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Abstract

After an earthquake, a large number of building structures will be damaged to different levels. The subsequent decision-
making process for restoration and reconstruction of damaged buildings requires an appropriate and practical residual
seismic capacity evaluation method. In Japan, a residual seismic capacity evaluation procedure has already been
recommended by the Guideline for Post-Earthquake Damage Evaluation and Rehabilitation, and has been widely applied
after past damaging earthquakes. In this procedure, the seismic capacity deterioration of structural elements in different
damage levels are considered by the seismic capacity reduction factor, #. Then the residual seismic capacity ratio of the
structure, R, is calculated by the weighted average of # of all the structural elements. Damage to structural elements
typically affects strength, deformation capacity and damping characteristics; however, the standard method described
above does not consider the latter two effects for simplicity. Additionally, the current method implicitly assumes either a
storey collapse or overall collapse mechanism will occur, with no consideration towards partial collapse scenarios.

The main objective of this research is to propose a new post-earthquake damage evaluation method based on the capacity
spectrum method that is applicable to buildings with all types of collapse mechanisms. Thus, a procedure is proposed that
allows engineers to draw a clear distinction between buildings that are governed by failure of shear components and those
governed by failure of flexural components. Additionally, deterioration of strength, deformation capacity and energy
dissipation of structural elements are all accounted for in the capacity curve of a damaged building. Taking all this into
account a residual capacity ratio, R, can be evaluated as a ratio of seismic capacity after damage to the original capacity.
The proposed new method is applicable to many types of buildings, provided an initial capacity curve can be obtained by
push-over analysis.

Keywords: RC buildings; Earthquake structural damage; Post-earthquake capacity evaluation; Residual capacity.
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1. Introduction

To restore an earthquake-damaged community as quickly as possible, a well-prepared reconstruction strategy
is essential. When an earthquake strikes a community and destructive damage to buildings occurs, immediate
damage inspections are needed to identify the safe and unsafe buildings given the likelihood of aftershocks
following the main event. However, since such quick inspections are performed within a restricted short period
of time, the results may be inevitably coarse. Furthermore, it is not generally easy to identify the residual
seismic capacity quantitatively from quick inspections. Following the quick inspections, a damage assessment
should be more precisely and quantitatively performed, and then technically and economically sound solutions
should be applied to damaged buildings, if rehabilitation is needed. To this end, a technical guideline that may
help engineers find appropriate actions required for a damaged building is needed.

In Japan, the Guideline for Post-Earthquake Damage Evaluation and Rehabilitation [1] (subsequently
referred to as the Damage Evaluation Guideline) was originally developed in 1991 and was revised in 2001
and 2015 considering damaging earthquake experiences in Japan [2]. The main objective of the Damage
Evaluation Guideline is to serve as a technical basis and to provide rational criteria when an engineer needs to
identify and rate building damage quantitatively; determine necessary actions required for the building and
provide technically sound solutions to restore the damaged building. In the Damage Evaluation Guideline,
residual capacity ratio R is defined as a ratio of seismic capacity of a building after damage to that before
damage, where the seismic capacity is evaluated based on the seismic capacity index Is provided in the Japanese
Seismic Evaluation Standard [3]. Moreover, a simplified evaluation method of R index is introduced based on
structural energy dissipation capacity for story collapse mechanism and overall collapse mechanism as shown
in Fig. 1(a) and (b) [2,4]. In case of story collapse mechanism (Fig. 1(a)) of an undamaged frame, the internal
work can be evaluated as the work done by the deformation of shear columns (Qui 6a Li, where Qui: shear
strength in i-th column, &y story drift angle and Li: story height) in the collapsed story. In case of overall
collapse mechanism (Fig. 1(b)), internal work is the work done by the rotation of all the plastic hinges (M, 6q,
where Myi: ultimate flexural moment in i-th plastic hinge). Internal work after damage is evaluated by reducing
Quiand M. by capacity reduction factor 7. The residual capacity ratio R is then given by Eq. (1) and (2).

R = 04 - 21 QuiL; _ 21 Qui
Oq- 2 QuilL; 2 Qui
_ba XMy, _ XMy,

Qd Z Mui Z Mui
On the other hand, partial collapse mechanism with combination of ductile flexural and brittle shear
structural members (Fig. 1(c)) is not considered in the Damage Evaluation Guideline, although it may be often
found in observation of damaged buildings. In this study, an evaluation method of residual seismic capacity
ratio based on the response spectrum method (CSM) [5,6] is discussed first for a building with all types of

collapse mechanisms. Secondly, an approximation method of residual capacity ratio R is proposed based on
the virtual work principle discussed in the authors’ previous research [4, 5].

(story collapse) (D)

(overall collapse) (2
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(a) Story collapse (b) Overall collapse (c) Partial collapse

Fig. 1 — Possible collapse mechanisms considered in this study.
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2. Residual Seismic Capacity Evaluation Based on Capacity Spectrum Method

The residual ratio of seismic capacity R is defined by Eq. (3) as the ratio of the seismic capacity at the safety
limit state of a damaged structure to that of the undamaged structure. There are various ways to define ‘seismic
capacity’, for example, the Damage Evaluation Guideline [1] uses the seismic capacity index Is [3]. In addition,
approximated evaluation method is introduced based on the authors’ research on Internal Work (IW) concept
in the Virtual Work Theory [4, 5].

Seismic capacity of damaged structure

~ Seismic capacity of undamaged structure ®)

For a more accurate evaluation, Hao et al. [5] and Miura et al. [6] developed an alternative evaluation
method based on the Capacity Spectrum Method (CSM), where seismic capacity is defined as the scale factor
of the standard seismic response spectrum required to make the structure to reach its safety limit state. Fig. 2
shows the general flow of evaluation by CSM. First, push-over analysis of a target building frame is performed.
Safety limit state and damage condition (level/class) is judged based on the performance curve obtained from
the push-over analysis. The seismic capacity before damage (undamaged structure), «, is evaluated by
amplifying the seismic response spectrum so that response agrees with requirement in accordance with
Japanese Seismic Performance Evaluation Guideline [7]. For the damaged condition, capacity (strength,
ductility, energy dissipation) of each structural member is reduced based on damage class (judged using the
Damage Evaluation Guideline) and pushover analysis is conducted to obtain a damaged capacity spectrum
curve. The seismic capacity for the damaged condition p« is then evaluated by CSM using this damaged curve.

Undamaged structure Damaged structure
l 4
Damage evaluation of each
structural element
Frame model for analysis (1, 1, 11,1V, V)
v

Capacity reduction of strength
and ductility by factor,

A 4

VL v

| Capacity curve by pushover analysis |
v v

| Safety limit evaluation using capacity spectrum method |
v v

| Seismic capacity index, ¢, for undamaged | | Seismic capacity index, pe, for damaged |

v v

| Residual seismic capacity ratio, R=pa/«a |

Fig. 2 — Flow of residual seismic capacity ratio evaluation by CSM.
2.1 Judgement of dominant failure mode and safety limit state

Matsukawa and Maeda [8] proposed a judgement method of dominant structural elements which govern the
seismic capacity of buildings that contain both brittle and ductile structural elements. Fig. 3 shows the general
concept of judgement. For simplification, a building is assumed to consist of structural elements with two
levels of deformation capacity corresponding to failure of shear and flexural elements, respectively, as shown
in Fig. 3. The Standard seismic response spectrum is amplified to meet the capacity curve and the amplification
factor, a, is defined as seismic capacity in accordance with the Japanese Seismic Performance Evaluation
Guideline [7]. After as (amplification factor corresponding to failure of shear elements) and ar (amplification
factor corresponding to failure of flexural elements) are determined, their ratio Mg = as / ar iS used as a
judgement factor of dominant failure mode. If Mq is greater than 1 (as > ag), shear failure is considered as the
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dominant collapse mechanism. On the other hand, if My is less than 1 (as < ae), flexural failure is assumed
dominant. The larger of as and ar defines the undamaged structure’s seismic capacity a.

Shear element
ultimate point

(safety limit) Shear element

as < ag

at . a Sat s, ultimate point
b S e,
i T 1 Flexural element
i— Seismic demand curve irve as i ultimate point
Capacity L (safety limit)
spectrum % Flexural element ./
\ ()A/ ultimate point P
ag Fo

(a) Shear dominant structure (b) Flexure dominant structure
Fig. 3 — Judgement of dominant collapse mechanism and safety limit state.

2.2 Evaluation of residual seismic capacity ratio

In order to evaluate the residual seismic capacity after damage, oo, the capacity curve of the damaged structure
is first estimated by reduction factors #, and 74 as shown in Fig. 4. Reduction factors #s, 74 and #n are
modification factors to reduce strength, deformation capacity, and damping depending on the damage class of
each structural element. Damage level of structural elements are classified into five class (slight damage (I) to
total failure (V)) in the Damage Evaluation Standard [1]. The magnitude of these reductions has been studied
by Itoh et al [9] and are summarized in Table 1. Ultimate strength (flexural strength M, and shear strength Q)
and deformation capacity of members are reduced by #, and #q, respectively, as shown in Fig. 4. Then, the
capacity curve of the damaged structure is evaluated by push-over analysis to determine the safety limit state
as shown in Fig. 5. Note that the dominant collapse mechanism of the damage structure is assumed to be the
same as for the undamaged structure.

Table 1 — Capacity reduction factors for damaged structural elements [9].

Flexural element Shear element
Damage class
HbE NdF 1hE Nwe 1bs 1ds hs nws
I 1 1 0.95 0.95 1 1 0.9 0.9
11 1 0.95 0.8 0.76 1 0.85 0.7 0.6
11 1 0.85 0.75 0.64 1 0.7 0.6 0.42
v 0.6 0.75 0.7 0.32 0.4 0.5 0.5 0.1
Vv 0 0 0 0 0 0 0 0
Undamaged S.p g S:4+ — Undamaged
Damaged
Strength Damaged A @ Limitstate
@ Limit state o
AlDYs (04
o F
X
. o 4= Vb [I/—.'
X104 DAE
Yielding , S, S,
> Disp. Shear dominant Flexural dominant
Fig. 4 — Reduction of structural element Fig. 5 — Safety limit state of damaged and
backbone. undamaged structures.
4
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To obtain the seismic demand response spectrum for the CSM evaluation, the standard spectrum is
reduced using the factor Fy, defined below in Eqg. (4). The reduction factor Fr depends only on the equivalent
damping factor, h, of the overall structure (defined in Eg. (5)), and is a weighted sum of the damping factors
for each member, h; (defined in Eq. (6)). For a damaged frame, the equivalent damping factor ph; of damaged
members is reduced by the energy dissipation reduction factor #n given in Table 1, as shown in Eq. (7). Then,
the seismic capacity indices a and pa are obtained from the safety limit point, as shown in Fig. 6 and the
residual capacity ratio R is calculated by Eq. (1).

15
Fn =15 Ton 4)
h = z Weihi/z Wei (%)
h; = 0.05 + B (1 — 1//u;) (6)
phi = 0.05 + Bumpi (1 — 1//1y) @)

Where, h: equivalent damping factor of the overall structure, Wei: strain energy of a structural member i, h; and
ohi: equivalent damping factors of the undamaged and damaged structural member i, respectively; y;is the

| ductility factor of member i, and nni: reduction factor for the equivalent damping factor (Table 1). Coefficient
P is 0.25 for flexural elements and 0.05 for shear elements [7].

S A

—— Undamaged structure

_____ o X
F,S.(T) Damaged structure

F,S.(T)*a Standard response spectrum (h=5%)

Response spectrum with
damping factor h

Fig. 6 — Definitions of spectrum damping scale factor, Fn; the undamaged structure safety limit point scale
factor o and the damaged structure safety limit scale factor pa.

3. Simplified Evaluation of Residual Seismic Capacity

The evaluation method proposed in section 2 requires pushover analysis by computer to calculate the structural
response. Although it will provide accuracy, it is rather complicated and thus not suitable for application in
field surveys of damaged building just after earthquake disaster. From this background, an approximation of
the evaluation method is needed from a practical application point of view. In this section, an approximate
method for the calculation of the dominant failure mode determination factor, Mg, is presented. Then, based
on the failure mode determined by the My factor, an approximate evaluation method of R is proposed.

3.1 Approximated judgement of dominant collapse mechanism
(1) Dominant failure mode judging index My
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The seismic response spectrum is given in the Notification No. 1457 of Japanese Ministry of Land,
Infrastructure and Transport [10]. As before, the safety limit factors for shear and flexural failure of the
structure are defined as the scale factor of the response acceleration spectrum resulting in the structure reaching
its safety limit state, from the standard response acceleration spectrum scaled for damping only, as shown in
Fig. 7a and Fig. 7b for shear and flexural failure, respectively. Sas and Sar are the capacities of a structure, and
Sa(Ts) Fnrs and Sa(Tg) Fnr are demands. Based on this definition, Eg. (8) and (9) can be defined for as and o,
respectively. Therefore, dominant failure mode judging index My defined as as / o can be expressed using Eq.
(10).

S i B(Ta] ‘FhS

65 S, 6 S,
(@) (b)
Fig. 7 — Evaluation of seismic capacity, o for (a) shear dominant and (b) flexural dominant structures.
SaS
Qo= —2 8
* Sa(T)Frs ®
Sar
Ap = — 9)
" Sa(Tp)Frr

=ﬁ=h_5a(7¥)_@ (10)
ar  Sar Sa(Ts) Frs

Where, Sas and Sqr are the spectral acceleration response at shear failure and flexural failure, respectively; Fns

and Fne are the damping response spectrum reduction coefficients; Sa(Ts) and Sa(Tg) are the spectral

accelerations at shear and flexural failure of the standard response spectrum (scaled for damping only),

respectively.

Mgy

As can be seen on the right side of Eq. (10), the Mq factor consists of three components; ratio of capacities
(Sas / Sar), standard spectral accelerations (Sa(Ts) / Sa(Te)) and damping reduction factors (Fns / Fne). The
seismic response spectrum given in the Notification No. 1457 is acceleration constant in the range of
0.16 sec <T<T,, and velocity constant in the range of T.<T as expressed by Eg. (11). When both of the
equivalent periods, Ts and Tr (corresponding to shear and flexural failure, respectively) are shorter than the
spectrum corner period Te, Sa(Ts) and Sa(Tg) both lie in the constant region zone of the response spectrum. Eq.
(10) thus simplifies into Eq. (12). On the other hand, when both of Ts and Tr are longer than T, the equivalent
periods Ts and Tr both fall within the constant velocity region of the response spectrum; thus, Eg. (10)
simplifies into Eq. (13). Finally, in the case of Ts < Tc and Tr > T¢, as shown in Fig. 8, Eq. (10) can be expressed
by Eq. (14). Therefore, dominant failure judging index My defined as as / ar can be expressed using Eq. (12)
—(14).
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S, (0.16sec<T < T,)
S,(T)= 27;& T, <T) (11)
Md=;%'%=)’a'yh (12)
_ Fnr |SasSas _ YufTaTa (13)

" Fus | SarSar

TthF Sa.S‘SdS Tc
= = —- 14
a TthsJSapsdp Ty MV Yaba 1)

Where, ya is Sas/ Sar, 74 iS Sas / Sar, and yn is Fre / Frs. Sao and Svp are acceleration and velocity response values
in the constant region of the standard design response spectrum, respectively. As before, the collapse
mechanism is considered to be shear dominated in case of Mg >1 and flexure dominated in case of Mq <1. From
here, estimations for the y,, y4 and ys are discussed.

S 3 2T
a Sa(Ts) = Sq0 = ?SUO
~ S

B5 O Sd

Fig. 8 — Spectral acceleration relationships.

(2) Approximation of strength ratio ya

Assumptions of seismic force and deformation distribution along the height of a structure with shear
and flexural elements is shown in Fig. 9. According to the principle of virtual work, the work done by the
external forces acting on each floor of the frame, Pj, is balanced with internal energy dissipated by all members
through force (ultimate flexural moment M, and shear strength Q.,) and deformation (rotation and
displacement). As shown in Fig. 9, the story drift angle of uncollapsed stories is assumed negligible, thus the
horizontal displacement of uncollapsed stories is assumed equal to the collapsed story below. For example the
structure in Fig. 9 experiencing partial collapse in the first and second stories, the horizontal displacement in
the third story is assumed the same as in the second story. The story drift angle of each collapsed story and the
rotation angle of flexural beam members is assumed to be the same drift angle, 4. The deformation of shear-
failing columns is assumed to be hify (hi is height of i th story). Based on these assumptions, the balance of
external and internal work in summarized using Eq. (15), with reference to Fig. 9. By rearranging Eq. (15),
base shear of the structure, Qs, can be expressed as in Eq. (16).

© The 17th World Conference on Earthquake Engineering -2b-0115 -



2b'01 1 5 The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

QdZPiHi = gdzMui + QdZ Quihi (15)

_ 2 My + X Quihy
5 X H;
Where, H; is height of the i th floor from ground, h; is story height and 8y is rotation angle of the story.

(16)

The response acceleration S, can be obtained by dividing base shear Qg by total mass of the frame, m.
To determine the response acceleration corresponding to the shear collapse point, Sas, ultimate flexural moment,
My, was reduced by a reduction factor of 85 (for example, specified as f=0.5 for extremely brittle short
columns and S=0.7 for general shear columns in the Japanese Seismic Evaluation Standard [3]) based on the
assumption that flexural members have not reached the ultimate moment capacity when the shear members
reach failure. Thus, Sas can be estimated by Eq. (17). The response acceleration corresponding to the flexural
collapse point, Sar, is estimated by Eq. (18) where the contribution of shear members is ignored because they
have failed earlier. Therefore, ya ratio can be approximately calculated as the ratio of Sas and Sar as shown in

Eq. (19).

Py

‘ﬁ
P, h

H3 | j—
H 2 P. 1 Qdi hz
: Shear failure
Hy Oq! hy A
v v | Flexural failure

Fig. 9 — Assumptions for approximated evaluation of residual capacity ratio R.

_ ﬁs Z My; + Z Quihi
Sas = S E a7)
_ ZMui
Sar = m3 H, (18)
wili
Ya = Sas/Sar = Bs + ZZQMui (19)

(3) Approximation of deformation capacity ratio, yq

In order to approximate deformation capacity ratio yq, displacement response Sq is estimated from Eq. (20) as
the product of maximum member deformation capacity, &g (equal to s for shear failure or ¢ for flexural
failure), at failure and the representative height He of the structure (i.e., height of an equivalent single-degree-
of-freedom system). The representative height He can be calculated from Eq. (21), where m;and §; are the
mass and deformation of the i-th storey.

Sas = OsiHes; Sar = OpiHer (20)
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¥ m;67

H. =
¢ Ymé;

(21)

Assuming that the rotation demands for shear members, s, and flexural members, r;, are a product of
the member yielding angle, 6y, and member ductility factor, x, the displacement response capacity can be
estimated using Eq. (22). The yield rotation, 6y, of the shear dominant and flexure dominant members was
assumed to be 1/250 rad and 1/150 rad, respectively, based on Japanese Seismic Evaluation Standard [3]. Thus,
yd can be approximated by Eqg. (23). Maximum ductility factors of shear members and flexural members can
be selected in accordance with their deformation capacities. us=1to 2 and xr = 3 to 5 may be reasonable values
from Japanese practice and lessons from previous damaging earthquakes.

Sq =0y u-H (22)

_ Sas _ (1/250) - (tg) - (Hes)
Ve = S T (/150) - (up) - (Hor)

(23)

(4) Approximation of damping factor ratio, yn

For estimation of the Fne/Fns ratio, it can be shown with Eq. (4)-(6) that Frs is close to 1 when the ductility
factor is 2 or less (i.e., shear member failure point). When the ductility factor y; is 3 or more, the Fnr of the
flexural members has little fluctuation, and its upper limit is approximately 0.6. Thus, Frs and Fne are set to 1
and 0.6, respectively, and y, can be approximated as y» = 0.6.

(5) Approximation of equivalent period ratio T¢/ Ts

The corner period T. in the standard response spectrum is 0.864 sec for ground with soil type 2 (standard soil)
according to the Notification No. 1457. The equivalent period Ts at the shear failure point is estimated to be
approximately equal to the period at structural yield, Ty, as the deformation from the yield point to shear failure
is assumed to be small. Meanwhile the structural yield period is roughly calculated as 0.02 times the structure
height H, according to Japanese structural design practice given in Notification No. 1793 of Japanese Ministry
of Construction [11]. Thus, Ts is defined as shown in Eq. (24), and the equivalent damping ratio, T. / Ts, can
be determined using Eqg. (25).

T, ~ 0.02H (24)
T. 0.864s 432

_Ie_ 5.2 25
Ys =7 T 002H ~ H (25)

3.2 Evaluation of residual seismic capacity ratio R based on internal work method

As described previously in Eq. (15), for a frame with a partial collapse mechanism, such as that shown in Fig.
9, the internal work of an undamaged frame is evaluated as the summation of work done by the rotation of all
plastic hinges (M, 64) and deformation of shear columns (Qu hi 64). This is schematically summarized in Fig.
10, assuming a uniform story drift angle of 6, for all damaged stories.
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(a) Shear failure dominant mode (b) Flexure failure dominant mode

Fig. 10 — Internal work for a building with partial collapse mechanism.

The residual internal work capacity of the damaged frame is evaluated by reducing the original internal
work capacity of each member by respective nwi values. The energy dissipation reduction factor nwi is proposed
in Eq. (26) as a product of the reduction factors for strength 7, deformation capacity 7qi, and damping #ni,
previously presented in Table 1. The basic concept of historical energy dissipation of undamaged members Wi
and damaged members pWi; is shown in Fig. 11.

Twi =oWi /Wi =1y - T7i i (26)
s hj
MUE .....
i ; gm'
W; = 2naM,;0,:h; pWi = 2mnpMyinabuinnhi
(a) Undamaged member (b) Damaged member

Fig. 11 — Reduction of energy dissipation due to damage in structural members.

As a result, the internal work of a structure with shear and flexural elements is a summation of (Qy hi 64)
and (My 6g), and thus the residual capacity ratio, R, can be evaluated by a combination of Eq. (1) and (2).
Weighting factors s and Sr are also introduced to account for the difference in deformation capacity of shear
and flexural elements resulting in the general expression for R as given by Eq. (27).

R=— Bs Y, zQuiHiUwsi + B 6, ZMuiUwFi
Bs0,2 QH + 56,2 M,

The basic concept of fs and fr are shown in Fig. 12. For structures judged to be shear failure dominant
(i.e., Mg > 1), at the shear failure point, the flexural elements do not always reach their maximum flexural
capacity and as such their moment contribution to the internal work should be reduced from the ultimate
flexural moment My;. The drift angle at the shear failure point ds, is assumed as 6q. As previously explained in
the description of strength ratio ya in Eq. (13), only a reduction of ultimate flexural moment My needs to be
considered; therefore, s =1.0. As a result, the residual seismic capacity ratio in Eq. (27) can be simplified to
Eq. (28) for shear failure dominated structures.

(27)

10
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R = 2 QuiHinwsi + Br X MyiMyri
s 2 QuiH; + Br X My,

On the other hand, for flexural failure dominated structures (i.e., Mg < 1), energy dissipation of shear
elements should be reduced by ps, because deformation capacity of shear elements is smaller than flexural
elements. Drift angle at the flexural failure point, 6k, is used as 64. Therefore, fs is taken as the ratio of the
deformation capacity of shear and flexural element (6s/0¢) and S is taken as 1.0 (no reduction) such that Eq.
(29) is obtained. Although verification of the approximate method for the R-index (section 3) with the CSM
method (section 2) is not shown in this paper due to space limitations, good applicability and agreement
between the two methods has been found from studies reported in [12] and [13].

_ Bs X QuiHinwsi + X Myityri

(28)

R = Bs X QuiH; + X My; (29)
M 4 M a
XQuiH; -~
Ws = 21 - Qi H; 6,4 Wy = 21 - 30, H, b
0a
Wgp =21 - EM,,;84
Wy = 2 - 0.55M,,;6,4 sut M2l
0.55M,,; -/ k—o
f 0, 0
(a) Shear dominated failure (b) Flexure dominated failure

Fig. 12 — Energy dissipation, W, of shear and flexural members.

4. Concluding Remarks

In order to simplify the evaluation of residual seismic capacity of RC frames with mixed failure modes, a
residual capacity evaluation method based on the seismic capacity index and a simplified method based on the
internal work of the members inside the structure are considered. Within the proposed method a procedure has
been developed to judge the dominant failure mode of the structure as either a shear or flexural dominated
failure. The reduction of internal energy dissipation explicitly takes into account several structural performance
degradation characteristics such as strength, deformation and damping.

Based on the above considerations, the flow of the procedure for determining the approximate residual
capacity factor based on internal work is shown in Fig. 13. First, the failure mode and damage class of each
structural member are determined and nwr and nws values are subsequently assigned to each member using
Table 1. Next, the dominant collapse mechanism of the structure is determined based on the observed damage
level in structural elements. In practical field damage surveys, the dominant collapse mechanism cannot be
clearly identified when the damage level is relatively small. In such cases, the dominant collapse mechanism
is assumed from analytical results or any other possible information. Finally, the R index is evaluated by either
Eqg. (28) or (29) according to the dominant collapse mechanism.

11
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Fig. 13 — General process flow for approximation of residual seismic capacity based on internal work.
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