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Abstract

Recently, there have been concerns of the risk of fracture at the beam-ends of existing steel building frames during the long
period and long duration motion of the Nankai-trough great earthquake, which is expected in the near future. Researchers
have proposed several simple evaluation methods to estimate cumulative damage from maximum ductility demand,
avoiding the need for time history analysis. In this paper, cumulative damage at the beam-ends of a high rise steel building
during long period and long duration motions is evaluated taking brace fracture into account. A simple damage evaluation
method is proposed based on the event velocity and energy spectrum.
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1. Introduction

The 2011 Tohoku Earthquake ruptured several asperities at the same time, which generated a large scale and
long period ground motion. Recently, concerns have been raised of the risk of fracture at the beam-ends of
existing steel building frames subjected to the long period and long duration motion caused by the Nankai-trough
great earthquake, which is expected in near future [1], [2]. Particularly, existing concentrically braced frames
(CBF) are expected to experience brace fracture, amplifying damages at the beam-ends. Up to now, Miner's rule
has been one of the most popular linear cumulative damage rules for evaluating damage of these members. To
assess damage of the beam-ends under random seismic waves, all the strain amplitudes in the random response
history are generally required. However, calculating this cumulative strain demand using time history analysis is
time consuming. To reduce the calculation effort, researchers have proposed several simple approaches to
estimate the strain amplitude [3-8]. In this paper, several simple approaches for evaluating fracture of the beam-
ends are examined and compared using an example of an 85 m height building.

The input ground motions were selected based on the maximum credible earthquake for several asperities in
Japan, with a maximum duration of 655 s. The example structure is a 21 story high-rise building, constituted of a
steel moment frame with regular circular hollow section braces (CHS) or buckling-restrained braces (BRBS).
The natural period of the model with regular braces is 1.92 s, and that of the BRB model 2.48 s. Damage at the
beam-ends is assessed by a method using ductility [3] or local strain [4-6]. Local strain is assessed by the
rotational displacement of the beam-ends using a direct method, which is proposed by the authors. Based on this
direct method, the calculations indicate that the beam-ends may fracture in the building model under the long
period and strong ground motions [4-6].

Generally the frequency distribution of all strain amplitudes is required to access low cycle fatigue of steel
materials. This requires time history analysis and Miner's rule. In this paper several simplified methods that only
require the maximum ductility ratio are reviewed and compared. These methods assess damage using equivalent
reference strain amplitude, while evaluated cumulative strain from just the maximum strain amplitude, calibrated
from numerical studies of artificial and observed earthquake records. Finally, a new screening method is
introduced based on the earthquake's velocity and energy spectra. This method is useful for rapid screening of
the beam-ends in high-rise buildings including the effect of brace fracture.
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2. Organization
2.1 Braced frame model

A typical steel braced frame as shown in Fig. 1 was modelled. The total height was 84.2 m, with the model with
normal CHS braces denoted "CHS model" and that with BRBs as "BRB model". The building model was
created as a planar model and Table 1 lists the building member dimensions and properties. Wide flange beams
are connected to rectangular hollow section columns. The CHS braces were designed following the Japanese
code (Ultimate strength design) [9], and the capacity of BRBs determined by calibrating each story drift angle of
the BRB models to 1/100 rad [10]. The natural period of the CHS model is 1.92 s, and that of the BRB model is
2.48s.

2.2 Member properties

The column and beam members were modelled with flexural beam elements, and the braces with truss elements.
The beams are connected to the columns with rigid-plastic rotational springs, and the column base is fixed to the
ground. Table 1 lists the yield forces, and the elastic modulus of the column and brace members was taken as
205,000 N/mm?, and with 307,500N/mm? adopted for the beam members to account for the slab effect. The
tangent modulus of the steel material after yielding was reduced to 1/100 times the elastic state, and buckling
hysteresis behavior of the CHS members was calculated from the revised Shibata-Wakabashi model [11].
Newmark-Beta method was used to solve the time history response analysis model with the time increment =
0.01 s, and g = 1/4. For the BRBs, fracture was determined from [12], which considers the steel Bauschinger
portions of the hysteresis loop. For, CHS, fracture was determined considering local strain amplification factors
[13]. After fracture, the strength of the members decreases to zero, and the stiffness was reduced to 1/10000 the
pre-fracture value.

2.3 Long period and long duration ground motions

Fig. 2 summarizes the velocity response spectra of the input ground motions. Each artificial ground motion was
determined on the basis of the Nankai trough in Japan. The duration of the artificial motions was approximately
655 s, and that of the observed motions was 50 s. The Japanese code defined artificial ground motions were used
[14], and the velocity response was categorized into three levels: 80m/s, 120m/s and 160m/s. Each symbol
denotes the Metropolitan Area in Japan with CH for Chukyo, OS for Osaka, SZ for Shizuoka, and KA for Kanto.
The observed ground motion was normalized by the velocity spectra in the Japanese code using the least square
method. The dominant period of OS and KA is around 5 to 8 s, much greater than the example building model.
By contrast, the dominant period of CH and SZ is shorter than OS and KA, and similar to the natural period of
the building model, with the dominant periods ranging from 1 to 5 s for CH, and 1 to 3.5 s for SZ.
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Fig. 1 - Steel braced frame model dimensions
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Table 1 Building member dimensions and properties Table 2 Ground motion properties
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Fig. 2 - Input ground motions
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2.4 Beam-end damage in terms of time duration

In this section, the beam-end damage is assessed using the ductility ratio of the beam-end rotational angle using
Miner's rule. The ductility ratio amplitudes are categorized into plastic and elastic regions.

Figs. 3 (a) and (b) depict the collapse mechanism, maximum story drift angle and damage distribution under the
CH1 and HCH ground motions, without considering brace member fracture. Figs. 4 (a) and (b) show the results
under the CH1 and HCH ground motions including the brace member fracture. The damage distribution in these
figures follows a similar trend as the peak story drift. Brace fracture has a pronounced effect on the maximum
beam-end damage, which is approximately 4 times greater than when fracture is neglected. The beam-end

damage with a weld access hole is 2 - 3 times that with no weld access hole. Figs. 5 (a) and (b) illustrate the

damage distribution of the BRB models considering the brace member fracture. The brace members in the CHS

models often fracture, while these in the BRB models do not. The beam-end damage in the BRB models is
around 1/3 ~ 1/4 times the CHS models.
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Figs. 3 - 5 show that the beam-end damage under the far longer duration CH1 ground motion is larger than that
under the HCH ground motion, which indicates that the time duration of the ground motion is a key parameter of
the intensity of beam-end damage.

2.5 Beam-end damage in terms of frequency characteristics

Figs. 4 (a) and (c) represent the collapse mechanism, maximum story drift angle and damage distribution in the
CHS models under the CH1 and SZ1 ground motions. The time duration and the maximum story drift of the
CHZ1 ground motion is almost the same as that for the SZ1 ground motion. However, the beam-end damage of
the CHL1 is 4 times greater. Fig. 6 shows the 3rd story drift response at key time intervals, with the response to
the CH1 and SZ1 motions approximately equal through the first 160s. The brace member buckling occurs
around 122 - 157 s under both two ground motions, and after 160 s the response to SZ1 is smaller than for CH1.
A potential explanation is that the equivalent period after yielding of the members is almost twice the elastic
natural period, lengthening to 4 - 5 s. The dominant period of the CH1 ground motion ranges from 4 - 5 s, while
the dominant period for SZ1 is shorter. Thus, the yielding of the members results in a longer period, resulting in
the difference in response between the two motions.

3. Accuracy of beam-end damage evaluation proposed by previous researchers

Hasegawa et al. proposed a method (based on Manson-Coffin curves) to evaluate the beam-end damage using
Egs. (1) and (2).

quc.Nf‘ﬁ (1)
= &)

y
where, u is the ductility ratio, Ny is the fracture cycle, 6 is the rotational angle, 6, is the yield rotational angle, C
is a coefficient (with access hole: 4.0; with no access hole: 5.6), and g is a constant value taken as 1/3 [3]. Whilst
the authors have previously proposed another method (direct method), in the current method local strain 4e, at
beam end is calculated by an amplification factor (strain concentration ratio) and compared directly to the
material fatigue performance curve Eq. (3) to determine the instant of fracture.
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where, Aes is the strain of steel material, coefficients C, = 35, and m, = 0.47 [15]. The local strain Ag, is
evaluated by Egs. (4) - (6).

Ap, =a(240, )k

1 oL
- Co =i
“ etLeq[ ““En “ZJ @)

ﬁb = C,Hl (Cﬂzet )[CMUYE;“WCMJ

h( AM

As, ZE( = +A¢pJ ()

Ag, =min{max (o, 4e, @, 46, + B, ) ., As, + 3,
o, =—2.37x10% x 7, +4.31
a, =exp(-1.66x107% x y,, +4.45)
a, =-5.91x107 x y, +8.66

40, is plastic rotational angle amplitude at the beam-end, 44, is the plastic curvature amplitude at the beam-end,
e is the strain hardening ratio of the steel material, L4 is the beam equivalent length, h is the beam depth, o, is
the yield stress, | is the beam's moment of inertia, 4M. is bending moment amplitude, y,, is the joint efficiency,
and Ae, is the average strain amplitude at the beam-end. The other constant values are listed in Table 3. The
fatigue performance curves calculated with the Manson-Coffin method (Eqg. (1)) and direct method (Eqg. (3)) are
compared in Fig. 7. The fracture cycle calculated by Eq. (3) is larger than Eq. (1) for ductility ratios from 1.0 ~
2.0, approximately equal for ductility ratios from 2.0 ~ 3.0, and is smaller for ductility ratios larger than 3.0. The
coefficients of Eq. (6) are determined by numerical calculations, while those of Eq. (1) are determined by testing
results. Eq. (7) is calculated by reformulate, Egs. (1) and (3) instead of N;. By setting these equations equal to
each of the local strain as a function of x is determined to substitute Ae, for x. Analytical expressions were
developed and the results curve fitting to produce Eq. (7) with the coefficient listed in Table 3.

B, =4.23x107 x y, —3.96 (6)
B, =—2.25x10"x y,, +22.22

min(A,4e’ + B,Ag? +C Az,

Ag, = A,As +B,4sl +C,,A¢, + D,,) (4e, <0.4%) (7
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Fig. 7 Fatigue curve of beam-end ig. 8 Fatigue curve with modification
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The revised fatigue performance curves using Eq. (7) are consistent with those calculated using the Manson-
Coffin method (Eqg. (1)), as shown in Fig. 8. The average strain is compared with the local strain at the beam-end
in Fig. 9. The local strain calculated by Eq. (6) is similar to that by Eq. (7) in the elastic region, but in the plastic
range Eq. (6) deviates from Eq. (7).

4. Reference ductility ratio for damage evaluation
4.1 Maximum and distributed reference ductility ratio

Miner’s rule was used in the previous section, which requires time history analysis. Hasegawa et al. introduced
two reference ductility ratios to evaluate the beam-end fracture, which do not necessarily require time history
response analysis. The first method (M-Max) requires the maximum ductility ratio un.x calculated from the
beam-end response. An equivalent cycle np. is then calculated using the cumulative and peak ductility ratios
shown in Fig. 10(a). Damage at the beam-ends is evaluated from the peak and equivalent ductility ratio and Eq.

8).

1 1
n U e | # U e |P
D — max — max — max 8
meax 4(lumax _1)/( C ) 4(/umax _1)( C ) ( )
Where, N; is the fracture cycle calculated from Eq. (2), and # is the cumulative ductility ratio. In the second

method (M-Dist), the frequencies for each ductility ratio are converted into a uniform distribution as shown in
Fig. 10(b). Damage at the beam-ends is then evaluated using Miner’s rule and Eg. (9).

Table 3 Coefficient values
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Fig. 9 Local strain at beam-end
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The damage indexes of the beam-ends calculated by time history response analysis are compared to those from
the M-Max and the M-Dist methods in Fig. 10. The values calculated by the M-Max are typically larger than
those by the M-Dist.

4.2 Alternative reference ductility ratio

In this section an alternative simple method (M-Ref) is proposed, where the time history of the ductility ratio is
converted into a reference ductility ratio u.s. In this case, damage at the beam-ends D is evaluated using Eq.
(1) as follows:

n
Dref = N == (zni/ui ):uref _l+llﬁc_1/ﬂ (10)
f,ref
Where, nys and N; s are the equivalent cycle and fracture cycle of the reference ductility ratio u. respectively,
and n; is the number of cycles for each reference ductility ratio x;. On the other hand, the damage Dy at the
beam-ends calculated by Miner’s rule, is expressed by Eqg. (11):

n. _
Dy :ZN_;-:C l/ﬂzni,uil/ﬂ (11)

When the value of damage calculated by Eqg. (10) is equal to that by Eq. (11), the coefficient y is calculated as
follows:

B
:uref 1 Zni:uil/ﬂ ﬁ
y=—-= (12)
/umax :umax zni/ui

Fig. 11 shows the frequencies of the ductility ratios for the CHS model under the SZ1 or the SZ2 ground
motions. The frequencies are distributed continuously up to a certain ductility ratio, at which point several
extreme values are observed. The ductility increment to the peak extreme value is denoted as &, which increases
with the maximum velocity of the ground motion, as shown in Fig. 12. These characteristics are confirmed in the
results from the full suite of ground motions. The frequency distribution parameters n and & are defined as a
function of the ductility ratio as follows:

n(u)=Alu (13)

Ay — b (:umax >b/ a)
$(Hax) =
0 (Hmex <b 1 @)

Where, A, a and b are constant values. The summations Enyx; and Eniui” in Eq. (12) are reformulated as
integrals in Egs. (15) and (16) respectively.

(14)

[ 1) A (W) O 12 = (1 + A ) A (15)

[ () 1" A 0 Dt 1 = AL Bt V7 + s d ) (16)
Thus, when Eqg. (15) is equal to Eqg. (16), the coefficient y in Eq. (12) is denoted as follows:
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A
1 | p(0.35u,,, +0.65)"" + ynt’ x0.01| 14
Y 0.354 +0.65+0.01

Where the constant values a = b = 0.65, and du=0.01 were determined numerically. Fig. 13 shows the
relationship between the coefficient y and the maximum ductility ratio umax. The coefficient y decreases as the
maximum ductility ratio umax increases. Fig. 14 shows D-umax relationship, which indicates that the damage D is
frequently smaller than the maximum ductility ratio uma. Here, two values (0.37 and 0.5) are adopted for the
coefficient y to confirm the accuracy of applying the reference ductility for evaluation of damage at the beam-
ends. Those two values give a conservative estimate for damage at the beam-ends. Fig. 15 indicates that the error
between the time history analysis versus the M-Ref method ranges from -25% to 35%, an improvement over the
M-Max and the M-Dist methods.
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5. Index for Screening Vulnerability of Beam-ends in Braced Steel Moment Frames

In this chapter, an evaluation method is proposed that does not require time history analysis nor maximum
ductility to determine the beam-end damage. The energy ratio spectrum R is introduced, defined as the ratio of
the earthquake energy spectrum Vg to the maximum velocity spectrum S,, as shown in Eqg. (18).

Re(T) = =) (18)
S,(T)

In this study, damping is assumed as 5%. Fig. 16 represents the energy ratio Rg spectrum. When the natural
period is larger than 4.0 sec, Rg of the artificial ground motion KA1, SZ1, CH1 and OS1 is larger than that of the
observed ground motion ELC or HCH. The vertical axis of Fig. 17 shows that the maximum damage in all
beam-end of the CHS model (with weld access holes) taking brace fracture into account. The maximum damage
increases as the maximum velocity spectrum S, increases, as shown in Fig. 17(a). When the maximum velocity
is close to 160 cm/s and the Re ranges from 2.0 to 3.5, the beam-ends are likely fracture as shown in Fig. 17(b).

The proposed value for Re is only valid for the example building used in this study. For general application,
further calibration for a broader range of building types is required. Once calibrated against a larger set of
buildings, this method will be an effective means to screen damage at beam-ends, without resorting to time
history response analysis.
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6. Conclusions

This research investigated damage evaluation method beam-ends in braced steel moment frames subjected to a
long period and long duration motion. The results are summarized as follows.

1)  The damage distribution of the beam-ends is likely to be similar to the story drift distribution. The damage
of the beam-end with a weld access hole is frequently larger than that with no hole.

2) Damage values of the beam-ends calculated by the reference ductility ratios are consistent with those by
the time history response results with a margin of error of plus or minus 30%.

3)  For the example building, when the maximum velocity is close to 160 cm/s and the Re ranges from 2.0 to
3.5, the beam-ends are likely to fracture.
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