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ABSTRACT:  

When buildings are subjected to long-period ground motions, the number of cycles of overloading can be of several 
orders, leading to the formation of plastic zones. The energy absorption capacity of the beams of buildings is an
important parameter to be considered during the evaluation of the seismic capacity of frames with weak beams. In 
this study, we quantitatively evaluate the relation between the number of loading cycles and the energy absorption
capacity of beams by performing a series of experiments on specimens with an identical shape subjected to cyclic 
loading. The experimental results show the relation between the energy absorption capacity of beams under
monotonic loading ( 0η ) and cyclic loading ( dη ), the average of the half-cycle energy ( mη∆ ), and the number of 
effective half-cycles ( ). Moreover, a method for estimating eN 0η  is also proposed. 
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1. INTRODUCTION  
 
In recent years, long-period ground motions generated by huge offshore earthquakes have been studied 
intensively. These studies have revealed that when buildings are subjected to long-period ground motions, the 
number of cycles of loading can be of several orders, leading to the formation of plastic zones in the beams of 
buildings. The energy absorption capacity of beams is an important parameter to be considered in the evaluation 
of the seismic capacity of frames with weak beams. However, previous studies on the energy absorption capacity 
of beams have mostly focused on the details of connections or joint shapes. There have been few studies on the 
influence of the cyclic loading history on the energy absorption capacity of beams. In addition, very few 
researches have examined the influence of the number of cycles of loading on the beams. 
In this study, the influence of the cyclic loading history on the energy absorption capacity of H-shaped steel beam 
specimens is experimentally investigated. In addition, the relation between the number of loading cycles and the 
energy absorption capacity is quantitatively evaluated from cyclic loading experiments using beam specimens 
having identical shapes for different amplitudes and loading patterns. 
 
 
2. EXPERIMENTAL METHOD 
 
2.1. Specimens 
In this experiment, cantilever-type specimens as shown in Figure 1, are used. These specimens have six different 
types of cross sections, and the lengths of all the specimens are 1 m. The specimens are H-shaped welded built-up 
steel beams, and the web connections at the end of the beams are either welded joints (W) or high-tension-bolted 
joints (B). Some specimens have stiffeners to prevent local buckling. The shapes of the specimens and the details 
of their joints are also shown in Figure 1. The names and the shapes of all the specimens are listed in Table 1. 
The specimens have been named on the basis of their cross-sectional shapes, the type of web connection, the 
presence of stiffeners, and the loading history, as shown below. 
 Beam Cross Section Web Joint Type Presence of Stiffener Type of Loading History Specimen Name 
(Sample 1)  G1 B (HTB) R (Yes) I2 = G1BR-I2 
(Sample 2)  G4 W (weld) N (No) RW = G4WN-RW 
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2.2. Loading Procedure 
The end plate on the fixed side of the specimens is set as a supporting jig using high-tension bolts, and the 
free-end side is connected to the pin joints. The specimens are subjected to static loading by displacement 
control of the loading point at the pin joint. The out-of-plate displacement at the loading point is restricted. 
 
2.3. Loading History 
The following are the four types of loading histories employed in this experiment. 
a. Monotonic loading history 
One-way loading is performed until the specimen loses its resistance to moment. This type of loading history is 
indicated by MO. 
b. Cyclic loading history obtained using an incremental amplitude procedure 
In this type of loading history, the amplitude increases with the number of loading cycles. The amplitude depends 
on the full plastic deformation ( pθ ), which is the angle formed when the beam-end moment M  attains a full 
plastic moment p . The increment in the amplitude is set as 2M pθ . The cyclic loading histories, I2 and I4, are 
illustrated in Figure 2. 
c. Cyclic loading history obtained using a patterned amplitude procedure 
The cyclic loading histories of V1 and V2 are illustrated in Figure 3. The patterned part of 1 or 2, as shown in 
this figure, is repeated until the failure of the specimen. The increment in the amplitude is set as pθ  and 2 pθ  for 
V1 and V2, respectively. 
d. Random loading history 
Random loading history is based on the result of an earthquake response analysis of frames with weak beams. 
Table 2 lists the abbreviations used for each type of loading history, the natural period of the frame model used in 
the analysis, and the earthquake waves. The different types of random loading histories used in the experiments 
are shown in Figure 4. The loading history is repeated until the failure of the specimen. 
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3. EXPERIMENTAL RESULTS 
 
3.1. Characteristics of Steel 
The results of a coupon test and stub-column test on steel are shown in Figure 5. Stub-column specimens can be of 
two types, depending on their cross sections—those having the same cross section as the beam specimen, termed 
as L, and those having a cross section that is half the depth of the beam specimen, termed as S. The heights of all 
the stub-column specimens are three times the width of the beam specimen. 
 
3.2. Load–Displacement Relation 
The loading history and load–displacement relation for each cyclic loading experiment is shown in Figure 6. The 
load–displacement relation is normalized by Mp and θp. The values of Mp and θp are listed in Table 1. The values of 

p  are calculated using yM σ , which is obtained from the stub-column test. The values used in the calculation are 
listed in Table 3 and indicated by the * sign. 
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3.3. Failure Modes 
The failure characteristics of each specimen are classified into four types of failure modes, as listed in Table 4, and 
the failure modes of the specimens are listed in Table 1. In this paper, the specimens exhibiting the L1 or L2 failure 
modes are referred to as local-buckling-type specimens, and those exhibiting the F1 or F2 failure modes are referred 
to as flange-fracture-type specimens. For specimens G2WR and G3BR, different failure modes, i.e., the F1 and F2 
failure modes, are observed even though they have the same shape. 
 
3.4. Half-cycle Energy and Number of Effective Half-cycles 
In this study, the point when the beam end moment finally attains the full plastic moment p  is assumed to be 
the upper limit of the energy absorption capacity (See Figure 7). As shown in Figure 8, a half-cycle is completed 
when the value of M starts from zero, reaches M

M

p, and then reaches zero again. Effective half-cycles are those 
half-cycles whose energies exceed 5% of the maximum half-cycle energy absorption amount. The number of 
effective half-cycles up to the limit point is counted, and this number is called as the “number of effective 
half-cycles ( e ).” Figure 9 shows an example of the energy absorption amount for different half-cycles. The 
shaded bars in this figure correspond to the effective half-cycles, and they extend up to the limit point. 

N

 
3.5. Definition of Cumulative Plastic Deformation Ratio 
The cumulative plastic deformation ratio ( dη ) is defined using the energy absorption capacity. 
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η  values for each specimen are listed in Table 1. The dη  value for a specimen subjected to monotonic 

oading is indicated by 0η , and that for specimens with different cross sections and different types of joints can be 
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compared by standardizing dη  by dividing it by 0η . The value of 0η  for a specimen that has not been subjected 
to monotonic loading is predicted using the method described in the following section. 

 

For specimens under monotonic loading, it is assumed that the energy absorption capacities for positive and 
negative bendings are equal. The cumulative plastic deformation ratio is doubled ( 02η ), and e  is assumed to be 
equal to 2 for the comparison of the energy absorption capacities of the specimens under cyclic and monotonic 
loadings. 

N

 
 
4. DETERMINATION OF ENERGY ABSORPTION CAPACITY OF SPECIMEN UNDER 

MONOTONIC LOADING 
 
4.1. Local-buckling-type Specimens 
Kato et al. have approximated the load–displacement relation using three parts that exhibit linear relations―the 
elastic part, the strain-hardening part, and the deteriorating part—by a post-buckling analysis [Kato]. Figure 10 
shows the comparison between the results of the monotonic loading experiments and the results obtained using a 
prediction equation [Kato]. The dotted line indicates the experimental results, and the solid line indicates the 
results obtained from the prediction equation. Both the results are found to correspond roughly. It is assumed that 

0η  can also be determined by using the prediction equation. The value of 0η  for specimens G1WN and G2WN 
can be determined using the prediction equation. 
 
4.2. Flange-fracture-type Specimens 
The energy absorption capacity of a flange-fracture-type specimen under monotonic loading is estimated by 
determining the relation between the maximum strength ratio α  and the energy absorption capacity. α  is 
calculated as follows: 

 
pM

M max=α  (2) 

where : maximum moment of the end of the beam and  maxM
 : full plastic moment of the beam. p

The cumulative plastic deformation ratio 
M

dbη  of flange-fracture-type specimens is given as follows: 

 
pbp

d
db M

W
θ

η
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where pbθ : bending component in pθ . 
In addition, the relation between dbη  and dη  is obtained by the following equation. 

 
)1(

s

b
ddb k

k
+=ηη

 (4) 
where : bending stiffness of a beam and bk
 : shear stiffness of the beam. sk
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5. E
 
The e
half-
is defined as the cumulative plastic deformation ratio of flange-fracture-type specimens when the shear 
mation is maintained within the elastic range. If dbη  is used, the energy absorption capacity of the beam 
r monotonic loading is unaffected by its cross section, shape, and length. Therefore, the energy absorption 
ity can be expressed only as a function of the maximum strength ratio. In the case of monotonic loading, α  

dicated by 0α , and dbη  is indicated by 0ηb . The monotonic loading analysis, which is based on the 
–strain relation that corresponds to an average steel material characteristic of the 490 N/mm2 class, yields the 

wing expression: 00 2 ηα b− . Further, the following expression has been derived: 
 (5) )9.1751.5416.5904.225(2 32 αααη +−+−=b

elation between α  and dbη  is shown in Figure 11, where the results (α , 02 ηb ) of the monotonic loading 
riments and Eqn. 5 are also shown. These plots correspond to the G2BR-MO and G3BR-MO plots. It can be 
ved that (α , dbη ) obtained from the cyclic loading experiments and (α , 02 ηb ) obtained from the monotonic 
ng experiments exhibit an almost linear relation. Thus, there exists a linear relation between the results of 
 5 and 0ηb  of the test specimens that have not been subjected to monotonic loading. Figure 11 shows the 
ht lines corresponding to the F1 failure mode, where dbη  obtained from the tests is a straight regression 
The slope of the straight regression line of specimen G2WR corresponds to the average slope of the lines of 
mens G2BR and G3BR, and the straight regression line intersects the straight line of specimen G2WR-I2. 
stimated values of 02 ηb  of the specimens that have not been subjected to monotonic loading, indicated by 

are assumed to be the intersection of the straight regression lines and Eqn. 5. 

NERGY ABSORPTION CAPACITY OF SPECIMENS UNDER CYCLIC LOADING 

nergy absorption capacity of specimens under cyclic loading is obtained using dη , 0η , e , and the mean of 
cycle energy, 

N
mη∆ . mη∆  is obtained by dividing dη  by , as shown in the following equation: eN
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Figure 12 shows the relation between ( 0/ηηm∆ ) and e  on a log–log scale. All test parameters exhibit an almost 
linear relation. The curve in this figure corresponds to the lower-limit line of the 

N
em N−∆ 0/ηη  relation, and the 

following equation provides the following expression for this lower-limit line.  

 75.0
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e
m N

η
η  (7) 

By substituting Eqn. 6 in Eqn. 7 and eliminating , it is possible to obtain the relation between eN 0/ηηd  and 
0/ηηm∆ . 
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Similarly, it is possible to obtain the relation between  and eN 0/ηηd  by eliminating mη∆  from Eqn. 7.  
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Figure 13 shows the 00 // ηηηη md ∆−  relation, and Figure 14 shows the ed N−0/ηη  relation. These figures also 
show the plots of Eqns. 8 and 9. 
Figure 12 shows that Ne increases with a decrease in mη∆ . Moreover, Figure 13 indicates that dη  increases as 

mη∆  decreases. When 1.0/ 0 =∆ ηηm , the energy absorption capacity is four times larger than 0η  on the 
lower-limit line. The energy absorption capacity per cycle decreases with an increase in the number of loading 
cycles. However, in Figure 14, it is observed that dη  increases with Ne. 
The plots shown in black in all figures correspond to the F2 and L2 failure modes. The energy absorption capacity 
of specimens under cyclic loading is larger that that of other test specimens. Therefore, the plots in these figures 
are far from the lower-limit line, while the values of the parameters plotted in the figures tend to shift closer to the 
lower-limit line when the width-thickness ratio of the specimens increases. 
A prerequisite for this lower-limit line is that the positive and negative amplitudes of cyclic loading are almost 
equal. When deformation occurs largely on either the positive or negative side, as in the case of G3BR-RE, it is 
noteworthy that the actual energy absorption amount is smaller than the lower-limit line.  
 
 
6. CONCLUSIONS 
 
In this study, we experimentally investigate the influence of the cyclic loading history on the energy absorption 
capacity of H-shaped steel beams. The following are the conclusions of this investigation: 
1. It has been found that although the specimens have identical shapes, they exhibit different failure modes. 
2. The energy absorption capacity ( 0η ) of local-buckling-type specimens under monotonic loading can be 

estimated using the equation proposed by Kato et al. 
3. The equation for the relation between the maximum strength ratio of ( 0α ) and the energy absorption capacity 

( 0ηb ) of flange-fracture-type specimens under monotonic loading has been determined. 
4. It is possible to express the relation between the energy absorption capacity of specimens under cyclic loading 

( dη ) and monotonic loading ( 0η ), the mean of half-cycle energy ( mη∆ ), and the number of effective 
half-cycles ( ). This relation is obtained from the equation of the lower-limit line of the energy absorption 
capacity. 

eN
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