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1. Introduction 

 

Numerous studies have been made to resist progressive 

collapse since the gas explosion event of the Ronan Point 

building in 1968 (Marjanishvili and Agnew 2006, Tsai 

2012, Liu 2016, Arshian and Morgenthal 2017). 

Development of practical and efficient approaches to 

protect frame structures from progressive collapse under 

catastrophic events (e.g., gas explosions, vehicular 

collisions, sabotage, fires, extreme environmental effects, 

human errors in design and construction) has been a 

significant issue in the last decade (Marjanishvili and 

Agnew 2006, Liu 2016, Mirtaheri and Zoghi 2016). 

Relevant guidelines (DOD 2009 and GSA 2013) have 

become available to address progressive collapse in design 

of frame structures. 

Four different analysis methods (i.e., linear static, 

nonlinear static, linear dynamic, and nonlinear dynamic) are 

available for progressive collapse analysis of frame 

structures upon sudden removal of critical structural 

elements such as columns. The nonlinear dynamic analysis 
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is the most accurate yet the most expensive method, 

because the analysis procedure is required to account for all 

possible types of nonlinearities; in addition, intensive 

computation with the time-history transient analysis is 

needed to simulate directly the dynamic behaviour of the 

damaged structure (Li et al. 2014, Khuyen and Iwasaki 

2016). The nonlinear static analysis, incorporating an 

alternate path method with a dynamic increase factor (DIF), 

to form the impact loads, is an alternative practical 

approach for the analysis without using dynamic analysis 

(Tsai 2010, Tavakoli and Kiakojouri 2013, Chen et al. 

2016a, b, Mashhadiali et al. 2016, Liu 2016). 

Research has indicated that a constant DIF of 2.0 

applied in the nonlinear static analysis may lead to results 

inconsistent with those obtained from the nonlinear 

dynamic analysis approach (Tsai 2010, Tavakoli and 

Kiakojouri 2013, Liu 2016, Mashhadiali et al. 2016). It 

should be noted that the actual nonlinear responses, as 

affected by both energy demand to support upper structure 

after removal of a column and structural capacity, is not 

fully considered in the DIF formulation of the DOD (2009) 

guidelines for steel frame structures, as defined by 

 

0.76
DIF 1.08

/ 0.83pra y 
 


 

(1) 

 

where, θy and θpra are the yield rotation and the allowed 

plastic rotation angle, respectively, given in the acceptance 

criterion table of the guidelines. 

It is easily understood that if the damaged structure has 
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Fig. 1 Non-dimensional classification of initial stiffness and ultimate strength of connections 
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Fig. 2 Types of beam-to-column semi-rigid connections (Frye and Morris, 1975). 
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a smaller capacity and/or is subjected to greater energy 

demand, it would be more susceptible to progressive 

collapse. Furthermore, in conventional DIF analysis, beam-

column connections behaviour is usually assumed for 

simplicity to be either perfectly rigid or ideally pinned 

(flexible) (Bjorhovde et al. 1990, Chan and Chui 2000, 

Degertekin and Hayalioglu 2004). Generally, it is 

practically impossible to achieve the widely used 

assumption of a perfectly rigid and frictionless pinned 

beam-column connection (Jones et al. 1983, Ihaddoudene et 

al. 2009). Connection deformation is sometimes also 

responsible for a substantial proportion of the overall 

deflection of a structure and often has a significant bearing 

on the internal force distribution (Frye and Morris 1975, 

Qin et al. 2016, Fu et al. 2017). This deformation is 

significant for assessing the real dynamic behaviour of a 

frame structure with semi-rigid connections (Frye and 

Morris 1975, Ihaddoudene et al. 2009). Therefore, it is 

necessary to modify the DIF for the nonlinear static analysis 

so that the produced static responses can more rationally 

match the affected dynamic responses. 

A modified method for empirically calculating the DIF 

to assess the progressive collapse of a steel frame structure 

in the nonlinear static alternate path analysis is presented in 

the current study. The modified DIF takes into account both 

 

 

 

 

energy demand and structural capacity after removal of a 

column. The effect of connection flexibility on dynamic 

behaviour is also incorporated in the modified empirical 

DIF equation, and a step-by-step analysis procedure to 

obtain the modified DIF equation is developed. Specifically, 

a planar analytical structural model with semi-rigid 

connections is created to account for both connection 

nonlinearity by nonlinear spring elements and material 

nonlinearity by assigning concentrated plastic hinges in the 

SAP2000 program. 

 

2. Connection behavior 
 

2.1 Classification of connections 
 

As previously mentioned, it is important that the 

connection categories can represent realistic and practical 

types of joints. Three basic response groups are flexible 

connections (pinned), rigid connections (fixed) and semi-

rigid connections (Frye and Morris 1975). 

 Based on the evaluation of a variety of beam-to-

column connections, as presented by Bjorhovde et al. 

(1990), the stiffer the connection, the shorter the equivalent 

reference length of the beam will be. The reference length le 

of five times the beam depth d is the most appropriate for 

 

 

 

 

 

Fig. 3 Connection moment-rotation curves 
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Fig. 4 Design moment-rotation characteristic of a connection 
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semi-rigid connection, namely, δ. Also, the reference 

lengths of 10d and 2d, respectively, for the dividing lines 

between rigid and semi-rigid and between semi-rigid and 

flexible are proposed, namely, le,r = 2d and le,f = 10d, as 

shown in Fig. 1. 

It is realistic to use ultimate moment magnitudes of 

0.2Mp and 0.7Mp, respectively, for the flexible to semi-rigid 

and the semi-rigid to rigid connection strength boundaries. 

For rigid connections, the ultimate bending moment 

boundary is higher than 0.7Mp, or perhaps even larger than 

the plastic moment of the attached beam Mp. The latter 

value reflects a design principle for occurrence of failures 

away from the connection regions, as shown in Fig. 1. 

Types of commonly used connections with the geometry 

and size parameters are shown in Fig. 2 (Saberi et al. 2014). 

Many experiments have shown that practical connections 

behave nonlinearly due to gradual yielding of connection 

plates and cleats, bolts etc. (Chan and Chui 2000). 

The moment-rotation curves for the eight commonly 

used connection types are shown in Fig. 3 presented by 

Frye and Morris (1975). It can be seen that flexible 

connection types exhibit nonlinear behaviour almost at the 

start of loading, while relatively rigid connections do so at a 

later stage. 

 

 

 

Fig. 5 Moment-rotation curves for connections with 

different values pj 

 
 

2.2 Properties of connections 
 

The properties of connections are complex and 

uncertain. For most connections, however, the axial and 

shear deformations are usually small compared to flexural 

 

 

Table 1 Standardized constants of the polynomial model (Frye and Morris 1975) 

Connection type Curve-fitting coefficients Standardized constant 

Single web angle 

3

1

9

2

16

3

4.28 10

1.45 10

1.51 10

C

C

C







 

 

 

 2.4 1.81 0.15K d t g   

Double web angle 

4

1

6

2

8

3

3.66 10

1.15 10

4.57 10

C

C

C







 

 

 

 2.4 1.81 0.15K d t g   

Header plate 

5

1

10

2

13

3

5.1 10

6.2 10

2.4 10

C

C

C







 

 

 

 2.3 1.6 1.6 0.5K d t g    

Top and seat angle 

4

1

4

2

8

3

8.46 10

1.01 10

1.24 10

C

C

C







 

 

 

 0.5 1.5 1.1 0.7K t d f l     

T-stub 

4

1
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2
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3

2.1 10

6.2 10

-7.6 10

C

C

C







 

 

 

 1.5 0.5 1.1 0.7K d t f l     

Top and seat angle with 

double web angles 

5

1

8

2
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3

2.23 10

1.85 10

3.19 10

C

C

C







 

 

 

 1.287 1.128 0.415 0.649 1.35

cK d t t l g     

End plate without 

column stiffeners 

3

1

4

2

6

3

1.83 10

1.04 10

6.38 10

C

C

C







 

  

 

 2.4 0.4 1.1K d t f   

End plate with 

column stiffeners 

3

1

4

2

4

3

1.79 10

1.76 10

2.04 10

C

C

C
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deformations. For simplicity, only the rotational behaviour 

of connections due to flexural action is considered, and the 

catenary action is not taken into account in the current 

study. The design moment-rotation characteristic of a 

connection is shown in Fig. 4. 

The standardization procedure representing the moment-

rotation curves for all connections of a given type proposed 

by Frye and Morris (1975) is expressed as a single function 

 

1

( )i

i

i

C KM




  (2) 

 

where φ is a rotational deformation of connection in 

radians, Ci is curve-fitting constant, K is a dimensionless 

standardization constant, depending on the size parameters 

for the particular connection, and M is the moment applied 

to the connection. 

The slope of the curve, namely, the tangent connection 

stiffness, Sc, is given by 
 

c

dM
S

d
  (3) 

 

and the initial stiffness 𝑆𝑐
0 is given by 

 

0

1

1

0
c

dM
S

Md C K
 


 (4) 

 

The factor K is given by 
 

1

j

m
a

j

j

K p


  (5) 

 

where pj is numerical value of jth size parameter, aj is a 

dimensionless exponent indicating the effect of jth size 

parameter on the moment-rotation relationship, and m is 

total number of size parameters. The value of the exponents 

aj in Eq. (5) can be illustrated by a series of experimental 

moment-rotation curves for connections, and as given by 

 

2 1

1 2log( / )

log( / )
j

j j

M M
a

p p
  (6) 

 

 

In addition, aj values are calculated by several different 

rotations for each combination of experimental curves, as 

shown in Fig. 5, and as expressed by 
 

( ) ( )

1 2log( / )1 1

log( / )

t tn

j j

t a j j

M M
a a

t p p  

     (7) 

 

where, t is the selected rotation number in each of 

experimental curves; n is the number of experimental 

curves; η is a combinatorial number of the different 

experimental curves, namely, !/ [2( 2)!]n n   ;𝑝𝑗 𝛼 and 

𝑝𝑗 𝛽  represent different pj corresponding to the different 

experimental curves, respectively. 

Based on the test data, standardized moment-rotation 

functions for each of the eight connection types shown in 

Fig. 2 are listed in Table 1 determined by Frye and Morris 

(1975). 
 

 

3. A modified DIF calculation method 
 

3.1 The modified polynomial model of 
partial connections 

 

Based on the experimental results (Yang and Tan 2012, 

2013) and the results shown in Table 1, the influence of the 

middle bolts in the extended end plate (EEP) connections 

on the moment-rotation capacity is not considered in the 

researches by Frye and Morris (1975). The polynomial 

model of the flush end plate (FEP) connections has also not 

been determined. Therefore, the polynomial model of the 

extended end plate connections and of the flush end plate 

connections are respectively modified and proposed. A 

modified model of the top and seat (TS) connections is also 

provided in the current paper. 

Details and standardization parameters for extended end 

plate connections with column stiffeners are shown in Fig. 

6. Some key techniques of modeling the finite element 

model of the extended end plate connections are presented 

by Yang and Tan (2012) (similarly hereinafter). Based on 

FEM numerical simulation analysis results by the ABAQUS 

software, as shown in Figs. 7-9, corresponding to the 

different values f, t and d2, respectively, the polynomial 

model of the extended end plate connections is modified 

and given by Eqs. (8)-(9) 
 

 

 

Fig. 6 Details and standardization parameters for extended end plate connections with column stiffeners 
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Fig. 7 Moment-rotation curves for extended end plate 

connections with different values f 

 

 

 

Fig. 8 Moment-rotation curves for extended end plate 

connections with different values t 
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 (9) 

 

The polynomial model of the extended end plate 

connections modified in the current study shows good 
 

 
 

 

 

Fig. 9 Moment-rotation curves for extended end plate 

connections with different values d2 

 

 

 

Fig. 10 Comparison of the FEM simulations to the test 

data of extended end plate connections 

 

 

agreement compared with experimental results, as shown in 

Fig. 10. 

Details and standardization parameters for flush end 

plate connections with column stiffeners are shown in Fig. 

11. Similarly, based on FEM numerical simulation analysis 

results by the ABAQUS software, the polynomial model of 

the flush end plate connections is proposed and given by 
 

1.1 0.4 0.2K d t f    (10) 
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Fig. 11 Details and standardization parameters for flush end plate connections with column stiffeners 

214



 

Dynamic increase factor for progressive collapse analysis of semi-rigid steel frames 

 

Fig. 12 Comparison of the FEM simulations to the test 

data of flush end plate connections 
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 (11) 

 

The modified polynomial model of the flush end plate 

connections in the current study shows good agreement 

 

 

 

 

compared with experimental results, as shown in Fig. 12. 

Details and standardization parameters for top and seat 

connections with column stiffeners are shown in Fig. 13. 

The simulation analysis results from the polynomial model 

proposed by Frye and Morris (1975) appear different from 

the experimental results obtained by Yang (Yang and Tan 

2012, 2013), as shown in Fig. 14. Based on the experi-

mental results by Yang (Yang and Tan 2012, 2013), a 

polynomial model of the top and seat connections is 

modified and given by 
 

1.99 1.5 1.1 0.7K t d f l     (12) 
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 (13) 

 

The modified polynomial model of the top and seat 

connections in the current study shows good agreement 

compared with experimental results, as shown in Fig. 14. 
 

3.2 A beam model with nonlinear spring elements 
and plastic hinges 

 

In order to incorporate the combined effect of joint 

flexibility and material yielding on the structural dynamic 
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Fig. 13 Details and standardization parameters for top and seat connections 

  

(a) Specimen 1 (b) Specimen 2 

Fig. 14 Comparisons of the modified model to the test data of top and seat connections 
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response, a compound beam-column element established by 

SAP2000 software with plastic hinge for material 

nonlinearity and with nonlinear spring element for semi-

rigid connection is utilized in the current study, as shown in 

Fig. 15. The moment-rotation relation for beam plastic 

moment hinges is obtained based on the Federal Emergency 

Management Agency (FEMA) 356 (2000), where the 

Immediate Occupancy, Life Safety and Collapse Prevention 

structural performance levels are determined. The plastic 

deformations (a and b) and the residual strength (c), as 

shown in Fig. 15, are assessed based on the FEMA 356 

(2000). The flexural strength is calculated by 
 

y yeM Zf  (14) 

 

And the rotation at yield is 
 

6

ye b

y

b

Zf L

EI
   (15) 

 

where fye is the expected material yield strength; Lb is beam 

length; Z is plastic section modulus; Ib is a moment of 

inertia, and E is the modulus of elasticity. 

Total rotation (θ), as shown in Fig. 16, of the compound 

element is given by (Chan and Chui 2000) 
 

= c p    (16) 

 

where, θc and θp stand for connection rotation and plastic 

hinge rotation, respectively. Elastic rotation being very 

 

 

 

 

Connection flexibility

Plastic hinge
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Fig. 16 Deformation exhibition of a semi-rigid connection 

and a plastic hinge 

 

 

small is often neglected. 

The three parameter power model for a semi-rigid 

connection (Chan and Chui 2000, Saberi et al. 2014), as 

shown in Fig. 17(a), is given by 
 

1/ 1/
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where, Rki is the previously mentioned initial connection 

stiffness, 𝑆𝑐
0 in Eq. (3), Mu is the ultimate capacity of the 

connection moment, n is the shape parameter and θ0 is the 

reference plastic rotation given by 
 

0 = u

ki

M

R
  (18) 

 

A four parameter power model for a semi-rigid 

connection (Chan and Chui 2000, Jones and Kirby 1983) as 

shown in Fig. 17(b), is given by 

  

(c) Specimen 3 (d) Specimen 4 

Fig. 14 Continued 

 

Fig. 15 Beam-column element attached with section and connection springs 
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where, Rkp is the strain hardening/softening stiffness and θ0 

is the reference plastic rotation given by 
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where, M0 is reference relative moment. 

Based on the three and four parameter power model, the 

capacity of a connection can be characterized by the 

reference plastic rotation θ0 (Jones et al. 1983, Chan and 

Chui 2000, Saberi et al. 2014). Therefore, the reference 

plastic rotation θ0 is applied for the DIF assessment process 

in the current paper. 
 

3.3 The DIF calculation procedure 
 

The modified DIF is defined as a function of max 

(ED/EC) in the current study, where the max operator is 

applied to all affected beams directly adjacent to and above 

the removed column, and ED and EC are structural energy 

demand and energy capacity, defined by Eqs. (21) and (22), 

respectively 
 

ED = ( )l l c pM M       (21) 

 

0EC ( + )y yM     (22) 

 

where, Ml, θc and θp are the factored moment, connection 

rotation and plastic hinge rotation, respectively, of an 

affected beam under the original unamplified static loads, θ0 

is the reference plastic rotation of a semi-rigid connection, 

mentioned previously, and My and θy are the expected 

plastic moment capacity and the yield rotation of an 

affected beam, expressed as Eqs. (14) and (15), 

respectively. 

For a given column removal scenario, the DIF is 

obtained when the structural responses from the pushdown 

analysis best match those from the nonlinear dynamic 

analysis. The calculation process of the DIF for the 

damaged frame under a given column removal scenario 

 

 

takes the following steps: 

Step 1: Perform a nonlinear dynamic analysis to obtain 

the maximum vertical dynamic response displacement 

Δmax,ND at the column removal location. To carry out the 

dynamic analysis, different approaches are categorized into 

two main groups; either direct element deletion or reaction 

approaches (Tavakoli and Kiakojouri 2013). A subroutine is 

required in the direct element deletion approaches. In the 

reaction approaches, a nonlinear analysis of the intact 

structure with the primary load g is carried out to record the 

end forces F of the to-be-removed column. The analysis 

then statically applies the primary load g and end forces F 

(in opposite directions) to the damaged structure model with 

a column removed in order that the deformation of the 

model is the same as the intact structure just before the 

damage. Once static equilibrium is reached, the end force F 

is instantly forced to zero to start the dynamic response time 

history analysis and to simulate the phenomenon of abrupt 

removal of a column. The maximum dynamic responses are 

then measured and calculated. In the current study, dynamic 

analysis is automatically carried out by the reaction 

approach using the SAP2000 program application 

programming interface incorporated with the Visual Basic 

for Applications in Excel software. 

Step 2: Perform a pushdown analysis by applying an 

increasing vertical load q on the affected bays (or damaged 

bays) immediately adjacent to and above the removed 

column, and by applying a nominal design load p to the 

other bays, as shown in Fig. 18, from which the 

displacement at the column removal location versus applied 

load curves are obtained. 

Step 3: Based on the responses from the nonlinear 

dynamic analysis, determine the time Tp when the vertical 

displacement obtained by pushdown analysis Δmax,P reaches 

the ΔmaxND. It is understandable that the DIF is equal to Tp, 

i.e., DIF = Tp, and the DIF is calculated rapidly by the 

proposed method. The process differs from the traditional 

methods utilized by Liu (2013) and Khuyen and Iwasaki 

(2016). 

Step 4: Determine Ml, θc and θp when the applied load in 

the affected bays reaches normal design load g, i.e., the time 

in pushdown analysis reaches 1.0; next find the max 

(ED/EC). 

The above major steps for DIF calculation are illustrated 
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(a) Three-parameter power model (b) Four-parameter power model 

Fig. 17 The power model for semi-rigid connections 
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in Fig. 19. After the above four steps, a data point of DIF 

vs. max(ED/EC) is obtained. This process is then repeated 

for all other column removal scenarios of the current 

building frame, as described in Section 4.1. Finally, curve 

fitting of these data points is conducted to find empirical 

formulas for calculating the DIF. 

 

 

4. Illustrative application to steel frame structures 
 

4.1 The analysis model 
 

The representative building in our analysis, is a two-

dimensional nine-story steel frame structure, as shown in 

Fig. 20, earlier studied by Liu (2013). Min Liu’s frame 

 

 

 

 

was rigid jointed, but in the present study, the beam column 

connections are semi-rigid. To observe the effect of semi-

rigid connections on the DIF and progressive collapse 

behaviour, five different connections are adopted in the 

current study, as shown in Fig. 21. Grade A992Fy50 steel 

with a modulus of elasticity of 200 Gpa, a yield stress (Fy) 

of 345 Mpa (50 ksi), and effective yield stress (Fye) of 379.2 

Mpa (55 ksi) is used in the example. A live load is assumed 

to be 3.92 N/mm distributed uniformly across the entire 

beam span including the roof. To estimate the dead load, we 

assumed a uniform concrete slab thickness of 90 mm (3.5 

in), with normal weight concrete density of 23.6 kN/m3 

(150 pcf). The equivalent linear load is 4.28 N/mm. 

Additionally, the dead load includes perimeter wall weight 

of 19.7 N/mm (1,350 plf) at every floor, except at roof 
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Fig. 21 Moment-rotation curves of five different types of 

connections 

 

 

level. 

Member sizes for the steel frame are shown in Fig. 20. A 

single section size is used for all beams at a given floor. 

Column members in the ground floor are W14×500; and for 

other stories, columns between every two adjacent floors 

have the same section size along each of the exterior or 

interior column lines. 
 

4.2 Column fracture scenarios 
 

All columns are subject to removal in this study to 

 

 

 

Fig. 22 Dynamic increase factor as a function of max 

(ED/EC) 

 

 
investigate completely the dynamic response of a steel 

frame. Due to symmetry in the frame layout, only half of 

the columns in each story are to be removed, one at a time. 

Therefore, a total of 3 × 9 = 27 different column removal 

scenarios are considered for each of the five steel frames 

with different types of connections (Liu 2016). Each of the 

column removal scenarios is accomplished efficiently by 

the SAP2000 program application programming interface 

incorporated with the Visual Basic for Applications in Excel 

software (Chen et al. 2016c). 
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Fig. 20 Two-dimensional structural model of example building 
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4.3 Results and discussion 
 

According to the DIF calculation procedure 

mentioned before, all column removal scenarios are 

investigated completely to analyze the load redistribution 

behaviour of a steel frame and to obtain the DIF formula. 

Fig. 22 displays the data points of the final DIF vs. max 

(ED/EC) of all illustrative cases. The modified empirical 

equation is given by 
 

1
1.17

6.09max( / ) 1.24
DIF

ED EC
 


 (23) 

 

As observed in Fig. 22, the dynamic response or DIF is 

strongly related to the type of beam-column connection, and 

it is noticed that a column removal scenario with weak 

beam-column connections has a smaller DIF than those 

with strong beam-column connections. Therefore, 

connection flexibility should be given full consideration in 

the analysis and design of steel structures to resistant 

progressive collapse. 

For a given beam-column connection, the smaller 

max(ED/EC) turns out to be associated with removal of a 

column in an upper story level. This observation could be 

attributed to the situation that removal of a column from an 

upper story causes a low level of overall geometrical 

nonlinearity compared with removal of a column from a 

lower story, thereby leading to a smaller DIF for the lower-

story column removal scenario (Liu 2016). 

It is worth reminding that the maximum value (DIFmax = 

1.976) obtained by Eq. (23) of the modified DIF is close to, 

but less than, the constant value (DIF = 2.0) used in the 

traditional analysis and design. Also, the maximum and 

minimum values are close to the value obtained by Eq. (1) 

recommended in DOD (2009) guideline. 
 

 

5. Conclusions 
 

The current work focuses on evaluating the dynamic 

increase factor (DIF) for progressive collapse by 

considering the nonlinear static analysis of steel frames with 

semi-rigid connections. The following observations are 

made: 
 

(1) The modified polynomial model of the extended end 

plate and top and seat connection and the proposed 

polynomial model of the flush end plate connection 

show good agreement compared with experimental 

results. 

(2) The utilized beam-column element established by 

the SAP2000 program attached with plastic hinge for 

material nonlinearity and a nonlinear spring element 

for semi-rigid connection can be applied to 

incorporate the combined effect of joint flexibility 

and material yielding on the structural dynamic 

response. 

(3) Data points of DIF vs. max (ED/EC) of all 

illustrative cases shows that the DIF for nonlinear 

static alternate path analysis is directly related to 

both energy demand and structural capacity. 

(4) The modified empirical DIF equation is incorporated 

in the effect of connection flexibility on the dynamic 

behaviour of the damaged structure after abrupt 

removal of a column. 
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