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a b s t r a c t 

Use of indices that quantify the seismic residual capacity of buildings damaged in earthquakes is one way to 

draw judgements on the building’s safety and possibility of future use. In Japanese damage assessment guidelines, 

several approximate calculation methods exist to evaluate the residual capacity of buildings based on visually 

observed damage and simplifying assumptions on the nature of the building’s response mechanism and member 

capacities. While these methods provide a useful residual capacity ratio that enables a ‘relative’ comparison be- 

tween buildings, the exact relationship to a physically meaningful residual capacity is unclear. The aim of this 

study is to benchmark the ‘approximations’ of residual capacity. To do so, a shake-table test was conducted on a 1 
4 

scale 4-storey RC structure and a residual capacity evaluation was undertaken based on observed damage states. 

With the help of a numerical model, a benchmark residual capacity at each of the damage states is determined 

and compared to the approximate residual capacity calculation results via guidelines. It was found that approx- 

imate methods are generally accurate prior to yield but can become overly conservative post-yield. Simplifying 

assumptions of equal member deformation capacity used in the residual capacity ratio calculation was found to 

be suitable given constraints of rapid field evaluations. 
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. Introduction 

Damage assessments of buildings are critical following strong earth-

uakes to determine whether they are structurally safe for immediate

eoccupation or are in need of repairs. The ‘seismic residual capacity

atio’ (hereinafter ‘residual capacity ratio’) of the structure, that is, the

eismic capacity of the damaged structure as a fraction of its undam-

ged capacity, is a useful metric for quantifying the extent of structural

amage and provide an insight into the building’s performance in future

arthquakes. Existing experimental studies on seismic residual capacity

f reinforced concrete (RC) structures is generally limited to component

evel studies (e.g., columns [ 1 , 2 ], beams [ 3 , 4 ] walls [5] ). In such exper-

mental programs, components are tested to quantify the effect of vary-

ng initial damage conditions on the component’s overall performance.

ased on the results of such experimental programs, several studies have

roposed plastic hinge modification factors to be used in lumped plas-

icity models to account for changes in component stiffness, energy dis-

ipation, deformation capacity and strength characteristics due to dam-
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ge [6–10] . FEMA 306 [11] provides a framework for using such data

n pushover and time history analysis methods to estimate the perfor-

ance of damaged structures. In field damage assessments, challenges

f time constraints, limited personnel, and large building stock means

hat detailed assessments involving numerical modeling are usually not

ealistic. In such scenarios, a rapid assessment method of residual ca-

acity ratio is desired. 

Though recent studies have proposed rapid evaluation methods of

esidual capacity ratio via acceleration response data [ 12 , 13 ], common

ractice for rapid damage assessment methodologies around the world

till predominantly relies on judgements made via visual observation

e.g., Japan [14] , New Zealand [15] , USA [16] , Taiwan [17] , Italy [18] ).

he outcome of these assessments is usually in the form of a placard to

ndicate if the building is safe for reoccupation; requires caution and/or

inor repair prior to reoccupation, or is unsafe to enter. Among these,

he ‘Guidelines for Post-earthquake Damage Evaluation and Rehabilita-

ion’ published by the Japanese Building Disaster Prevention Association

hereinafter, ‘JBDPA Guidelines’) [14] is the only document to quantify
February 2023 
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Fig. 1. Energy dissipation locations in a typical structure exhibiting a strong 

column-weak beam yielding mechanism. 

Fig. 2. Visual representation of damage states and damage reduction 𝜂-factor 

[ 14 , 20 ]. 
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𝑅  
 residual capacity ratio for the entire building. The JBDPA Guidelines

rovide several approximate calculation methods of residual capacity

atio (detailed in the following sections) that do not involve numeri-

al analysis. These assessment procedures have been extensively used

n Japan to rate damaged buildings in previous major earthquakes [19] ;

owever, have been generally only useful for relative performance com-

arisons. In other words, the relationship between the residual capacity

atio computed through the JBDPA Guidelines and the expected future

erformance of the structure has not been verified experimentally nor

hrough real life case studies. Hence, the reliability of these assessment

ethods in predicting future earthquake performance is unclear. The ob-

ective of this study is to resolve some of this uncertainty by quantifying

he level of accuracy in the residual capacity ratio calculation methods

n the JBDPA Guidelines. The comparison will be done with respect to a

ubject structure tested on a shake-table as part of this study. A method

o determine the residual capacity ratio from the experimental data will

e demonstrated with the aid of a numerical model. Residual capacity

atio will be evaluated at the structure’s global level, rather than at the

ocal component-level common in previous studies. 

This paper begins by first defining the residual capacity ratio and

ntroducing the methods available to estimate it in the JBDPA Guide-

ines. The key underlying assumptions used in these estimate methods

re also identified. An experimental program designed to test some of

hese assumptions is then introduced. Next, using a numerical model

alibrated to the experimental results the experimental residual capac-

ty ratio is computed and compared to that calculated using the JBDPA

uidelines. 

. Residual capacity ratio assessment using the JBDPA Guidelines

In Japan, earthquake damage in RC buildings is quantified by an

verall residual capacity ratio. In the JBDPA Guidelines, the magnitude

f the residual capacity ratio is used to make repair/demolition decisions

or damaged buildings, with previous earthquake reconnaissance data

uggesting a value of ∼60% as a potential limit for building repairability

 20 , 21 ]. Details of the decision matrix are provided in Appendix A . A

ational physical interpretation of the residual capacity ratio has been

ffered by Maeda et al. [22] as the ratio of the intensity of ground motion

equired for a damaged building to reach its ultimate limit state, to the

orresponding intensity required for a building in its undamaged state.

n this study, this definition is adopted as the benchmark residual capac-

ty ratio of a building, 𝑅 𝑏 , and is determined analytically because it is

mpractical to do so through pure experimentation. The ground motion

ntensity measure adopted in this study is the spectral acceleration at

he first natural period of the undamaged building, 
𝑢 
𝑇 1 [23] . Therefore,

efining the ultimate limit state spectral acceleration for the undamaged

uilding as 
𝑢 
𝑆 𝑎 , and for the damaged building as 

𝑑 
𝑆 𝑎 , the benchmark

esidual capacity ratio can be expressed by Eq. (1) as follows: 

 𝑏 = 

𝑑 
𝑆 𝑎 

𝑢 
𝑆 𝑎 

(1)

Conceptually, the above definition is a measure of the energy dis-

ipation capacity of a building in its damaged state relative to that in

ts undamaged state. The advantage of this definition is that it implic-

tly considers changes in system-level characteristics (e.g., load redistri-

ution, natural period shifts, higher mode effects) that cannot be con-

idered in the aforementioned component-level studies. Similarly, the

BDPA Guidelines provide several methods to compute the residual ca-

acity ratio through the concept of energy dissipation capacity, albeit

ia simplified methods (full details of which can be found in [ 20 , 24 ]).

n this paper, the two JBDPA methods most commonly used in practice:

he ‘internal energy method’ and the ‘simplified internal energy method’

ill be compared to 𝑅 𝑏 with respect to the structure tested in this study.

 description of these methods is provided next. 
29 
.1. The internal energy method 

In this method, the total structural seismic capacity is quantified as

ts total energy dissipation capacity. From this definition, it follows that

he residual capacity ratio, 𝑅 𝐼𝐸 , is simply the remaining energy dis-

ipation capacity throughout a damaged structure as a fraction of the

otal energy capacity available in the undamaged state. For buildings

xpected to exhibit a strong column-weak beam yielding mechanism,

uch as that shown in Fig. 1 , energy dissipation can be assumed to oc-

ur only at the plastic hinge locations, so the process of determining

otal energy dissipation capacity becomes an exercise of summing the

ndividual energy dissipation capacities of each hinge. The reduction in

nergy dissipation capacity of each plastic hinge resulting from struc-

ural damage is quantified by a reduction factor, 𝜂. A theoretical inter-

retation of the 𝜂-factor is shown in Fig. 2 and is the remaining energy

issipation capacity in a plastic hinge after damage as a fraction of the

otal initial energy dissipation capacity (i.e., dissipated energy plus re-

aining energy dissipation capacity). The 𝜂-factors are available in the

BDPA Guidelines for various member types and depend on the visually

ssessed Damage Level. Damage Level definitions and 𝜂-factors from

he JBDPA Guidelines are reproduced in Tables 1 and 2 , respectively

 14 , 20 ]. An interpretation of the Damage Levels for flexural members

elative to their backbone characteristics is shown in Fig. 2 . Based on

he above definitions, the residual capacity ratio can be expressed as

ollows: 

 𝐼𝐸 = 

∑𝑁 𝑤 

𝑖 =1 𝜂𝑤,𝑖 𝑀 𝑢𝑤,𝑖 𝜃𝑢𝑤,𝑖 + 

∑𝑁 𝑏 

𝑖 =1 𝜂𝑏,𝑖 𝑀 𝑢𝑏,𝑖 𝜃𝑢𝑏,𝑖 + 

∑𝑁 𝑐 

𝑖 =1 𝜂𝑐,𝑖 𝑀 𝑢𝑐,𝑖 𝜃𝑢𝑐,𝑖 ∑𝑁 𝑤 𝑀 𝑢𝑤,𝑖 𝜃𝑢𝑤,𝑖 + 

∑𝑁 𝑏 𝑀 𝑢𝑏,𝑖 𝜃𝑢𝑏,𝑖 + 

∑𝑁 𝑐 𝑀 𝑢𝑐,𝑖 𝜃𝑢𝑐,𝑖 

(2)
𝑖 =1 𝑖 =1 𝑖 =1 
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Table 1 

Definition of damage levels of structural members [ 14 , 20 ]. 

Damage Level Observed damage in structural members 

I Sparse, fine cracks can be observed ( < 0.2 mm). No reinforcement yielding expected. 

II Clearly visible cracks (0.2–1 mm) exist. 

III Wide cracks (1–2 mm) are present. Plastic hinging mechanisms begin to form. Some spalling of cover concrete is observed but concrete core is 

in-tact. 

IV Many wide cracks are observed. Compression damage resulting in concrete spalling and exposed reinforcement. Lateral strength degradation may 

occur, but vertical load is still fully carried by walls and columns. 

V Buckling (and in some cases fracture) of reinforcement, crushing of concrete and vertical deformation of columns and/or shear walls observed. 

Settlement and inclination of structure are characteristic. 

Table 2 

Damage reduction 𝜂-factors for damaged structural elements [ 14 , 20 ]. 

Damage Level 

RC Column RC Wall RC Beam 

Shear Shear-flexure Flexure Shear Flexure Shear Flexure 

Ⅰ 0.95 0.95 0.95 0.95 0.95 0.95 0.95 

Ⅱ 0.60 0.70 0.75 0.60 0.70 0.70 0.75 

Ⅲ 0.30 0.40 0.50 0.30 0.40 0.40 0.50 

Ⅳ 0 0.10 0.20 0 0.10 0.10 0.20 

Ⅴ 0 0 0 0 0 0 0 
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Fig. 3. Dimensions of experimental structure (units: mm). 
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here 𝑀 𝑢 , 𝜃u and 𝜂 are the member ultimate moment capacity, ultimate

eformation capacity and damage reduction 𝜂-factor, respectively. 𝑁 is

he total number of hinges for each member type in the structure, and

he subscripts ‘w’, ‘b’ and ‘c’ in all terms correspond to wall, beam, and

olumn members, respectively. 

.2. The simplified internal energy method 

For buildings with no significant horizontal or vertical irregulari-

ies and comprised predominantly of flexural members (e.g., RC mo-

ent frames), the JBDPA Guidelines stipulate that an equal ultimate

eformation capacity can be assumed for all member hinge types (i.e.,

𝑢𝑤 = 𝜃𝑢𝑏 = 𝜃𝑢𝑐 ) . With this assumption, Eq. (2) can be conveniently re-

uced to an expression based only on hinge strengths, as shown in

q. (3) . As with the internal energy method in Eqs. (2) , (3) is conceptu-

lly also a measure of residual energy dissipation capacity. 

 𝑆𝐼𝐸 = 

∑𝑁 𝑤 

𝑖 =1 𝜂𝑤,𝑖 𝑀 𝑢𝑤,𝑖 + 

∑𝑁 𝑏 

𝑖 =1 𝜂𝑏,𝑖 𝑀 𝑢𝑏,𝑖 + 

∑𝑁 𝑐 

𝑖 =1 𝜂𝑐,𝑖 𝑀 𝑢𝑐,𝑖 ∑𝑁 𝑤 

𝑖 =1 𝑀 𝑢𝑤,𝑖 + 

∑𝑁 𝑏 

𝑖 =1 𝑀 𝑢𝑏,𝑖 + 

∑𝑁 𝑐 

𝑖 =1 𝑀 𝑢𝑐,𝑖 

(3)

here 𝑅 𝑆𝐼𝐸 is the residual capacity ratio based on the simplified inter-

al energy method, and all other terms are as previously defined. The

bove simplification will produce a more conservative residual capacity

atio compared to 𝑅 𝐼𝐸 in cases where deformation capacity is higher and

amage state (quantified via 𝜂-factor) is lower in frame members com-

ared to wall members (both conditions are typical for RC structures).

he accuracy of the two residual capacity ratio assessment methods in-

roduced above will be assessed against 𝑅 𝑏 obtained from an experimen-

al case study described next. 

. Experimental program 

To obtain experimental data for the progressive loss of seismic ca-

acity in RC structures, a 4-storey 1 4 scale RC structure was designed and

ynamically tested via shake-table over gradually increasing ground mo-

ion intensity. The dimensions and an image of the experimental struc-

ure are shown in Fig. 3 . The member cross-section details are summa-

ized in Table 3 . The structure was designed as a new office building lo-

ated in Tokyo on Type 2 soil [25] , using current Architectural Institute

f Japan structural calculation standards (hereinafter ‘AIJ standards’)

 26 , 27 ]. To test the suitability of the ‘equal deformation capacity’ as-

umption used in the calculation of 𝑅 𝑆𝐼𝐸 , the experimental structure

as designed as a dual wall-frame system. The degree of interaction
30 
etween the wall and frame was varied in the structure’s X-direction

walls designed to carry ∼60% of the total base shear) and Y-direction

walls designed to carry ∼30% of the total base shear). To account for

iscrepancy in mass arising as a result of scaling down of the structure,

dditional mass was added to each story. The total mass of the inner

tories and on the roof was 7950 kg and 7640 kg, respectively (3150 kg

dded per floor). An inter-story drift ratio limit of 0.5% was used for ser-

iceability limit state design [26] . For ultimate limit state design (known

s ‘safety limit state’ in the AIJ standard [26] ), no fixed inter-story drift

atio limit is prescribed. Instead, the inter-story drift at which any one

ember reaches its deformation capacity (calculated using procedures

n the AIJ standards [26] ) first is set as the building’s safety limit state. In

he X and Y-directions of the test structure, the RC walls (CW1 and CW2,

espectively) reach their ultimate deformation capacity first at approx-

mately 2% inter-story drift ratio. Thus, the safety limit of the structure

as set to be 2% in both the X and Y-directions. 

.1. Structural member details 

Sectional strengths of members in the test structure are listed in

able 3 and the measured material properties are summarized in

ables 4 and 5 for concrete and reinforcement, respectively. Section

oment and probable shear capacity were determined using measured

aterial properties and according to equations in the AIJ standards. The

esign column to beam moment capacity ratio was 1.15 or higher for

ll hinges when considering the slab effective width determined via the

IJ standard (see Appendix B for details). In reality, this ratio was as

ow as 0.5 due to the effective slab width being likely equal to the full

lab width (as described in a later section). The beam strengths listed

n Table 3 are reported for a full effective slab width assumption. For

n-plane walls, the flexural capacity, 𝑀 𝑢 , was determined from sectional

nalysis at the point when a third of all the longitudinal reinforcement
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Table 3 

Details of member sections comprising the test structure (units: mm, kN, kNm). 

Member Column Wall Beam Slab 

Name C1 CW1 CW2 G1 G2 G3 

Section 

Size (mm) 130 × 130 80 × 700 70 × 400 100 × 140 100 × 150 120 × 90 70 

Main bar 6-D10 24-D10 8-D13 + 6-D6 6-D6 8-D6 4-D6 D4@80 

(X-dir.) 

Hoop/tie D4@60 D4@60 D4@100 (cross-ties D4@50) D4@60 D4@60 D6@30 D4@60 

(Y-dir.) 

X Y X Y X Y + ve a − ve + ve − ve + ve − ve 

𝑀 𝑢 , kNm 7.0 9.5 185.0 21.2 10.6 89.0 4.4 10.0 6.4 18.3 1.7 10.7 

𝑉 𝑢 , kN 43.4 59.5 325.0 90.0 39.9 b 117 44.1 44.1 48.6 48.6 27.7 27.7 

θ𝑢 , rad 0.041 0.041 0.021 0.043 0.043 0.022 0.044 0.050 0.039 0.047 0.039 0.047 

a + ve refers to positive bending, i.e., top fiber in compression, and -ve refers to negative bending, i.e., top fiber in tension. 
b Calculated using the ‘Arakawa’ equation shown in Appendix B as truss-arch method did not provide a valid output. 

Table 4 

Measured properties of concrete used in the structure. 

Grade 

Ultimate compressive 

stress, MPa 

Strain at ultimate 

compressive stress, με 
Young’s 

modulus, MPa 

Fc30 (early 

strength) 

53.1 2700 2.97 × 10 4 
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Fig. 4. Artificial acceleration time history records used in the X-direction and 

Y-direction of the test structure. 
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ields. The ultimate deformation capacities, 𝜃𝑢 , of the members are also

ummarized in Table 3 and were calculated using [26] as the point at

hich the shear capacity (a function of deformation) would reduce to

atch flexural capacity. This definition of ultimate deformation capac-

ty outputted negative values for the G3 beam and out-of-plane bending

f the CW2 wall as their flexural capacity exceeded the shear capacity.

s a shear failure was deemed unrealistic in both cases, the ultimate de-

ormation capacity for G3 and CW2 was assumed equal to G2 and out-of-

lane CW1 values, respectively. The reader is referred to Appendix B for

etails of the equations used in the strength and deformation capacity

alculations. 

.2. Input ground motion characteristics 

The structure was subjected to an artificial ground motion pair

hown in Fig. 4 . The phase of the ground motion corresponded to that

ecorded at the ‘JMA Kobe’ observation site during the 1995 Kobe earth-

uake. The North-South phase record was used in the test structure’s

-direction excitation and the East-West phase record was used in the

-direction. As shown in Fig. 5 , the ground motions were tailored in

he frequency domain to produce acceleration response spectrums that

losely resemble the Japan Building Standard Law (JBSL) design spec-

rum for a Level 2 ‘Extremely Rare’ event and corresponding to Type 2

oil class [25] . Time of the input record was downscaled by a factor of

wo to account for the 1 4 scale of the structure. The structure was sub-

ected to the same orthogonal ground motion pair over a series of nine

xcitations (hereinafter referred to as ‘Runs’). The magnitudes of each

un are summarized in Table 6 , and are expressed as a percentage of

he Level 2 design earthquake. The excitation magnitude for each Run

as decided by targeting a desired overall damage state of the structure:
Table 5 

Measured properties of reinforcement used in the structure

Diameter Grade Yield stress, MPa Ultimate elongati

4 SD295A 402 No data 

6 SD345 419 24.1 

10 SD345 339 27.9 

13 SD390 407 19.2 

31 
uns 1–3 were intended to excite the structure in the pre-yielding range;

uns 4–5 targeted achieving the maximum strength response and induce

ailure in the structural walls; Runs 6–8 were intended to increase the

eformation demands in order to quantify the residual capacity after the

ocalized wall failures and Run 9 was intended to induce severe damage

n all components without causing collapse. The Y-direction loading was

erminated following Run 7 due to excessive residual inter-story drift

n this direction. An initial white noise test of the structure indicated

hat the natural period in the undamaged state was 
𝑢 
𝑇 1 ,𝑋 

= 0.13 s and

 

𝑇 1 ,𝑌 = 0.17 s in the X and Y-directions, respectively. 

.3. Instrumentation 

The main instrumentation plan is shown in Fig. 6 . Inter-story dis-

lacements were measured via laser transducers attached between the

oors of each story (except for the first story, which was measured from

n outside reference frame). Beam, column, and wall plastic hinge rota-

ions were measured via displacement transducers at the selected loca-

ions shown in Fig. 6 . Tri-axial load cells (calibrated uni-axially) were

laced under each foundation. Accelerometers were placed on each floor
. 

on, % Ultimate stress, MPa Young’s modulus, MPa 

533 1.90 × 10 5 

613 1.97 × 10 5 

562 1.93 × 10 5 

602 1.95 × 10 5 
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Table 6 

Key test structure response characteristics following each Run. 

Run 

X-direction Y-direction 

Salient damage characteristics 
Magnitude Δmax , % 𝑉 𝑚𝑎𝑥 , kN Magnitude Δmax , % 𝑉 𝑚𝑎𝑥 , kN 

1 20% 0.07 (2) a 51.2 20% 0.07 (2) 48.6 Cracking of structural members. 

2 80% 0.31 (2) 167.0 60% 0.22 (1) 128.0 Increasing cracking in members. 

3 160% 0.65 (2) 292.4 100% 0.48 (2) 195.1 Column and wall edge longitudinal reinforcement yielding at 

base. 

4 240% 1.36 (3) 402.9 150% 1.30 (2) 290.2 Beam longitudinal reinforcement yields in all stories. 

Strong column-weak beam yielding mechanism formed in both 

directions. 

5 260% 2.92 (2) 437.8 170% 3.09 (2) 292.2 Concrete cover spalling of first floor X3-Y1 column and CW1 

wall end regions. Wide diagonal shear crack in CW2 at 1st and 

2nd stories leading to strength degradation. 

Minor spalling in several G1 and G2 beam hinges. 

6 130% 2.20 (2) 290.1 100% 3.05 (1) 248.6 No detailed damage observation conducted. 

7 220% 3.51 (2) 406.7 120% 3.94 (1) 243.1 No detailed damage observation conducted. 

8 220% 3.99 (2) 427.8 0% – – No detailed damage observation conducted. 

9 260% 5.60 (2) 444.2 0% – – Increased concrete spalling at G1 G2 and G3 beam ends. 

Concrete core crushing and bar buckling in CW1 walls. 

a () indicates the story where the value was observed. 

Fig. 5. Acceleration design spectrum [25] plotted with the acceleration re- 

sponse spectrum of the artificial records used in the experiment. 
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t each corner of the structure (adhered to the slab immediately be-

ide the columns). Accelerometers were also placed at the foundation

evel to measure the actual acceleration input into the structure. Strain

auges were attached to longitudinal reinforcement at the base of se-
Fig. 6. Instrumentation used

32 
ected columns and walls, and selected beams on each floor to determine

hen yielding would occur. 

.4. Structural response 

Salient damage characteristics, peak inter-story drift ratio, Δ𝑚𝑎𝑥 and

eak base shear, 𝑉 𝑚𝑎𝑥 for each Run are summarized in Table 6 . Images

f the most severely damaged members following completion of Run 9

re shown in Fig. 7 . The base shear – roof drift ratio relationship for

he test structure is shown in Fig. 8 . Base shear of the structure was

etermined from the sum of the accelerations of each story multiplied

y the respective floor masses, while roof drift ratio was calculated as

he sum of the inter-story drifts recorded using lasers divided by the roof

eight. The damage progression of the structure following each Run is

escribed next. 

Flexural cracks appeared in most members following Run 1, and con-

inued to increase in length, width, and number with subsequent Runs.

irst yielding of longitudinal reinforcement was measured in the base

f columns and the X-direction walls during Run 3; however, as can be

een from Fig. 8 , no significant nonlinearity was observed in the over-

ll response. Following Run 4, the structure formed an overall yielding

echanism in both the X and Y-directions as can be observed from the

ncrease in hysteretic loop area in Fig. 8 . Strain gauge readings of G1,

2 and G3 beam longitudinal reinforcement indicated yielding up the
 on the test structure. 
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Fig. 7. Most severely damaged structural members after the final excitation (Run 9). 

Fig. 8. Base shear-roof drift ratio relationship of the test structure for all Runs. 
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d  

t  
ull height of the structure in both directions, confirming that a strong

olumn-weak beam yielding mechanism had formed. In the Y-direction,

ielding of longitudinal and transverse reinforcement of the CW2 wall

as also confirmed. During Run 5 maximum inter-story drift ratio in-

reased significantly in both the X-direction (2.92%) and Y-direction

3.09%), compared to the previous Run. Accordingly, damage in the

tructure increased with spalling observed at the ends of the CW1 walls

nd the X3 gridline columns. The CW2 wall had undergone a shear fail-

re as was evident by wide diagonal cracking spanning top to bottom

f the wall in the first and second stories. Strain gauge readings on the

ongitudinal reinforcement indicated that CW2 had experienced flexural

ield prior to occurrence of the shear failure. Load cells at the bottom of

W2 recorded a base shear demand drop of 21% from the previous peak,

ccounting partly for the strength reduction seen in the Fig. 8b hys-

eresis. Inter-story drifts further increased during Run 7, resulting in in-

reased spalling and widening of residual cracks in structural members.

he final damage state of the CW2 wall is shown in Fig. 7a . Significant

esidual drifts in the Y-direction following this run (1.33% in the second

tory) generated concern for stability, so further excitations in this direc-

ion were terminated. In Run 8, the same excitation magnitude of Run

 (220%) was repeated. Once residual deformation was factored out,

he peak roof drift ratio of Run 7 and 8 was found to be only different

y 3%. Similar results have been reported in previous studies [28–30] ,

uggesting damage sustained from the initial excitation does not lead to

ppreciable increases in the peak structural response if that same exci-

ation is repeated (provided no strength degradation occurs). However,
f  

33 
s demonstrated by Run 6 in the X-direction (also in [29] ), damage in-

urred from previous excitations will lead to higher peak deformation

emands at smaller excitations (relative to the initial excitation causing

he damage) compared to loading from an undamaged state. This could

e of concern for serviceability requirements if no repair measures are

aken to restore the structural stiffness. Finally, during Run 9 the CW1

alls experienced flexural failure characterized by crushing of wall end

egion concrete and buckling of the first two rows of longitudinal rein-

orcement, as shown in Fig. 7b . The most damaged beam and column

lastic hinges are shown in Fig. 7 ; no clear longitudinal reinforcement

uckling was observed. Measurements during the final run showed that

he maximum plastic hinge rotation experienced by the beams G1 G2

nd G3 were 4.9%, 2.3% and 4.5%, respectively. The high rotation de-

and for G3 justified the assumption made for its ultimate deformation

apacity in Table 3 . At the conclusion of the test maximum inter-story

esidual drift ratios of 2.10% and 1.33% were recorded in the second

tory in the X and Y-direction, respectively. The rest of this manuscript

ill focus on progression of damage and residual capacity evaluation of

he structure. Detailed analysis of the structural response can be found

n a separate publication [31] . 

.5. Safety limit state evaluation 

In the Japanese design standards, the building safety limit state is

etermined as the drift ratio corresponding to failure of any one struc-

ural member [ 25 ]. While this definition may be appropriate for pure

rame or wall structures (as member deformation capacities are approx-
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Fig. 9. Base shear-roof drift ratio backbone responses of the test structure. 
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mately equal), it may not be suitable for dual wall-frame structures. In

his section the suitability of the safety limit state definition is investi-

ated by examining the observed structural ductility and member failure

rogression of the test structure. The backbones of the base shear-roof

rift response for the X and Y-directions are shown in Figs. 9a and 9b ,

espectively. The yield points (determined as the roof drift ratio, 𝛿𝑦 , at

hich all hinge locations experience reinforcement yielding), structural

afety limit state (established earlier in the manuscript to be 2%) and

he points corresponding to wall failure are annotated on the backbones

or each direction. Though the 2% limit strictly corresponds to a maxi-

um inter-story drift ratio, it is used here for roof drift ratio, given the

wo were almost equal. In the X-direction, where the CW1 walls exhib-

ted a flexure-governed response, the safety limit state is considerably

ower compared to the observed 5% ( > 5 𝛿𝑦 ) drift ratio at which structural

trength degradation initiated. Since the safety limit state is governed

y the deformation capacity of the wall, these results highlight the im-

ortance of accurately calculating the wall deformation capacity in dual

tructures and the present high level of conservativeness in the AIJ stan-

ard to do so for flexural walls. Comparatively, in the Y-direction, where

he CW2 wall exhibited a shear-governed response, the safety limit state

efinition correctly corresponds to the initiation of strength degradation

ecause wall deformation capacity calculation was accurate. However,

he safety limit state definition in the Y-direction does not seem to be

epresentative of a concern for safety as the frame possessed large duc-

ility capacity beyond the failure of the wall. Considering that frame

embers did not fail, the ductility capacity of the structure appears to

e at least 4 𝛿𝑦 from Fig. 9b , which is higher than the safety limit state

 ∼2.5 𝛿𝑦 ). Therefore, for dual structures, the current definition of safety

imit state (being the criterion that any one member fails) by itself is in-

ufficient to arrive at a representative evaluation of the building’s safety

imit. The contribution of the frame and wall to the overall structural

trength (for example, as in [32] ), as well as establishing a permissible

eduction in strength are also necessary considerations. 

.6. Damage assessment using the JBDPA Guidelines 

With the exception of Runs 7 and 8, a detailed visual damage as-

essment of the structure in accordance with the JBDPA Guidelines was

ndertaken following each Run. Plastic hinge regions of each structural

ember were classified as one of the five damage levels listed in Table 1 .

amage of all plastic hinges following Runs 4, 5 and 9 are shown in

ig. 10 (Runs 1–3 resulted in scattered damage not exceeding Damage

evel I for all members, and is thus not shown for brevity). As can be
34 
bserved from Fig. 10 , in both directions a strong column-weak beam

ielding mechanism was formed as intended. The exception of some

inges forming in the column of the 4th story (e.g., Run 9, X3 gridline)

s due to the aforementioned stronger than anticipated floor slab contri-

ution to the beam strength. Since damage was observed to concentrate

n the plastic hinge regions of the structure, calculation of total energy

issipation capacity as the sum of individual plastic hinge energy dis-

ipation capacities was deemed valid. The damage assessment results

ere subsequently used to evaluate the seismic residual capacity ratio

sing the approximate calculation methods from the JBDPA Guidelines

 Eqs. 2 and 3 ). The results of this assessment are presented in a later

ection. 

. Numerical modeling of structure response 

The main purpose of this study was to determine a ‘benchmark’ value

or residual capacity ratio from experimental data and compare to the

esidual capacity ratio approximations calculated via the JBDPA Guide-

ines. The definition for the ‘benchmark’ value for residual capacity ra-

io, 𝑅 𝑏 , was previously given in Eq. (1) . Determining 𝑅 𝑏 purely through

xperimental data is impractical as it requires a pristine test structure

o determine 
𝑢 
𝑆 𝑎 , as well as one for each damage state at which 

𝑑 
𝑆 𝑎 

s sought. Moreover, determination of 
𝑢 
𝑆 𝑎 and 

𝑑 
𝑆 𝑎 is inevitably a trial-

nd-error process, whereby each unsuccessful ‘trial’ (i.e., not reaching

he ultimate limit state) will further necessitate a pristine test structure.

or this reason, determination of 𝑅 𝑏 was assisted by a numerical model.

nlike previous studies that have taken this approach to estimate 𝑅 𝑏 

 33 , 34 ], in this paper a link to physical phenomena is established by

rst verifying the accuracy of the model against experimental data. De-

ails of this model are described next. 

.1. Model details 

A 3-D lumped plasticity model of the structure was developed in a

tructural analysis software called SNAP [35] . A schematic of the model

s shown in Fig. 11 a. Elements between the lumped plastic hinges were

lastic for axial and shear demands, based on gross section properties.

eam-column and beam-wall joints were modeled with rigid zones as

hown in Fig. 11 a. The rigid zone extended from the joint node to the

ace of the connecting member plus a quarter depth of the hinging mem-

er (i.e., taking plastic hinge length as half of the member depth). Walls

ere also modeled as column members (with a horizontal rigid zone at

ach floor extending half the wall length plus quarter of the depth of
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Fig. 10. JBDPA Guidelines visual damage assessment results for Runs 4, 5 and 9 [14] . 

Fig. 11. Modeling approach for the test structure: ( a ) overall line element model details ( b ) Takeda model hysteretic rules adopted for flexural springs [36] . 
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he framing beam at each side of the node), with the critical section set

o the bottom of the element. 

All plastic hinges in the model were modelled by flexural springs

ith a trilinear backbone and hysteretic rules obeying the Takeda model

36] , as shown in Fig. 11 b. In this hysteresis model, the unloading stiff-

ess of the response, 𝐾 𝑢 , gradually degrades with increasing maximum

eformation demands. As shown in the equation in Fig. 11 b, the rate of

egradation of 𝐾 𝑢 is controlled via the γ-parameter, which was set to the

efault value of 0.4 [ 35 , 36 ]. The reloading branches of the models are

lways oriented towards the historical peak response point; thus, reload-

ng stiffness gradually degrades with increasing maximum deformation

emands. Cyclic strength degradation was not simulated in any of the

lastic hinges. The absence of cyclic strength degradation in the model is

ot thought to significantly affect the simulated response given that the

umber of loading cycles with large reinforcement strain demands (2–

%) in the test structure members is low (at most five cycles, being the

argest half-cycles of Runs 4, 5, 7, 8 and 9 in Fig. 8 ) compared to the typi-

ally > 10 cycles required to observe the effects of low cycle fatigue [37] .

nitial stiffness, 𝐾 0 , was calculated from gross section properties. The

oung’s modulus of concrete, the cracking moment, 𝑀 𝑐 , and the yield-

ng moment, 𝑀 𝑦 (taken equal to 𝑀 𝑢 ; Table 3 ) were calculated accord-

ng to the AIJ standards for structural calculations [27] ( Appendix B ).

he post-cracking stiffness reduction factor, α, was also calculated us-

ng the AIJ standards [27] , while the post-yielding hardening ratio, β,

as set to 0.0025 uniformly across all members. The value for β was
35 
etermined through trial-and-error analyses to produce the best match

o experimental data. Wall CW2 was the only member to be modeled

ith strength degradation as it experienced shear failure during Run 5.

he flexural spring strength for CW2 was modeled to rapidly decrease

o zero following attainment of 𝑀 𝑦 . This approach was taken to reflect

he low ductility in the CW2 wall, which had a shear margin ratio close

.0, (shear margin ratio defined as the ratio of shear capacity 𝑄 𝑢 to the

hear demand at 𝑀 𝑢 , where inflection heights were based on prelimi-

ary modeling [32] ). Nonlinear shear springs were also modeled for the

W1 and CW2 elements, where the cracking and yielding shear strength

ere defined using the AIJ standards [27] ( Appendix B ). The G1, G2 and

3 beam elastic properties and flexural spring parameters were modeled

ccounting for effective slab width (definition in Appendix B ). Trial-and-

rror analyses showed that considering the full slab width effective in

ending in both the X and Y-directions resulted in the best match to

xperimentally recorded lateral load capacity. Using the full slab width

n strength calculation was not unexpected because the slab was con-

tructed thicker than true 1 4 scale, in order to meet strength requirements

o support the added floor masses. 

Time-history analyses of the structure were carried out using a single

ontinuous acceleration record comprising the measured accelerations

t the structure’s foundation from Runs 1–9 in the X-direction and Runs

–7 in the Y-direction. Though during the experiment both directions

ere loaded simultaneously, dynamic analysis was carried out in each

irection independently. Lack of consideration for bi-directional loading
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Fig. 12. Comparison of experimental and simulated base shear-roof drift ratio relationship in the X-direction. 

Fig. 13. Comparison of experimental and simulated base shear-roof drift ratio relationship in the Y-direction. 
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ffects in the model were not expected to significantly affect the accu-

acy of the simulated results given the similarity of the experimental

esponses of Run 7 and 8 (where the only difference was the absence of

he Y-direction loading component in Run 8). Findings from other shake

able studies on RC frames have also shown an insignificant effect of bi-

irectional loading on the dynamic response characteristics [38] . The

tructure was given tangent-stiffness proportional damping of 3%. The

ewmark algorithm ( β𝑁𝑒𝑤𝑚𝑎𝑟𝑘 = 0 . 25 ) was used in the computation. 

.2. Model verification 

Simulated base shear – roof drift ratio results are compared to the

xperimental data using overall response backbones shown previously

n Fig. 9 , and using hysteresis curves in Figs. 12 and 13 for the X and Y-

irections, respectively. Though analyses were conducted using a com-

ined continuous wave form of all Runs, the results of the analyses in

igs. 12 and 13 have been separated by Run for easier interpretation. A

omparison of vertical distribution of maximum inter-story drift ratio is
36 
hown in Fig. 14 . Initial stiffness is lower in the experiment compared

o the model for both X and Y-directions and this is thought to be due to

 presence of initial cracking formed in the structure during its curing

nd transportation to the testing facility. Apart from this, overall the

umerical model is able to reproduce the continuous dynamic response

f the experimental structure with good agreement. Some details of the

omparison are highlighted next. 

For the X-direction the simulated response for Runs 1–4 is generally

n good agreement with experimental data, as show in Fig. 12 . In Run 5

he simulated roof drift ratio is 22% higher than the experimental result.

his is attributed to the fact that the hardening ratio ( β = 0 . 0025) was

ssumed uniform for all members, whereas this value is likely higher

n all walls due to a high longitudinal reinforcement ratio. Inter-story

rift ratio distributions shown in Fig. 14a are generally consistent with

he experimental data, except some overestimation of first story drifts

rom Run 5 onwards. This is thought to be due to the modeling of the

all plastic hinge at the base rather than some height above the foun-

ation. Simulated responses of Run 6–9 are in good agreement with
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Fig. 14. Comparison of maximum inter-story drift ratio distribution between 

experiment and model. 
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xperimental results when considering the follow-on effect of the im-

recision encountered in the Run 5 simulation. Y-direction simulation

esults for all Runs shown in Fig. 13 are also in good agreement with

he experimental data. In Fig. 14b it can be seen that there is a higher

oncentration of inter-story drift in the lower two stories in the simu-

ated response compared to the measured response from Run 5 onwards.

his is attributed to the rapid strength degradation set for the CW2 wall

exural spring, whereas in the experiment reinforcement dowel action

ikely provided appreciable residual strength and stiffness across the di-

gonal shear crack, which allowed a degree of force transmission to the

pper stories. For additional verification, the story-shear – story drift

atio relationships were also examined and were found to produce a

onsistent level of agreement to the experimental data (full plots pro-

ided in Appendix C ). Based on the above observations, though some

tructural intricacies are not perfectly reproduced in the modeling ap-

roach, the simulated global response is reasonably consistent with the

xperimental results. This model is thus deemed reliable for calculation

f the ‘benchmark’ seismic residual capacity ratio at various damage

tates. 

. Determination of benchmark residual capacity ratio and 

omparison to approximate calculation methods 

The model described in the previous section was used to determine

he ground motion intensity required to reach the test structure’s ulti-

ate limit state from the undamaged state ( 
𝑢 
𝑆 

𝑎 
) and from the damaged

tates following each Run ( 
𝑑 
𝑆 

𝑖 
𝑎 
, where 𝑖 is the Run number) via trial-

nd-error approach. For example, 
𝑑 
𝑆 

𝑖 
𝑎 

is the ground motion intensity

equired for the stucture to reach ultimate limit state directly follow-

ng damage from Run 1. In this study, the ‘ultimate limit state’ of the

tructure is defined as the point at which any story reaches an inter-

tory drift ratio of 5%, a common limit used for gravity frames [ 39 ].

n the X-direction, as the maximum measured inter-story drift ratio of

un 9 exceeded 5% ( Table 6 ), the maximum response of Run 9 is taken

s the ultimate limit state (i.e., zero residual capacity). The ‘benchmark’

esidual capacity ratio of the structure following each Run, 𝑅 

𝑖 
𝑏 
, was then

omputed using Eq. (1) . The results of 𝑅 

𝑖 
𝑏 

are plotted against the max-

mum inter-story drift ratio of Run 𝑖 in Fig. 15 (in the X-direction, 𝑅 

𝑖 
𝑏 

s only calculated until Run 8 as 𝑅 

9 
𝑏 
= 0). Residual capacity ratio cal-

ulations based on the JBPDA Guidelines ( 𝑅 

𝑖 
𝐼𝐸 

and 𝑅 

𝑖 
𝑆𝐼𝐸 

) were carried
37 
ut using Eq. (2) and Eq. (3) , where the 𝜂-factors were set based on the

bserved damage reported in Fig. 10 . The results are plotted against the

orresponding maximum inter-story drift ratio in Figs. 15a and 15b for

he X-direction and Y-direction, respectively. To enable comparison to

 

𝑖 
𝑏 
, the approximate residual capacity ratio for Runs 7 and 8 (Runs with

o damage inspection conducted) is linearly interpolated between Runs

 and 9 and is distinguished by dashed lines in Fig. 15a . Boundaries

or the overall building damage state as per the JBDPA Guidelines (see

ppendix A ) are indicated as grey dashed lines. 

For both loading directions, 𝑅 

𝑖 
𝑏 

decreases gradually with respect to

nter-story drift ratio as damage accumulates in the structure over the

oading sequence. The final 𝑅 

𝑖 
𝑏 

determined for the X and Y-directions

ere 𝑅 

8 
𝑏 
= 61% and 𝑅 

7 
𝑏 
= 66%, respectively. Comparing to the approxi-

ate calculation methods in the elastic range of the structure (Run 1–3),

oth 𝑅 

𝑖 
𝐼𝐸 

and 𝑅 

𝑖 
𝑆𝐼𝐸 

are consistent with each other and are within 5%

f 𝑅 

𝑖 
𝑏 

for both the X and Y-directions. Good agreement to 𝑅 

𝑖 
𝑏 

is desir-

ble in the elastic range to avoid unreasonably conservative retrofit or

emolition decisions being made to otherwise essentially undamaged

tructures. Comparatively, after the structure enters the plastic region

Run 4 onwards) the approximate calculations provide an increasingly

onservative estimate of 𝑅 

𝑖 
𝑏 
. This tendency is desirable as evaluation of

he degree of ductility exerted in members is increasingly difficult to

isually assess with certainty. Specific trends observed in each loading

irection are discussed next. 

In the X-direction, 𝑅 

𝑖 
𝐼𝐸 

and 𝑅 

𝑖 
𝑆𝐼𝐸 

are calculated to be 50–60% less

han 𝑅 

𝑖 
𝑏 

from Run 5 onwards. This large discrepancy is mainly attributed

o an acute reduction of the damage 𝜂-factor for flexural walls from Dam-

ge Level III ( 𝜂 = 0.4; Table 2 ) to IV ( 𝜂 = 0.1; Table 2 ). The X-direction

W1 walls experienced significant spalling during Run 5, which exposed

ongitudinal reinforcement and thus incurred a Damage Level IV eval-

ation. As the CW1 walls provided a relatively high contribution to

he overall lateral shear capacity of the test structure ( ∼80% as mea-

ured from load cell data), the Damage Level IV evaluation induced a

ignificant reduction in the residual capacity term in Eqs. (2) and (3) .

n reality, ductile walls subjected to low-moderate axial load typically

aintain their flexural strength well beyond spalling damage, as exem-

lified by the CW1 walls not failing until Run 9 (as well as in numerous

omponent-level studies [40–42] ). Reduction of the level of conserva-

iveness observed in Fig. 15 a can be achieved by either increasing the

amage Level IV 𝜂-factor for flexural walls or revising the triggering

riteria for a Damage Level IV assessment (for example requiring obser-

ations of bar buckling with limited concrete core damage). The simi-

arity of the negative gradient of 𝑅 

𝑖 
𝐼𝐸 

and 𝑅 

𝑖 
𝑆𝐼𝐸 

compared with 𝑅 

𝑖 
𝑏 

in

ig. 15a following Run 5 suggests that 𝜂-factors for beams and columns

re suitably proportioned. Explicit consideration of different member

eformation capacities in calculation of 𝑅 

𝑖 
𝐼𝐸 

resulted in a 10–30% in-

rease in the residual capacity ratio compared to if assuming equal de-

ormation capacity in 𝑅 

𝑖 
𝑆𝐼𝐸 

. Thus, explicit consideration of deformation

apacity will lead to residual capacity ratio estimates closer to 𝑅 

𝑖 
𝑏 
. 

In the Y-direction the residual capacity ratio calculated via the ap-

roximate methods are consistent with each other and are 10–35% less

han 𝑅 

𝑖 
𝑏 
, on average. Unlike the X-direction, the steep drop of approx-

mate residual capacity ratio following shear failure of CW2 (Run 5) is

ot observed. This is because the 𝜂-factor reduction from Damage Level

II (0.3; Table 2 ) to IV (0; Table 2 ) is a reasonable representation of the

apacity reduction expected in a shear failure. Consideration of defor-

ation capacity of members in calculation of 𝑅 

𝑖 
𝐼𝐸 

resulted in an increase

f residual capacity ratio of around 10%. This difference is lower than

hat observed for the X-direction because the contribution of the CW2

all to the overall Y-direction lateral capacity is lower than the contri-

ution of the two CW1 walls to the X-direction lateral capacity (from

oad cell data ∼36% in the Y-direction vs ∼80% in the X-direction).

herefore, the amount of wall to frame interaction plays a key role in

he amount of conservativity the ‘equal deformation capacity’ assump-

ion produces in the residual capacity ratio approximation. Though in

oth X and Y-directions 𝑅 

𝑖 is more conservative than 𝑅 

𝑖 , the differ-
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Fig. 15. Comparison of ‘benchmark’ and approximate seismic residual capacity ratio. 
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nce is not deemed significant and suggests that in a time-constrained

amage assessment scenario assuming equal deformation capacity may

ot be unreasonable. 

It is noted in Fig. 15 that 𝑅 

𝑖 
𝑏 

remains above 60% in both loading

irections despite extensive damage throughout the structure, as op-

osed to gradually approaching zero as the structure nears collapse. An

ffective ‘lower limit’ to residual capacity such as this is not unreason-

ble considering that even a structure close to an ‘ultimate limit state’

ould still possess an elastic region that would require a certain earth-

uake magnitude to overcome. The results from this single case study

uggest that this limit is around 𝑅 

𝑖 
𝑏 
= 60%. This value corresponds to

he boundary for ‘Severe’ damage in the JBDPA Guidelines, suggesting

hat a physical interpretation of the ‘Severe’ damage state is a structure

hat is at its ultimate limit state. Further numerical studies are needed

o confirm whether the 60% limit holds for other building typologies

nd input ground motion characteristics. 

. Conclusion 

To evaluate the approximate calculation methods of seismic residual

apacity ratio in the JBDPA Guidelines, an experimental case study was

onducted on a 1 4 scale 4-storey RC structure via shake-table testing. It

as shown in this study how an experimental value for residual capacity

atio, 𝑅 𝑏 , can be computed with the aid of a numerical model calibrated

o the experimental results. Residual capacity ratio estimated from ob-

erved damage using the JBDPA Guidelines ( 𝑅 𝐼𝐸 and 𝑅 𝑆𝐼𝐸 ) were then

enchmarked against 𝑅 𝑏 . The following conclusions are drawn from this

tudy. 

1) The safety limit state evaluation of the test structure using typical

criteria in the AIJ standards was found to be generally conservative

with respect to experimental data. The primary reasons for this being

a low accuracy estimate of wall deformation capacity, and a lack of

consideration for the relative contribution of the wall and frame to

the overall structural capacity. 

2) 𝑅 𝑏 was shown to decrease gradually with respect to the maximum

inter-story drift as damage accumulated in the structure. In both

loading directions the lowest value of 𝑅 𝑏 reached prior to the ul-

timate limit state was close to 60%, suggesting that 𝑅 𝑏 ≤ 60% repre-

sents a structure that is near or at its ultimate limit state. 

3) The assessment results of the approximate residual capacity ratio,

𝑅 𝐼𝐸 and 𝑅 𝑆𝐼𝐸 , were generally consistent and accurate (within 5% of

𝑅 𝑏 ) for the pre-yield region of the test structure’s X and Y-directions.

4) Following yield, 𝑅 𝐼𝐸 and 𝑅 𝑆𝐼𝐸 for the X-direction were highly con-

servative (50–60% lower) with respect to 𝑅 𝑏 . This was judged to be

due to the low value of the damage reduction 𝜂-factor of 0.1 applied
38 
to the X-direction CW1 walls once a Damage Level IV was reached.

Thus, careful judgement should be exercised when assigning a level

IV damage state to flexural walls to avoid an overly conservative

assessment. An overly conservative evaluation was not observed for

the Y-direction because the damage reduction 𝜂-factors used for the

CW2 wall are consistent with the rapid decline of capacity associated

with shear failure. 

5) Explicit consideration of deformation capacity resulted in 10–30%

higher residual capacity ratio than if assuming all members have

equal deformation capacity. While explicit consideration for defor-

mation capacity can be used to obtain a higher accuracy of resid-

ual capacity ratio (particularly for cases where strong wall-frame

interaction is expected), the equal deformation capacity assumption

seems to be appropriate given time-constraints faced in damage eval-

uations. 

While this study focused on rapid methods to evaluate residual ca-

acity ratio, it is also of interest to understand the suitability other

laborate methods that require detailed numerical analysis studies

 6 , 11 , 34 , 43 ]. Consideration of the accuracy of these relative to 𝑅 𝑏 is

eft as a subject of a future study. 
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ppendix A 

The usability and repair decision matrix for damaged buildings avail-

ble in the JBDPA Guidelines [14] is reproduced in Table A1 . Decisions

re based on the seismic residual capacity ratio, 𝑅 , the intensity of the

arthquake and the age of the building. 

http://www.softech.titech.ac.jp/
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Table A.1 

Building damage state classification based on 𝑅 and the corresponding recovery decision. 
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Fig. B1. Trilinear backbone parameter definitions used in modeling flexural 

springs. 
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ppendix B. Strength and stiffness calculations based on the AIJ 

uidelines 

The following provides a brief summary of the equations that were

sed to calculate the section strengths and stiffness reduction factors

sing the AIJ standards [ 26 , 27 ]. Notations used in the equations in this

ppendix are summarized in Table B1 . 

The following list of equations are with reference to parameters

hown in the trilinear hinge model Fig. B1 . 

lexural Cracking Strength, 𝑀 𝑐 

 𝑐 = 0 . 56 
√

𝑓 ′𝑐 𝑍 + Nd ∕6 (B.1)

lexural Strength, 𝑀 𝑢 

 𝑢 = 0 . 8 𝑎 𝑡 σ𝑦 𝑑 + 0 . 5N 𝑑 

( 

1 − 

𝑁 

𝑏𝑑𝑓 ′
𝑐 

) 

(B.2)

tiffness Reduction Factor Post ‐yield 

𝑦 = 

⎧ ⎪ ⎨ ⎪ ⎩ 
(
0 . 043 + 1 . 64 𝑛𝜌𝑡 + 

0 . 043 𝑎 
𝐷 

+ 0 . 33 𝜂0 
)(

jd 

𝐷 

)2 
, 

𝑎 

𝐷 

≥ 2 (
−0 . 0836 + 

0 . 159 𝑎 
𝐷 

+ 0 . 169 𝜂0 
)(

jd 

𝐷 

)2 
, 

𝑎 

𝐷 

< 2 
(B.3) 

= 

𝑀 𝑢 − 𝑀 𝐶 

𝑀 𝑢 

α𝑦 
− 𝑀 𝐶 

(B.4)

racking Shear Strength, 𝑉 𝑐 

 𝑐 = 𝜙

√ 

σ2 
𝑡 
+ σ𝑡 σ0 bd 

1 
κ

(B.5)
39 
ltimate Shear Strength (Truss-Arch Theory), 𝑉 𝑢 

 𝑢 = min 

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 
𝜇𝜌𝑤𝑒 𝜎𝑤𝑦 𝑏 𝑒 𝑗 𝑒 + 

(
𝜈𝑓 ′

𝑐 
− 

5 𝜌𝑤𝑒 𝜎𝑤𝑦 

𝜆

)
𝑏𝑑 

2 tan 𝜃𝑡 

𝜆𝜈𝑓 ′𝑐 + 𝜌𝑤𝑒 𝜎𝑤𝑦 

3 𝑏 𝑒 𝑗 𝑒 
𝜆𝜈𝑓 ′𝑐 

2 𝑏 𝑒 𝑗 𝑒 

(B.6)

here, 

= 2 − 20θ𝑝 

= 

(
1 − 20θ𝑝 

)
ν0 

0 = 0 . 7 − 

f ′𝑐 
200 

= 1 − 

𝑠 

2 𝑗 𝑒 
− 

𝑏 𝑠 

4 𝑗 𝑒 

 𝑠 = 

𝑏 𝑒 

𝑁 + 1 
𝑠 
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Table B.1 

Notation used. 

Symbol Unit Explanation 

a mm Shear span ratio of member 

𝑎 𝑙 mm Clear span length between adjacent beams 

𝑏 mm Width of member 

𝑏 𝑒 mm Effective width of member measured to centers of outside legs of horizontal reinforcement 

𝑏 𝑠 mm Largest spacing between adjacent horizontal reinforcement legs in the member section 

𝐵 mm Effective slab width 

𝑑 mm Depth of member 

𝐸 𝑐 MPa Young’s modulus of concrete 

𝐸 𝑑 MPa Dissipated energy 

𝐸 𝑟 MPa Remaining energy dissipation capacity 

𝐸 𝑠 MPa Young’s modulus of reinforcement steel 

f ′𝑐 MPa Compression strength of concrete 

𝑗 𝑑 mm Effective member depth 

𝑗𝑒 mm Effective depth of member measured to centers of outside legs of horizontal reinforcement 

𝑙 mm Beam span length (measured to columns centers) 

𝐿 mm Clear span length of member 

𝑀 𝑐 Nmm Cracking flexural capacity 

𝑀 𝑢 Nmm Ultimate flexural capacity (equal to yield flexural capacity, 𝑀 𝑦 , in a bilinear model) 

𝑀 𝑦 Nmm Yield flexural capacity (equal to ultimate flexural capacity, 𝑀 𝑢 ,in a bilinear model) 

𝑛 – Modular ratio of steel to concrete = 𝐸 𝑠 ∕ 𝐸 𝑐 
N N Axial load 

𝑁 𝑠 Number of horizontal reinforcement legs 

s mm Spacing of horizontal reinforcement along the member longitudinal axis 

𝑉 𝑐 N Cracking shear strength 

𝑉 𝑛 N Nominal shear strength 

𝑉 𝑢 N Ultimate shear strength 

Z mm 

3 Section modulus of member 

α – Post-cracking flexural stiffness reduction factor 

α𝑦 – Secant stiffness reduction factor to the yielding moment, 𝑀 𝑦 

η0 – Axial load ratio, = N∕( 𝑏𝑑𝑓 ′
𝑐 
) 

𝜃𝑝 rad Member ultimate plastic rotation capacity 

θt rad Angle of action of arch mechanism 

κ – Section shape factor, = 1.5 

λ – Truss mechanism effective factor 

μ – Compression truss angle factor, = 2 − 20 𝑅 𝑝 

ν MPa Concrete compression strength factor 

ρ𝑡 – Longitudinal tensile reinforcement ratio 

ρ𝑤𝑒 – Horizontal reinforcement ratio 

σ0 MPa Gross section axial stress due to axial load 

σ𝑡 MPa Tensile strength of concrete, = 0 . 33 
√

𝑓 ′
𝑐 

σ𝑦 MPa Tensile yield stress of longitudinal reinforcement 

𝜙 – Strength factor, = 0.51 

t

U

𝑉  

W  

t

E

 

F  

s

𝐵  

Fig. B2. Effective slab width definitions. 
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𝑏

A

 

s  

t

an θ𝑡 = 

{ 0 . 9 𝑑 
2 𝐿 , 𝐿 ∕ 𝑑 ≥ 1 . 5 √

𝐿 2 + 𝑑 2 − 𝐿 
𝑑 2 

, 𝐿 ∕ 𝑑 < 1 . 5 

ltimate Shear Strength (Arakawa ‘Mean’ Method), 𝑉 𝑠𝑢 

 𝑠𝑢 = 

⎧ ⎪ ⎨ ⎪ ⎩ 
0 . 068 𝜌0 . 23 

𝑡 

(
𝑓 ′

𝑐 
+ 18 

)√ 

𝑀 

𝑄𝑑 
+ 0 . 12 

+ 0 . 85 
√

𝜌𝑤𝑒 𝜎𝑤𝑦 + 0 . 12 𝜎0 

⎫ ⎪ ⎬ ⎪ ⎭ 𝑏 𝑒 𝑗 (B.7)

here, 𝑀 

𝑄𝑑 
is the shear span ratio and is no lesser than 1 and no greater

han 3 at ultimate moment capacity state. 

ffective Slab Width 

The following equations are with reference to parameters defined in

ig. B2 . Note that according to the below definitions maximum effective

lab width should not exceed 𝑎 ∕2 . 

 = 

{ 

𝑏 + 2 𝑏 𝑎 , 𝑓𝑜𝑟 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑏𝑒𝑎𝑚𝑠 

𝑏 + 𝑏 𝑎 , 𝑓𝑜𝑟 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑏𝑒𝑎𝑚𝑠 
(B.8)
40 
here, 

 𝑎 = 

{ 

{ 

0 . 5 − 

(
0 . 6 𝑎 

𝑙 

)} 

𝑎, 
𝑎 

𝑙 
< 0 . 5 

0 . 1 𝑙, 𝑎 

𝑙 
> 0 . 5 

ppendix C. Simulated story shear – inter ‐story drift ratio results 

The simluated story shear vs inter-story drift ratio relatinships are

hown in Figs. C1 and C2 for the X-direction and Y-direction, respec-

ively. 
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Fig. C1. Comparison of simulated vs experimental story shear – inter-story drift ratio results (X-direction). 
41 
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Fig. C1. Continued 
42 
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Fig. C2. Comparison of simulated vs experimental story shear – inter-story drift ratio results (Y-direction). 
43 
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Fig. C2. Continued 
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