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Abstract: The collapse risk of building structures has been one of the major factors causing 18 

casualties and huge economic losses for earthquake disaster prevention. This paper presents a 19 

shaking table test on low-rise steel moment frames with consideration of mass irregularity in 20 

the elevation direction. The frames are subjected to naturally observed and artificial seismic 21 

waves. As indicated from the test results, the specimen with the irregularity of additive-mass 22 

(additional 5% of the roof mass) on the top floor showed considerable amplification on the 23 

acceleration and drift responses at the bottom storey when subjected to over-design 24 

earthquakes. A numerical model with degraded stress-strain relation is built in terms of fiber 25 

elements and calibrated by test results. Incremental dynamic analyses are performed to 26 

evaluate the probabilities exceeding three limit states related to immediate occupancy, life 27 

safety, and collapse prevention. The seismic fragility curves through a suite of near-fault 28 

ground motions in the Uemachi area of Osaka are obtained for the numerical models with and 29 

without mass irregularity on the roof, and the vertical mass irregularity tends to play significant 30 

roles in the seismic design for collapse prevention. 31 

Keywords: Steel moment frame; Shaking table test; Additive mass; Seismic collapse; Strength 32 

degradation; Uncertainty quantification. 33 
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1. Introduction 34 

In recent decades, earthquake disasters evoked catastrophic consequences in different regions 35 

of the world. These catastrophes are ranging from human casualties, social crises due to the 36 

destruction of infrastructure and housing to economic losses. The past Hyogoken-Nanbu 37 

earthquake 1995, Chichi earthquake 1999, and Wenchuan earthquake 2008 resulted in 38 

enormous civilian deaths, in which 85 % were approximately caused by collapsed buildings. 39 

Since then, the problem of seismic collapse for structures became a critical topic in earthquake 40 

engineering. 41 

Among various types of structural systems in buildings, the steel moment-resisting frame is 42 

a rectilinear assemblage of rigid connections between the steel beam and column components 43 

to sustain horizontal loadings. The special steel moment-resisting frames (SMRF) are designed 44 

to demonstrate ductile seismic behavior with considerable plastic deformation in beam and 45 

column components. However, brittle and fatigue fractures in beam-to-column connections 46 

and the local buckling of columns resulting in storey collapse occurred during the great 47 

earthquakes (Northridge earthquake 1994 and Hyogoken-Nanbu earthquake 1995).  48 

Concerning the earthquake-induced collapse scenarios of steel moment frames, a generic 49 

side-sway collapse mode has been found by Lignos et al. (2011), who experimentally 50 

investigated a 4-storey low-rise steel moment frame subjected to incremental earthquake 51 

loading. The P-Δ effect and component deterioration in strength and stiffness was found to be 52 

dominant factors to trigger asymmetric response before the ultimate collapse. The side-sway 53 

collapse is also theoretically explained by a drift concentration at lower stories of high-rise 54 

buildings due to the cumulative axial force on beam-columns and its interaction with bending 55 

moment strength (Ji et al. 2009; Kim et al. 2009; D’Alessandro et al. 2018; and Bai et al. 2020). 56 

However, it was found in the low-rise steel moment frames with 4 storey levels, that the side-57 

sway collapse is likely to occur only at the bottom story using the noncompact cross-section 58 



 

 

of columns vulnerable to local buckling (Suita et al. 2008; Bai and Lin 2015). It is thus 59 

necessary to further clarify the soft-storey collapse mechanism of 3-4 storey steel moment 60 

frames, particularly under the unfavourable direction of earthquake loading through 61 

experimental and numerical investigations. 62 

Various seismic testing methods have been developed, such as shaking table tests and hybrid 63 

simulation. Carpio, Mosqueda, and Lignos (2016) experimentally evaluated the seismic 64 

collapse of a steel moment frame subassembly aiming to provide an efficient testing method 65 

on large-scale frame subassemblies instead of large to full-scale shaking table test because 66 

very limited facilities enable to test large/full-scale frame systems to collapse (Suita et al. 2008; 67 

Yamada et al. 2008). On the other hand, due to the limited capacities of the laboratory, a series 68 

of small-scale shaking table tests were performed for evaluating the collapse failure mode of 69 

low-rise steel moment frames (Lignos et al. 2011).  70 

Various research studies have been investigated on the seismic performance of frames 71 

equipped with mass irregularity to evaluate the influence of non-structural components on the 72 

seismic response (Sackman and Kelly 1979; Kelly and Tsai 1985; Tremblay and Poncet 2005; 73 

Wang et al. 2018; Bi et al. 2019). The main findings indicated that the mass irregularity played 74 

an insignificant impact on the seismic performance of structures and using dynamic seismic 75 

design can improve the seismic performance to a limited extent. Nonetheless, when the 76 

intensity of earthquakes exceeds the design level, the steel moment frames would face severe 77 

damages and even collapse failure. The mass irregularity might become an influential factor 78 

for assessing the seismic collapse probability under over-design seismic excitations. 79 

This study focuses on soft-storey collapse probability of low-rise steel moment frames  80 

with a mass irregularity equipped on the top under over-design earthquakes. The influence of 81 

the mass irregularity in elevation on the collapse capacity is quantified by the fragility curves 82 

considering the epistemic uncertainty due to the intensity of ground motions. This paper is 83 



 

 

organized as follows: the shaking table test is introduced from the design and fabrication of 84 

specimens with and without mass irregularity, loading protocol, and measurements. Thereafter, 85 

the dynamic property is characterized by the pure frame and compared with the irregular one 86 

to demonstrate the difference in mode shape. The soft-storey collapse is then analyzed based 87 

on plasticity theory and incremental dynamic simulations. Finally, the influence of the mass 88 

irregularity on multiple levels of damage limit-states is quantified in terms of the fragility 89 

analysis.  90 

2. Shaking table substructure tests 91 

2.1 Test specimen 92 

Various seismic testing methods have been developed, such as shaking table tests and hybrid 93 

simulation. For instance, Carpio et al. (2016) experimentally evaluated the seismic collapse of 94 

a steel moment frame subassembly aiming to provide an efficient testing method on large-95 

scale frame subassemblies instead of large to full-scale shaking table test because very limited 96 

facilities enable to test large/full-scale frame systems to collapse (Suita et al. 2008; Yamada et 97 

al. 2008). On the other hand, it is a rational way to conduct small-scale shaking table tests for 98 

evaluating the collapse failure mode of low-rise steel moment frames (Lignos et al. 2011). 99 

The prototype structure is a single-span four-story steel frame structure. Its plane size is 8m100 

×8m, the storey height is 3.15m, and the total height of the structure is 12.85m. The mass of 101 

the first three floors is 42.5tons, and the top floor is 38.5tons. The cross-sectional specification 102 

of the beam and column is H500×225×30×40mm, and the steel is Q345. The height of the 103 

equipment is 1.5m. The cross section of the equipment is a circular steel tube design, the outer 104 

diameter is 200mm and the wall thickness is 17.5mm. The mass is 2.25ton, which is 5.84% of 105 

the floor. The experimental model is designed according to the similarity theory, the scale ratio 106 

is 1: 5, and the model-prototype similarity coefficients of each parameter are shown in Table 107 

1. 108 



 

 

Table 1 The model-prototype similarity coefficients of parameters 109 

Parameters Similar relationship Similarity coefficient 

Length l  1/5 

Time l  5/5  

Mass 2l  1/25 

Force 2l  1/25 

Stress 1 1 

Strain 1 1 

Acceleration 1 1 
 110 

Fig. 1 shows the elevation views in the strong axis of columns and weak column axis, and 111 

tri-dimensional view, respectively. The column distance of the test model structure is 1.6m and 112 

the total height of the specimen is 2.57m, including that of the bottom story as 0.68m, and 113 

0.63m for the upper three stories. The floor masses with 1700 kg are applied on respective 114 

floors between the bottom and third stories, and the fourth story was applied 1540kg for 115 

vertical load and an additional 90 kg equivalent to equipment. The additive-mass is represented 116 

by a circular steel thick plate fixed by a vertical steel tube on the roof centroid to eliminate the 117 

eccentricity problem during the uni-directional earthquake loadings. The bottom of the steel 118 

pipe is welded with the square steel plate. Four bolt holes reserved in the steel plate are used 119 

to connect with the steel frame floor. 120 

The selected earthquake waves were input along the lateral axis as shown in Fig. 1(d), which 121 

corresponds to the weak axis of columns aiming to reproduce the column collapse scenario of 122 

SMRFs under the unfavorable case of seismic excitations. To sustain vertical load at each floor, 123 

cross beams are fabricated and welded to the web of the perimeter beams in the middle of the 124 

span. The detailed material and geometric properties of beam and column components are 125 

presented in Table 2. 126 

 127 



 

 

 128 
(a) Elevation views in bi-axis                   (b) Plain view 129 

     130 
(c) Frame specimen            (d) Aerial view of shaking table 131 

Fig. 1 Dimension of the four-story steel moment frame with mass irregularity in blue 132 
 133 

Table 1 Material and geometric properties of beam and column components 134 

Component Material Section (mm) Length 
(mm) Connection 

Columns Q235 H100×45×6×8 2570 - 
Perimeter beams at 

A-B axis Q235  H100×45×6×8 1590 b × h = 19.5 mm × 84 mm 
Thickness: 8mm 

Perimeter beams at 
1-2 axis Q235 H100×45×6×8 1500 b × h = 19.5 mm × 113 mm 

Thickness: 8 mm 
Cross-beam in the 
longitudinal axis Q235 H100×45×6×8 1590 Thickness: 10mm 

Cross-beam in the 
lateral axis Q235 H100×45×6×8 790×2 Thickness: 10mm 

The beam and column components are welded to fabricate the SMRF specimens, and the 135 

constructional details of beam-to-column connections, welded beam-beam joints, and fixed 136 

column bases are presented in Fig. 2. Stiffeners are placed around panel zones, in which two 137 

plates (b × h = 19.5 mm × 84 mm) sustain the horizontal forces transferred from beam flanges, 138 

Seismic loading 

 

Beam 

Beam 



 

 

and the other two (b×h=19.5mm×113mm) in diagonal directions improve shear resistance of 139 

panel zones. The beam flanges are welded on the column flange using a fully penetrated fillet 140 

weld with the access hole, as shown in Fig. 2(a). On the other side of the connection, perimeter 141 

beams in the lateral direction are welded with similar details along the neutral axis of the 142 

column web, as shown in Fig. 2(b). Moreover, the flanges between perimeter beams and cross 143 

beams are connected through butt weld on double sides. 144 

 145 
(a) Beam-to-column connections 146 

              147 
(b) Beam connection              (c) Weld detail 148 

     149 
(d) Fixed column bases 150 

Fig. 2 Fabrication of frame specimens 151 
The column slenderness ratio is an important parameter in the seismic design of the structure. 152 

The limit of the slenderness ratio can control the overall instability of the structure. According 153 

to the limit of slenderness ratio specified in article 8.3.1 of code for seismic design of buildings, 154 

Perimeter beam 

Cross beam 



 

 

the calculation formula and results of slenderness ratio limit of steel frame structure are shown 155 

in Table 3. And the slenderness ratio of column members in the test model is shown in Table 156 

3. 157 

Table 3 Slenderness ratio of columns in each storey 158 

Components Aspect ratio Limit calculation formula Limit 

Columns of 1st storey 15.6 
  y235/f100  82.53 

Columns of other stories 14.4 
  y235/f100  

82.53 

 159 

The width-thickness ratio of the steel frame beam and column can ensure that the members 160 

will not be partially unstable. According to the limit value of width thickness ratio specified 161 

in article 8.3.2 of code for seismic design of buildings, the calculation formula, and results of 162 

width thickness ratio limit value of steel frame structure are shown in Table 4. The width-163 

thickness ratios of the beam and column of the test model are shown in Table 4. Moreover, the 164 

added mass is applied by placing iron blocks distributed on the slab of each floor with 10 cm 165 

in thickness. 166 

Table 4 The width-thickness ratios of components 167 

Components Plate position Width-thickness ratio Limit calculation formula Limit 

Columns 
Flange 5.6 

y235/f21  
9.9 

Web 14 
y235/f48  39.6 

Beams 
Flange 5.6 

y235/f10  8.3 

Web 14 / / 
 168 

2.2 Input waves and measurement 169 

Before the test, white noise scanning was carried out. The frequency and damping ratio of 170 

the structure are obtained by spectral analysis. The natural period of SMRF is 0.42s, and the 171 

damping ratio of SMRF is 0.02. The input waves are categorized to be two levels of intensity 172 



 

 

corresponding to the maximum capacity earthquakes (Level 1) and over-design earthquakes 173 

(Level 2) controlled by the intensity measure of peak ground acceleration (PGA), as shown in 174 

Fig. 3, the PGA of level1 is 0.7m/s2 and the PGA of level2 is 2m/s2. Table 5 summarizes the 175 

main parameters of three input waves (El-Centro, Synthetic, and Tianjin), i.e. PGA, and Sa 176 

(T1, 2%). Moreover, in comparison with the design spectra with the probabilities of occurrence 177 

of 63 % and 2 % in 50 years, the spectral acceleration Sa (T1, 2%) of each input wave indicates 178 

that the Tianjin wave may excite the maximum responses at the first mode of tested SMRFs. 179 

The maximum horizontal seismic impact coefficients of the design spectra are 0.16 and 0.9. 180 

Regarding the measurements, horizontal displacement transducers are placed on each floor, 181 

and strain gauges are attached on the column ends of the bottom storey. Additionally, a total 182 

of 14 accelerometers are used to measure the time-history acceleration responses of each floor. 183 
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 185 
Fig. 3 Acceleration time history of input waves 186 
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 187 
(a) Level 1 earthquakes              (b) Level 2 earthquakes 188 

Fig. 4 Acceleration response spectra of input waves 189 

Table 2 Earthquake loading protocols for shaking table test 190 

Earthquake 
level Input waves 

Peak ground 
acceleration 
PGA (gal) 

Sa (T1, 
2%) Specimen 

Level 1 
El-Centro wave 63.80 gal 0.083 

Regular SMRF Synthetic wave 84.60 gal 0.113 
Tianjin wave 135.51 gal 0.243 

Level 2 
El-Centro wave 253.80 gal 0.458 

Regular SMRF Synthetic wave 310.93 gal 0.309 
Tianjin wave 364.46 gal 0.707 

Level 1 
El-Centro wave 111.95 gal 0.142 Irregular 

SMRF-EM Synthetic wave 85.94 gal 0.097 
Tianjin wave 132.45 gal 0.244 

Level 2 
El-Centro wave 144.78 gal 0.185 Irregular 

SMRF-EM Synthetic wave 334.74 gal 0.296 
Tianjin wave 357.69 gal 0.716 

 191 



 

 

 192 
Fig. 5 Displacement transducer, accelerometer, and strain gauge measurements 193 

 194 
3. Test results and discussion 195 

3.1 Acceleration responses 196 

Fig. 6 shows the acceleration response spectra of each floor of the regular SMRF and the 197 

comparative irregular SMRF-EM. The black dotted line means the acceleration spectrum for 198 

the input El-Centro wave, and the solid lines highlighted with various colors are the 199 

acceleration spectra corresponding to various floors in elevation. The spectrum of each floor 200 

of the two structural systems has an amplification effect compared to the ground spectrum. 201 

However, the amplification of the reaction of each floor of SMRF-EM is more obvious, which 202 

indicates that the added mass increases the acceleration response of the floors. 203 
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 204 
Fig. 6 Acceleration response spectra of each floor under El-Centro wave of Level 1 intensity 205 

 206 
To analyze the acceleration response of the structure, a parameter acceleration amplification 207 

factor is introduced. The acceleration amplification factor η of each measurement point is 208 

equal to the acceleration peak value at that point divided by the ground acceleration peak value. 209 

In Figure 7 (a) the acceleration amplification factor for each storey of the SMRF and three 210 

different input waves is depicted. Fig. 7 (a) refers to the level 1 intensity according to Table 2, 211 

Fig. 7 (b) to the Level 2 intensity. The same information is shown in Figure 8 (a) & (b) for the 212 

SMRF-EM. 213 

Fig. 7 and Fig. 8 show that the acceleration amplification coefficient values of each floor 214 

under the three seismic waves of level 1 intensity have no similar change trend, indicating that 215 

the structure can withstand similar earthquakes. This suggests that the seismic energy is mainly 216 

dissipated by the internal damping of the structure. Under the three seismic waves of the level 217 

2 intensity, the variation trend of the acceleration amplification factor is consistent, and the 218 

acceleration amplification factor becomes lower, which is caused by the stiffness degradation 219 

and the damping ratio increase. 220 

 221 
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 222 
(a) Level 1 earthquake                (b) Level 2 earthquake 223 

Fig. 7 Acceleration amplification factor of regular SMRF 224 
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 225 
(a) Level 1 earthquake                (b) Level 2 earthquake 226 
Fig. 8 Acceleration amplification factor of irregular SMRF-EM 227 

 228 
Fig. 9 shows the average value of the acceleration amplification factors for the two structural 229 

systems at the level 1 and level 2 intensities. The black line is SMRF and the blue line is 230 

SMRF-EM. Under the level 1 intensity earthquake, the additive mass has a great influence on 231 

the top-level acceleration. Under the level 2 intensity earthquake, plasticity and damage appear 232 

in the structure, and the additive mass even reduces the structural acceleration response. 233 
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(a) Level 1 earthquake                (b) Level 2 earthquake  235 



 

 

Fig. 9 Average acceleration amplification factor of regular SMRF and irregular SMRF-EM 236 
 237 

3.2 Inter-storey drift ratio 238 

As shown in Fig. 10, under the level 1 intensity earthquake, the inter-storey drift ratio is 239 

roughly a linear curve, and the displacement curve of the SMRF is close to a parabola, 240 

indicating that the structural deformation is mainly shear deformation, and the SMRF is in the 241 

elastic phase at this time. As shown in Fig. 11, under the level 2 intensity earthquake, the inter-242 

storey drift ratio is no longer linear, and there is a significant transition on the second floor of 243 

the curve, and the displacement of the first floor is significantly increased. A certain degree of 244 

damage and large plastic deformation occurred at the bottom of the SMRF. As shown in Fig. 245 

12, after placing an additional mass that affects the structural response and the displacement 246 

response of the structure has changed. Especially under the level 2 intensity Tianjin wave, the 247 

inter-storey drift ratio and displacement curve of SMRF-EM exhibit excessive responses at 248 

the bottom storey which are greatly exceeding the collapse limit. 249 
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 250 
(a) Inter-storey drift ratio             (b) Horizontal displacement 251 

Fig. 10 Storey and overall responses of regular SMRF under level 1 earthquakes 252 
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(a) Inter-storey drift ratio             (b) Horizontal displacement 254 

Fig. 11 Storey and overall responses of regular SMRF under level 2 earthquakes 255 
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 256 
Fig. 12 Storey and overall responses of irregular SMRF-EM under level 2 earthquakes 257 

 258 
The inter-storey drift ratio and the horizontal displacement mean of SMRF and SMRF-EM 259 

are compared, as shown in Figs. 13 and 14. Under the level 1 intensity earthquake, The results 260 

of each floor of SMRF-EM are slightly larger than those of SMRF. Under the level 2 intensity 261 

earthquake, The results of the first floor of the SMRF-EM increased significantly, and the 262 

remaining floors were slightly reduced. Therefore, we can infer that the device has some 263 

influence on the seismic response and even on the collapse behavior of the structure. 264 
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 266 
(a) Level 1 earthquake             (b) Level 2 earthquake 267 

Fig. 13 Comparisons on average responses of regular SMRF and irregular SMRF-EM 268 
 269 

3.3 Component strains 270 

  The experiment uses H-beam steel with a yield strength of 339.6 MPa and an elastic 271 

modulus of 206 GPa, and the yielding strain is 1648×10e-6. Table 2 shows the strain peaks at 272 

the bottom of the first-floor column of the A-axis column. Under the level 2 intensity 273 

earthquake, all the strains of the SMRF-EM first floor column have exceeded the strain gauge 274 

range, so no strain value was measured. It can be seen from Table 2 that the maximum tensile 275 

strain at the 1 and 2 measuring points of the column section and the maximum compressive 276 

strain at the 3 measuring points occur simultaneously under the Level 1 EL-Centro and 277 

synthetic waves. It can be stated that the member remains still in the elastic phase, and the 278 

stress on the section is linear. When the intensity is increased to level 2, the part of the micro-279 

strain peak is larger than the yielding strain, and the maximum tensile strain of the measured 280 

point is greater than the maximum compressive strain of the measuring point, indicating that 281 

the member has entered the plastic stage at this time and the deformation increases. 282 

Table 2 Peak strain responses (10-6) at the column bottom of the first storey at 1-A axis 283 

 El-Centro wave  Synthetic wave Tianjin wave 
s1 s2 s3 s1 s2 s3 s1 s2 s3 

Regular SMRF 
(Level 1) 

 576 504 457 672 596 581 1923 1492 1356 
 -490 -424 -532 -613 -546 -623 -1367 -1425 -1701 

Regular SMRF 
(Level 2)  

 2002 193
6 1569 1746 1671 1152 3105 3158 1796 

 -2043 
-

198
9 

-1550 -1434 -1364 -1393 -2578 -2632 -2102 



 

 

Irregular SMRF-EM 
(Level 1)  

 986 920 792 750 714 575 1492 1439 1362 
 -900 -849 -845 -639 -615 -657 -1543 -1492 -1306 

 284 
Table 3 Peak strain responses (10-6) at various locations of 1-A axis under the synthetic wave 285 

 
Column bottom 

1st storey 
Column top 
1st storey 

Column top 
2nd storey 

s1 s2 s3 s13 s14 s15 s19 s20 s21 
Regular SMRF 

(Level 1) 
672 596 581 592 565 627 428 447 488 
-613 -546 -623 -579 -604 -578 -522 -552 -393 

Regular SMRF 
(Level 2) 

1746 1671 1152 * 1815 1981 1024 1107 1248 
-1434 -1364 -1393 * -2246 -1621 -1304 -1394 -987 

Irregular SMRF-EM 
(Level 1)  

750 714 575 * 645 740 474 521 551 
-639 -615 -657 * -728 -643 -572 -649 -438 

Irregular SMRF-EM 
(Level 2)  

- - - * - 17633 986 1108 1124 
- - - * - - -1171 -1313 -920 

 286 
4. Seismic collapse simulations 287 

4.1 Modal analysis 288 

When a multi-degree-of-freedom (MDOF) system is subjected to an earthquake wave, its 289 

dynamic equivalence can be formulated by  290 

gumkuucum  τ−=++ .                            (1) 291 

Assume the vibration system is without damping, then 0=gu ， 0=c , Eq. (1) becomes 292 

0=+ kuum  .                                 (2) 293 

Then, the displacement u can be solved in terms of )sin( ϕωφ += tu , which is equivalent 294 

to the following equation: 295 

0)( 2 =− φω mk ,                               (3) 296 

where ω is natural frequency, the frequencies of each mode ωi, and the associated eigenvectors 297 

φi can be obtained. The vibration mode of structures is dependent on the degree of freedom, 298 

and the structural deformation can be presented as a linear combination of various modes as: 299 

∑
=

=
N

n
nnqu

1
φ .                              (4) 300 

  Substitute Eq. (4) into Eq. (1), we can obtain the following equations: 301 
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g
T
nnnnnnn umqKqCqM  τφ−=++ .                   (6) 303 

Introduce the mode participation factor 
n

T
n

n M
mτφ

=Γ , then above equations become:  304 

gnnnnnnn uqqq  Γ−=++ 22 ωωξ .                     (7) 305 

According to the distribution of earthquake force determined by τms = , the contribution 306 

of the n-th mode on s can be presented below: 307 

nnn ms φΓ= .                           (8) 308 

The contributions of the first mode for the steel moment frames with and without additive 309 

mass are 93.72% and 93.32% respectively, indicating that the additive mass plays a minor role 310 

in the vibration modes. However, the second mode of the steel moment frame with additive 311 

mass demonstrates an abnormal vibration shape forming a whipping effect. Although its 312 

contribution is negligible (0.86%), the influence might be amplified when extensive 313 

redistribution of forces occurs during the formation of the collapse mechanism. The first to 314 

fourth mode shapes of those two types of SMRFs are demonstrated in Fig. 14. 315 

(a)  316 



 

 

(b)  317 
Fig. 14 Natural mode shapes of various frames: (a) Vibration modes of regular SMRF, (b) 318 

Vibration modes of irregular SMRF-EM 319 
 320 

4.2 Numerical simulations 321 

For simulating the seismic responses of SMRF models, the beam and column components 322 

are modeled by the displacement-based beam-column fiber element with plastic hinges. The 323 

beam-column section is divided into fiber layers with 174 discretizations. Particularly, each 324 

flange is subdivided into 15×3 blocks equal to a total of 45 elements, and the web is divided 325 

into 4×21 blocks with a total of 84 elements. The additive mass element adopts a circular steel 326 

tube with 8 and 2 layers in the circumferential direction and the radial directions. The vertical 327 

mass is concentrated on the center of each floor, and the additive mass is placed on the center 328 

of the frame roof. The vertical loads associated with those masses are uniformly applied on 329 

beam elements in static loading protocol. The column bases are fixed with the foundation, and 330 

the damping ratio of 0.02 is used for frames. The implementation of the constraint equation in 331 

the analysis (constraints) is transformation. The degree of freedom is optimized based on the 332 

RCM algorithm. The Newton-Raphson iteration method was employed to control the 333 

convergence, the tolerance of which is defined to be 10e-5 in terms of energy absorption. The 334 

Newmark-β method was adopted for the stepwise integration of nonlinear dynamic analysis. 335 



 

 

  336 
Fig. 16 Fiber element modeling and collapse failure scenario of the tested specimens 337 

 338 
The skeleton stress-strain relation for the fiber element of steel materials is characterized by 339 

a tri-linear envelope in compression and tension directions. The skeleton curve is determined 340 

by critical stress and strain at the turning points of each linear, such as the stresses (σt1, 341 

σt2, σt3, σc1, σc2, and σc3) and the associated strains (εt1, εt2, εt3, εc1, εc2, and εc3) as shown in 342 

Fig. 17. The hysteretic behavior is controlled by the unloading stiffness coefficient (β), and 343 

pinching factor (px and py) which can be negligible for H-shaped steel components because 344 

the pinching effect usually plays a significant role in reinforced concrete structures. For the H-345 

shaped beam and column components under compressive loading, the onset of local buckling 346 

occurs at the peak point (εlb, σ lb), and the following strength degradation can be treated by a 347 

negative slope in the skeleton curve. The gradient of this post-capping strength degradation is 348 

a significant parameter for collapse simulations, and the critical strain corresponding to the 349 

onset of strength degradation should be quantified in terms of the geometric and material 350 

properties of the beams and columns. Particularly, the value of εc2 is dependent on the width-351 

to-thickness ratio of flanges (B/Tf), the height-to-thickness ratio of webs [(D - 2·Tf) / Tw], and 352 

the yield strain of steel materials (εc1 = σc1 / Es). The following equation about those properties 353 

can be used to calculate εc2 of H-shaped steel beam and column components: 354 
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where  356 

[ ] ywfw TTD εα ⋅−= 2/)( , ( ) yff TB εα ⋅= 2/ .                    (10) 357 

Given the above equations, the critical strain at local buckling can be determined. Thereafter, 358 

the remaining stress after the local buckling induced strength degradation (σr) can be 359 

determined as a ratio of the stress corresponding to critical strain at local buckling (σlb):  360 

lbspmr r σσ ⋅= ,                               (12) 361 

where rspm is the ratio related to the geometric parameters as follows: 362 

98.056.0062.0 +−−= fwspmr αα .                      (13) 363 

The corresponding strain can be calculated by the gradient of the negative slope (τlb):  364 

( )
lb

lb

lbspm
r E

r
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τ
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ε +
−
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,                           (14) 365 

where                   366 

0005.057.00046.0 22 −−−= fwlb αατ .                     (15) 367 

 368 
Fig. 17 Stress-strain model for steel fiber elements 369 

The above stress-strain materials model incorporating the post-local buckling strength 370 



 

 

degradation was employed for time-history dynamic analyses to calibrate the numerical model 371 

by comparing the results with that of the shaking table tests of various SMRFs. Fig. 18 presents 372 

the comparisons on the experimental and numerical results of the inter-storey drift ratio and 373 

overall displacement for various frames. The numerical results for the regular SMRF 374 

demonstrate very good agreement with the experimental ones. Contrarily, a larger discrepancy 375 

was found for the irregular SMRF-EM because that soft-storey collapse induces instability at 376 

the bottom storey when subjected to the level 2 earthquake of the Tianjin record. Overall, the 377 

accuracy of the numerical model with degraded stress-strain relation is proven to be reasonable 378 

for incremental dynamic analyses of regular and irregular SMRFs under over-design 379 

earthquakes. 380 
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 382 
Fig. 18 Experimental and simulation results of inter-storey drift ratio and floor displacement: 383 

(a) Regular SMRF, and (b) Irregular SMRF-EM 384 
 385 

5. Collapse fragility 386 

5.1 Incremental dynamic analyses 387 



 

 

This section further evaluates the influence of epistemic uncertainty from the intensity of 388 

ground motions on the seismic collapse fragility of regular and irregular SMRFs. The active 389 

Uemachi-fault in the Kansai area of Japan has been assessed to face a high probability of 390 

occurrence in the future 30 years (S rank), especially under the risks of subduction-zone 391 

earthquakes near the Nankai ocean trough. As shown in Fig. 19, the cabinet office, the 392 

government of Japan (2010) published the anticipated damages and the seismic intensity scale 393 

of the Osaka area when subjected to synthetic Uemachi-fault earthquake (M 7.6). The intensity 394 

can be calculated by I = 2lga + 0.94 where a is the average acceleration in the time domain. 395 

The value 7 for I states the highest level of the intensity scale which corresponds to a greater 396 

than 30 % collapse ratio of buildings. Moreover, the severe damages are found near the 397 

Uemachi-fault where the mainshock is induced, so the near-fault ground motions are mainly 398 

focused to evaluate the damage and collapse fragility of low-rise SMRFs with mass 399 

irregularity in elevation. 400 

 401 

Fig. 19 Intensity distribution during the Synthetic Uemachi-fault earthquake (in Osaka area) 402 

Given the occurrence probability and the induced server damages of this earthquake, the 403 

corresponding near-fault ground motions are selected for evaluating the collapse fragility. 404 

Table 4 summarizes a suite of artificial waves in EW and NS directions near the Uemachi-405 

fault, and their main parameters (Taga 2011). From the acceleration spectra of those waves as 406 

Intensity 
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demonstrated in Fig. 20, the peak responses are larger than the design spectrum. It means that 407 

the design spectra with the occurrence probability of 63% and 2% in 50 years underestimate 408 

the recorded intensity compared with that of the Uemachi-fault earthquake. 409 

Table 4 Parameters of synthetic Uemachi near-fault ground motions 410 
Area Component Name PGA (g) PGV (cm/s) 

A area 

EW 

UMT-A02S-EW 0.3873 118.4 
UMT-A03S-EW 0.5244 155.2 
UMT-A04S-EW 0.7362 258.6 
UMT-A05S-EW 0.6368 176.7 
UMT-A08S-EW 0.3208 62.2 
UMT-A09S-EW 0.5215 96.0 
UMT-A10S-EW 0.3535 226.7 

NS 

UMT-A02S-NS 0.2619 74.4 
UMT-A03S-NS 0.5310 150.4 
UMT-A04S-NS 0.5480 144.7 
UMT-A05S-NS 0.5063 154.0 
UMT-A08S-NS 0.3352 96.6 
UMT-A09S-NS 0.6205 103.4 
UMT-A10S-NS 0.5512 148.3 

D area 

EW 

UMT-D02S-EW 0.7689 110.0 
UMT-D04S- EW 1.0444 123.1 
UMT-D06S- EW 0.8856 163.2 
UMT-D08S- EW 0.5301 74.4 
UMT-D10S- EW 0.9475 226.6 

NS 

UMT-D02S-NS 0.5983 102.6 
UMT-D04S-NS 1.1872 129.7 
UMT-D06S-NS 0.8180 128.5 
UMT-D08S-NS 0.9125 93.0 
UMT-D10S-NS 0.8316 252.0 

 411 
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Fig. 20 Characteristics of near-fault waves for the Uemachi fault 416 

 417 

5.2 Collapse fragility assessment 418 

  The selected Uemachi near-fault ground motions are applied to perform incremental 419 

dynamic analyses on regular SMRFs and irregular SMRF-EMs. Elasto-plasticity and strength 420 

degradation are accounted for material nonlinearity and softening, and geometric nonlinearity 421 

is included to incorporate the P-∆ effect. The intensity of each wave is scaled in terms of PGA 422 

to simulate the responses from the range of elasticity to the final collapse. The maximum inter-423 

storey drift ratio (θmax) is treated to be the response indicator used for identifying the limit 424 

states for various extents of structural damage. According to the specifications in FEMA356, 425 

three limit states are recommended to identify the seismic performances of damaged SMRFs, 426 



 

 

i.e. Immediate Occupancy (IO), Life Safety (LS), and Collapse Prevention (CP). The 427 

associated values of θmax are 7/1000 rad, 2.5/100 rad, and 5/100 rad. From the results of 428 

incremental dynamic analysis for regular and irregular frame models as shown in Fig. 21, the 429 

relation between PGA and θmax of each case is derived, and the PGA distribution at the limit 430 

states of IO, LS, and CP means the epistemic uncertainty from the individual wave. 431 
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 432 
(a) Irregular steel moment-resisting frame           (b) Irregular frame with additive mass 433 

Fig. 21 Incremental dynamic analyses of various frames under near-fault ground motions 434 
 435 

Based on the PGA distributions corresponding to various limit state, the seismic fragility 436 

can be presented by the following equation: 437 

( ) )(F xPGACDPx =>= ,                          (16) 438 

where F(x) is the fragility function, D is the drift response of structures, C indicates the 439 

deformation capacity specified by seismic design demands with respect to various limit states 440 

as aforementioned IO, LS, and CP. We assume that the drift responses full normal distribution 441 

as follows: 442 

),(ln~ln ζλND ,                             (17) 443 

where λ and ζ are mediate value and exponential standard deviation of the seismic response 444 

function subjected to certain intensity (PGA) of earthquakes. Accordingly, the seismic fragility 445 

is modeled by a lognormal cumulative distribution function as follows: 446 

( ) 
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

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 −
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ζ
λφ Cx lnlnF .                         (18) 447 



 

 

  The fragility parameters can be estimated by the least-squares regression which minimizes 448 

the sum of squared error between the predicted demand and the demand values obtained from 449 

incremental dynamic analysis. The demand is represented as a power-law function of the PGA 450 

adopting a regression approach:  451 

βαλ ）（PGA= .                           (19) 452 

  Then, the natural logarithm of nearby two becomes  453 

ln𝜆𝜆 = 𝛼𝛼 + 𝛽𝛽ln (PGA),                         (20) 454 

where α，β and ζ can be solved in terms of the linear regression from the results of incremental 455 

dynamic analysis, as shown in Fig. 22(a). The inter-storey drift ratio (θx) can be adopted as the 456 

engineering demand parameter to evaluate the probability of failure concerning the seismic 457 

intensity PGA. The fragility function for the regular SMRF can be presented by  458 

10.624-A)1.217ln(PG)ln( =xθ ,                         (21a) 459 

where the corresponding standard deviation ζ = 0.442. Then using Eq. (18) will attain the 460 

seismic fragility exceeding the limit states of IO, LS, and CP, Fig. 22(b):  461 
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 465 
Fig. 22 Fragility analysis of regular SMRF: (a) Regression approach for fragility 466 

parameters and (b) Fragility curves for various limit states 467 
 468 

  Similarly, the fragility parameters for irregular SMRF-EM are presented in the following 469 

equation: 470 

10.718-A)1.243ln(PG)ln( =xθ .                       (23) 471 

  Based on the standard deviation ζ = 0.466, the fragility curves associated with three levels 472 

of limit states can be represented as follows: 473 
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 477 
Fig. 23 Fragility analysis of irregular SMRF-EM: (a) Regression approach for fragility 478 

parameters, and (b) Fragility curves for various limit states 479 
 480 



 

 

  The seismic fragility of tested regular and irregular SMRFs with and without additive mass 481 

can be assessed as the aforementioned approach. It is clear from Fig. 24 that vertical mass 482 

irregularity influences the probability of failure exceeding the limit state of CP relative to the 483 

IO and LS. The seismic collapse fragility  484 
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 485 
Fig. 24 Fragility curves with respect to various limit states of seismic performance 486 

 487 
6. Conclusions 488 

  This paper experimentally investigates the seismic collapse scenario of low-rise 4-storey 489 

steel moment frames with and without additive mass. Numerical modeling and incremental 490 

dynamic analysis using the OpenSees program are performed to quantify the epistemic 491 

uncertainty of earthquake characteristics on the collapse probability of low-rise steel moment 492 

frames with the storey irregularity generated from the additive mass. The main conclusive 493 

remarks are presented as follows: 494 

 Shaking table tests of four-storey SMRFs revealed that the additive mass on the roof of 495 

regular SMRFs amplifies the acceleration responses at floors under design level earthquakes, 496 

and further enlarges the maximum inter-storey ratio at the bottom storey inducing soft-storey 497 

collapse mechanism. 498 

 A numerical model with degraded stress-strain relation is developed for incremental 499 

dynamic analyses, in which the post-local buckling strength degradation was incorporated by 500 



 

 

a negative slope in compression of H-shaped steel beam and column components. Calibration 501 

results indicate that the numerical approach is promising to predict the soft-storey collapse 502 

mechanism of low-rise SMRFs under strong earthquakes. 503 

 The selected near-fault ground motions from the Uemachi fault are applied to evaluate 504 

the epistemic uncertainty through incremental dynamic analyses on the tested SMRFs with 505 

and without additive mass. Fragility curves showed that vertical mass irregularity influences 506 

the probability of failure exceeding the limit state of collapse prevention. 507 

Moreover, future studies will be continued to focus on the coupling effect on torsional 508 

responses of the irregular SMRFs with additive mass and stiffness in plan and elevation. The 509 

aleatory uncertainty caused by the strength degradation should be evaluated to quantify its 510 

influences on collapse fragility under over-design earthquakes. 511 
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