function-based model and the 
Park-Ang combination model are suitable for simu-
lating a connection under variable amplitude cyclic 
loading. However, these models are dependent on test 
data regression to describe the damage process, and 
the parameters of each model do not have definite 
physical meanings, so a damage mechanism-based 
model needs to be established.  

5. The effective plastic strain was developed to 
quantify the damage process with reference to the 
nature of the damage caused to connections under 
cyclic reverse loading. It was defined by subtracting 
the compressed strain, which leads to the crack en-
closure, from the tensile plastic strain, and variations 
in the microstructures of the material during the cyclic 
loading process were taken into consideration. Fi-
nally, based on the damage mechanism and ductile 
fatigue fracture mechanics, a damage evolution 
equation which adopts the index of effective plastic 
strain was proposed. 
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中文概要 
 

题 目：钢框架梁柱节点在强震作用下的损伤性能研究 

目 的： 钢框架焊接梁柱节点在地震作用下往往容易产生

脆性裂纹，裂纹的发展和损伤累积将导致节点延

性降低，发生脆性断裂。本文旨在探究节点在地

震往复荷载作用下的损伤性能，分析其主要影响

因素，提出有效的损伤评估模型，为后续节点损

伤数值模拟提供基础，为钢框架的抗震设计提供

参考。 

创新点：1. 通过足尺节点试验，分析加载幅值、加载历程

和荷载峰值对节点损伤性能的影响；2. 基于试验

结果，标定并验证 3 种经验损伤演化模型，提出

基于疲劳断裂力学的节点损伤评估模型。 

方 法：1. 通过对 9 个足尺梁柱节点试件开展往复加载试

验，包括 5 种变幅加载制度及 4 种常幅加载制度，

分析加载幅值、加载历程和荷载峰值对节点损伤

性能的影响；2. 基于试验结果，根据节点损伤特

点，在能量模型基础上，推导并拟合适用于节点

循环加载的双参数损伤演化方程，并与其他模型

进行比较，以验证其准确性；3. 结合疲劳和延性

断裂理论，依据损伤机理，定义“有效塑性应变”

量化损伤过程，并以疲劳裂纹发展公式为基础，

推导适用于计算在极低周循环荷载下节点损伤

过程的损伤演化方程。 

结 论：1. 加载跨幅对节点性能影响较小；加载历程的影

响与历程中峰值位移循环次数密切相关；突发性

的强峰值对节点造成的损伤最大。2. 节点损伤过

程为幂函数形式；通过比较表明，在能量模型基

础上推导出的适用于节点循环加载的双参数损

伤演化方程，相对于单参数线性模型，能够更准

确模拟节点在极低周循环下的损伤过程。3. 基于

疲劳断裂力学理论的损伤演化方程物理意义明

确，能够描述节点循环损伤试验中所表现出的加

速损伤及“损伤拐点”特征。 

关键词：梁柱节点；往复荷载；节点试验；损伤机理；延

性断裂 


