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SUMMARY 
 
In the earthquake resistance design of a frame structure, the yielding of all the beams in flexure prior to 
possible yielding of columns, is generally considered to be a preferable failure mode. The reason is that 
the failure mode has a large ability to absorb earthquake energy before the structure actually collapses. 
Structures are therefore generally weak-beam-strong-column designed with a column over-design factor 
(COF). In reality, however, the designed weak-beam-strong-column structure may not collapse according 
to the preferable failure mode because of the considerable uncertainties in the external loads and the 
member strengths. These uncertainties may change the column over-design factor and the structure may 
collapse according to some unpreferable failure modes such as the weak story mechanisms. It is a general 
requirement to provide a suitable target value of the COF for which the occurrence probability of 
unpreferable failure modes can be limited to a specified tolerance. In the present paper, the likely failure 
modes of a weak-beam-strong-column designed structure with uncertain loads and with uncertain member 
strengths are investigated. The target value of column over-design factor avoiding weak story mechanisms 
is discussed in probabilistic terms. From the investigation, it can be found that the larger the number of 
stories, the larger the target value of the COF is required so that the probability ratio is limited to a given 
tolerance level. 
 

INTRODUCTION 
 
When carrying out the deterministic design of steel frame structures, some preferable failure modes are 
often selected and the strengths of the structural members are designed according to these selected failure 
modes. The weak-beam-strong-column designed structure is commonly used in earthquake resistance 
design to make the frame structure collapse according to the entire failure pattern, which allows the 
yielding of all the beams in flexure prior to possible yielding of columns (here after, it is referred as the 
beam-hinging pattern). This is considered to be a suitable failure pattern because of its large ability to 
absorb earthquake energy before the structure actually collapses [1, 2]. 
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In order to ensure that a frame structure collapses according to the beam-hinging pattern, the columns 
of the structure are generally over-designed with a column over-design factor (COF). However, when a 
frame structure is designed as a weak-beam-strong-column structure, an important problem is that whether 
or not the designed structure collapses according to the designed failure mode. This problem is caused by 
the large uncertainties in the external loads and the member strengths. These uncertainties may change the 
designed COF, and the structure may collapse according to some unpreferable failure modes such as the 
partially column-failure pattern. 

 
To introduce the uncertainties of the external loads and the member strengths into structural design, it 

is necessary to investigate all or at least some of the more important failure modes that result from these 
uncertainties. However, the number of potential failure modes is generally too large and the searching 
important failure modes may be complicated. It is almost impossible for a design engineer to consider 
such a large number of failure modes and their occurrence probabilities. It is a general requirement for 
researchers to give a suitable target value of the COF for which the occurrence probability of unpreferable 
failure modes can be limited to a specified tolerance. 
    Some case studies have been conducted and basic knowledge has been obtained on the value of COF 
that results in the beam-hinging pattern mode [3]. Weak story mechanisms are investigated in the paper, 
and the target value of the COF required to ensure that frame structures collapse according to the beam-
hinging pattern is discussed. The target value of column over-design factor avoiding weak story 
mechanisms is discussed in probabilistic terms. From the investigation of this paper, it is found that the 
larger the number of stories, the larger the target value of the COF. The higher the reliability level is set 
when the structure is designed, the smaller the target value of the COF is required to limit the probability 
ratio to a given tolerance level. 
 
 

DEFINITION AND ASSUMPTIONS 
 
Basic Assumptions 
For the ductile frame structures considered in this study, several commonly used assumptions are applied: 
 
(1) Elastic-plastic frame structures are considered. The failure of a section means the imposition of a hinge 

and an artificial moment at this section. 
 
(2) The structural uncertainties are represented by considering only moment capacities as random 

variables. 
 
 (3) Geometrical second-order and shear effects are neglected. The effect of axial forces on the reduction 
of moment capacities is also neglected. 
 
Definition of Column Over-Design Factor 
The likely failure modes of a specific structure under specific load are mainly dependent on the mean 
value and coefficient of variation of the member strength. Because a specific structure is generally 
constructed using the same kind of material (generally steel or concrete) through the whole structure and 
the coefficient of variation is mainly dependent to the material, the coefficient of variation of each member 
strength is assumed to be the same for all the members in the structure. The mean values of the member 
strengths can be therefore used as the main factor in the investigation. 
   For a one-storey one-bay structure, the COF is defined simply as the ratio between the mean value of the 
column strength and the mean value of the beam strength. This is because there is only one beam and one 
column at each node for such structure.  
 



                                                                                        (1)  
 

where Mpc, Mpb are the mean values of the ultimate moment of the columns and beams respectively. 

 
For a multi-storey multi-bay structure, because the number of beams or columns is different for each node, 
the COF used in the investigation is defined for each node as the ratio between the sum of the mean values 
of the column strengths and the sum of mean values of the beam strengths, at that node, as follows 

 
                                                                            (2) 

 
where k refers to the kth node and Mpci, Mpbi are the mean value of the ultimate moment of the columns 

and beams, connecting to the kth node, respectively. 
 
Computational Assumptions 

For convenience of investigation, the following assumptions are applied. 
 

(1) All of the beams and columns are designed to make the structure have the same value of the COF at 
every node, i. e. there is only one value of the COF for a specific structure. 

 
(2) The external load is considered to consist of only the static lateral earthquake loads which is often used 

for simple seismic design. This is assumed to be concentrated forces triangularly distributed along the 
height of the structures in consideration. 

 
(2) Plastic moment capacities of sections are statistically independent of the applied loads and 

independent of each other. 
 
All the variables are assumed to have a lognormal distribution. Because the frames in consideration are 
steel, the coefficient of variation of the member strengths is taken to be 0.1 [4]. Because the coefficient of 
variation for ground motion is generally taken to be 0.6-0.7 [5] and considering the other uncertainties 
included in load modeling, the coefficient of variation for the lateral forces is assumed to be 0.8. 
 
 

INVESTIGATION ON WEAK-STORY MECHANISMS 
 
Since there are so many weak-story mechanisms for a frame structure, it is necessary to investigate the 
likely mechanisms that dominantly influence the target COF. In the paper, these mechanisms are 
investigated using a 7-story and 2-bay frame. 
 
Investigation on the Upper Collapse Type 
The upper collapse type mechanisms are shown in Fig. 1 and the corresponding appearance probabilities 
are shown in Fig. 3. As shown in the figures, the order of appearance of the modes is not affected by the 
value of COF, and the more stores collapse, the higher the appearance probabilities. Since mode 5 is the 
most likely mechanisms among such collapse types, we only need to consider mode 5 when we investigate 
the target COF. 
 

   
COF(k) =

M pciΣ
i

M pbiΣ
i

  COF =
M pc

M pb
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                                                   Fig. 1 Upper Collapse Type 
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                                                   Fig. 2 Middle Collapse Type 
 
 

  

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

1 1.5 2 2.5 3 3.5 4 4.5 5

mode1
mode2
mode3
mode4
mode5

P
f

COF
   

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

1 1.5 2 2.5

mode1
mode2
mode3
mode4
mode5

P
f

COF  
 
    Fig. 3 Appearance prob. of upper collapse type      Fig. 4 Appearance prob. of middle collapse type 
 
 
Investigation on the Middle Collapse Type 
The middle collapse type mechanisms are shown in Fig. 2 and the corresponding appearance probabilities 
are shown in Fig. 4. As shown in the figures, the lower the stores collapse occurs, the higher the 
appearance probabilities, and the order of appearance of the modes is not affected by the value of COF. 
Since mode 5 is the most likely mechanisms among such collapse types, we only need to consider mode 5 
in this type when we investigate the target COF. 
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                                                   Fig. 5 Middle Collapse Type 
 
 

                                            
                                     mode 1                   mode 2                    mode 3 
 
                                                   Fig. 6 Mixed Collapse Type 
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Fig. 7 Appearance prob. of lower collapse type   Fig. 8 Appearance prob. of mixed collapse type 
 
 
Investigation on the Lower Collapse Type 
In order to investigate occurrence probability of mixed mechanisms with comparison of upper and lower 
collapse type, three types of mechanism shown in Fig. 6 are considered. The occurrence probabilities 
corresponding to the three modes shown in Fig. 6 are shown in Fig. 8, from which one can see that in the 
whole investigated range of COF, mode 2 is not the most likely one among the three modes. This is to say, 
if the upper and lower collapse types are considered, it is not necessary to consider the mixed mode. 
 



     From the discussion above, one can conclude that in order to investigate the target COF, we need to 
consider all the lower collapse types and the mode 5 in the upper collapse type. 
 
 
                                PROBABILISTIC EVALUATION OF COF 
 
Evaluation Method 
Because the structure is deterministically designed to collapse according to the entire beam-failure mode, 
the most likely failure mode is generally the preferable beam-hinging pattern mode, and all the other likely 
failure modes are unpreferable failure modes. Because the second most likely failure mode has the largest 
occurrence probability among all these unpreferable failure modes, the following evaluation index is used 
in the present paper to evaluate the relative occurrence rate of the unpreferable failure modes: 

                                   γ =
Pf 2

Pf 1

                                                                                               (3) 

Here pf1 is the occurrence probability of the most likely failure mode, i. e. the beam-hinging pattern mode.  
Pf2 is the occurrence probability of the most likely failure mode among all the unpreferable failure modes. 
 

In order to ensure that the designed structure collapses according to the designed preferable failure 
mode, the relative occurrence rate of the unpreferable failure modes γ should be limited to a specified 
allowable level γ0 as follows, 

                                      γ =
Pf 2

Pf 1

≤ γ 0                                                                                    (4) 

The larger the value of the COF, the smaller the value of the relative occurrence rate of the 
unpreferable failure modes. By conducting stochastic limit analysis using different COFs for a frame 
structure, a γ-COF curve can be obtained, and the target value of the COF for which Eq. 4 is satisfied can 
be determined. In the present paper, levels of γ0=0.7, 0.8, 0.9, 1.0 are investigated provisionally. 
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                                            Fig. 9 γ-COF Curve (β=2.0, VM=0.1, Vp=0.8) 
 
Evaluation results for Target COF 
Using the evaluation method above, the γ-COF curves for multi-story frames are shown in Fig. 9, where 
the reliability level is taken to be β=2, and the coefficients of the member strength and the earthquake load 
are taken to be VM=0.1 and Vp=0.8, respectively. The target COFs for γ0=0.7, 0.8, 0.9, 1.0 are listed in 
Table 1. One can see that, to avoid weak story mechanisms, a considerable larger value of the COF is 
required in the case that both the loads and the member strengths are uncertain than in the case of a 



deterministic member strength. One can also see that the target value of the COF is very sensitive to the 
tolerance level γ

0
. For suitable stochastic evaluation of the target values of the COF, it is therefore very 

important to set an appropriate tolerance level. the values of the target COF increase with respect to the 
increase of the number of stories. 
 
                                   Table 1 Target COF (β=2.0, VM=0.1, Vp=0.8) 
 
                                     γ0=1.0             γ0=0.9               γ0=0.8               γ0=0.7 
 
              2-story              1.097              1.142                1.189                1.256 
              3-story              1.231              1.325                1.420                1.575 
              4-story              1.375              1.513                1.669                2.168 
              5-story              1.565              1.692                1.892                2.912 
              6-story              1.788              1.945                2.125                3.850 
              7-story              2.016              2.201                2.420                5.000 
 

 
 

                                              CONCLUSIONS 
 
The target value of the column over-design factor avoiding weak story mechanisms was investigated in 
probabilistic terms. It is found that: 
(1) To ensure that a frame structure collapse according to the strictly beam-failure pattern, a considerable 

larger value of the COF is required in the case of both the loads and the member strengths are 
uncertain than that in the case of a deterministic member strength. 

(2) In order to investigate the target COF, it is necessary to consider all the lower collapse type 
mechanisms. 

(3) The larger the number of stories, the larger the target value of the COF. 
(4) The target value of the COF is very sensitive to the tolerance level γ

0
. For suitable stochastic 

evaluation of the target values of the COF, it is therefore very important to set an appropriate tolerance 
level.  
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