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Accuracy Verification Based on Experimental Database on Structural Member
Components Covering the Post Peak behaviour

— Reinforced Concrete Members and H-shaped Steel Members —

H EiEY BRHMEL LEH— REEARR WEEZ
Yongtao BAI* Masayuki FUJII** Shoichi EGASHIRA **, Shintaro MATSUQ ***
and Akihiko KAWANQ ***

In an analysis using the stress fiber discretization method, constitutive material models primarily dominate the
accuracy of nonlinear behaviour for both of reinforced concrete (RC) structures and steel structures. Although
various constitutive models for reinforced concrete components and steel components have been proposed,
the ability of above models to capture strength and stiffness deterioration has not been fully calibrated. In this
paper, comprehensive calibration and validation of the models of RC components and H-shaped steel
components incorporating the strength, the ductility and the deterioration of strength and stiffness after the
peaks are conducted, in order to support the prediction on the collapse resisting capacity of existing RC and
steel high-rise moment resisting frame buildings. The effects of loading procedure on the strength, ductility
and deterioration are investigated by comparing those of models to the experimental database. According to
the calibration results, the deviation dispersion of the components under cyclic loadings is observed more
widely than that of the components under uniaxial compression, since that the deterioration induced by cyclic
loadings is-more complex than the one of under pure uniaxial compression. Besides, the uncertainty of the
post-peak deterioration of the hysteretic curves under cyclic loadings is larger than that of peak point. H-
shaped steel components can be simulated more accurately than RC components for both peak point and post-
peak deterioration, due to the complexity of the RC components that increase the uncertainty of the
mechanical behaviour of confined concrete and steel reinforcement. The models for RC components and H-
shaped steel components may have enough accuracy to predict the strength, ductility and deterioration, and
further to be utilized in the collapse analysis of RC and steel high-rise moment-resisting frame buildings,

respectively.
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1. INTRODUCTION probability in the basin areas of Japan. Besides, ground

Various extreme ground motions generated by great motions generated in subduction zone or soft soil layers
earthquakes, e.g. Hyogoken-Nanbu earthquake (1995), always incorporate long-period waves, which induce an
Tokachi earthquake (2003) and the 2011 off the Pacific amplification effect on the seismic responses of various

Coast of Tohoku earthquake (2011), have high occurrence high-rise buildings. Thus, the collapse potential of high-rise
buildings in this study is mainly induced and accelerated by

* BV RT LAHE [EERYRE component deterioration and P-A effect on the basis of the
#*  ZET AT AEIK (ETIRE theory of deformation concentration”. Nevertheless, one of
wkk EUET o FRETARIMER the primary difficulties should be solved is that the
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deterioration model is capable to capture strength and
stiffness deterioration, in order to predict the collapse
capacity of structural system, with acceptable accuracy. For
the existing high-rise buildings under extreme seismic
excitations, the local failure (e.g. crushing in compression
and cracking in tension for concrete, buckling for
longitudinal steel bar) of reinforced concrete (RC)
components induces strength deterioration, which could lead
the structures into global failure or even collapse.

The constitutive model of confined concrete is
characterized by the improvement of strength and ductility
compared with plain concrete. Kent and Park® (1971)
proposed a stress-strain model consisting of non-linear
asceding branch and a linear descending branch. Popovics®
(1973) proposed a formula to express the non-linear stress-
strain relation of unconfined concrete covering from elastic
to failure. Sheikh and Uzumeri (1982)" proposed a stress-
strain model by considéring the confinement effect that
depends on configuration of hoop reinforcment. Mander et
al.”) (1988) studied the confinement effect of concrete by
lateral ties and proposed the stress-strain model of confined
concrete by adopting Popovics equation. Sargin et al.®
studied the effects of lateral reinforcements upon the stress
and deformation behavior of concrete and proposed stress-
strain model of confined concrete without dimension.
Sakino and Sun” -proposed an empirical equation of the -
stress-strain model of confined concrete based on the basic
Sargin’s formula.

Preliminary studies on the deterioration models for
hollow steel tubular (HST) components and concrete filled
steel tubular (CFT) components are conducted by authors®,
in support of the collapse assessment on deteriorating steel
moment-resisting frames and CFT moment-resisting frames.
Similarly, in order to investigate the seismic performance
and collapse capacity of RC high-rise moment-resisting
frame structures, deteriorating stress-strain model for
reinforced concrete (RC) and H-shaped steel component are
also needed to be calibrated by experimental tests.

o3 Y(=oelf ')
fo c‘[ Compression

concrete

Unconfined Ye
& concrete

2. STRESS-STRAIN MODEL WITH

DETERIORATION ‘
The deteriorating stress-strain models of - confined

_concrete and steel components are developed to present the

strength and stiffness deterioration of various components,
and further to investigate the effect of the deterioration on
the seismic performance and collapse capacity of various
high-rise buildings. A

2.1 Deterioration model for concrete

In order to respectively evaluate the various behaviors of
concrete at different phases (i.e. pfe-peak behavior before
concrete crush occuring, post-peak behavior after concrete
crush occuring, and residual behavior after concrete crush
ending), the stress-strain model of confined concrete is
separated into three branches which are asceding branch,
deterioration branch and residual branch. According to the

method of the fiber element analysis”. Sectional

_ discretization of RC components is carried out as shown in

Fig. 1.
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Fig. 1 Sectional discretization of RC components
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Fig. 2 Deterioration model of concrete incorporating strength deterioration
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Typical stress-strain curve of confined concrete that
reflects the confinement effect are shown in Fig. 2 (a). In
Fig. 2(a), the falling curve is simplfied from. curved line into
bilinear. Fig. 2 (b) illustrates the normalised skeleton model
of confined concrete, in which, the deterioration modulus is
controled by parameter 7, post-peak strength deterioration
ratio -is controled by parameter Y., and also the duclity
factor is controled by factor X, These parameters are
disccused in next section.

2.1.1 Ascending Branch

According to Sakino and Sun’s proposal”, the stress-
strain model for concrete is normalized by the strength and
corresponding strain of concrete (i.e., peak point), which is
shown Table 1. The effective confinement effect factor o, is
the parameter to control the confinement effects on core
concrete by hoop/stirrup reinforcements. The strength and
strain inprovement i.e. the peak-point (¥, ¢’..), and also the
deterioration controled by parameter # which is the
functions of ;..

Table 1 Parameters for concrete in RC components

Unconfined concrete Confined concrete
X &l g, &/ €'
Y o/ [ Oc! e
o 1.0+4.7(K-1)  (K<L.5)
Eecl £ : 3.4420(K-1) (K>1.5)
K=f"el [ 1 14236,/ 1%
Cre 0 P2+ ons(B/CY1-S12D,)
w 1.50-17.1x107./°, [1.50-17.1x10° f*+1.59%5;,°°
4 E X &l e
7.=0.8503

€. =2.62k,*x10”
E,=(6.90+25.72 k,”°). x10°
k, = / 60(MPa)

For the stress-strain relation of confined and unconfined
concrete during ascending branch (X<1), the basic formula
proposed by Popovics?) is utilized and normalized as

VX
V= (X <] @

1+ =1X*

Where, V is normalized factor which is a function of £,
o. and &,. Parameters to define the stress-strain relation in
ascending branch of the concrete in RC components are
expressed in Table 1. Moreover, Table 1 also shows the
equations to calculate Young’s modulus (£.), the strength
(f-) and strain (&;) of unconfined concrete at peak-point,
and effective confinement stress (o;.).

2.1.2 Deterioration and Residual Branches

Although various nonlinear models of confined concrete
has been proposed empirically, the assumption that the
deterioration branch and the residual branch are represented
by bilinear relation facilitate the calibration and evaluation
of the strength . deterioration,
background that non theoretical formula is still not figured

especially under the

out to define the whole process of stress-strain relation for
concrete yet. Thus, according to the simplified method in the
companion paper®, the deterioration and residual branches
can be described by a bilinear model that shows: high
applicability in several studies, e.g., Park et al? and Sheikh
et al®.
deterioration branch and residual branch is defined by two
points that are peak point (1, 1) and residual point (X, Yc,,)
the residual point® could be calculated by

In this paper, a bilinear model to define the

£ 988
X, =—,"‘=1.96(—) +4.77
£, /4

)
! 2
% _ fim VX+(W-1DX -1 1

cu

Ksal+ (V=X +WX? W

Y, =—

See

Where, X,,, represents residual strain which a function of

V and W based on multiple regression,
residual strength that is controlled by parameter W, W is

Y., represents

deterioration factor which is a function of /. and ;.

Fig. 2 (c) shows the hysteresis rule of concréte, that is
assumed that the plastic strain after unloading is equal to a
half of the strain (&’,) at unloading point.

2.2 Deterioration model for steel components
2.2.1 Skeleton model and Hysteretic curve

With respect to the
components,. several proposals have been conducted, e.g.,
Ramberg-Osgood model'” and Menegotto-Pinto (denoted as
M-P model“)), etc. The formula of M-P model is expressed

stress-strain  model of steel

[l_ E.c,w)__a_
=___E;_i+[1_ﬂaj.iv ()
&
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A _, with oy
Es ‘£
0| & 5%

Fig. 3 Ascending branch of steel component
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Fig. 4 Deterioration model for steel component

In this paper, two M-P skeleton curves respectively
controlled by the ultimate.strength and yield strength are
combined together to clearly describe the yield point
elongation and stress hardening after steel components
achieve their yield strength, which is shown in Fig. 3.

Local buckling of sectional steel and buckling of steel bar
under. bending or axial loading induce the above steel
components occur post-peak strength deterioration, as
shown in Fig. 4(a). Moreover, the residual stress branch of
steel components starts from the ending of post-peak
strength deterioration. Thus, the skeleton model for
hysteretic curve can be confirmed by basic curve combined
by two M-P model as illustrated in Fig. 3, and with
deterioration and residual branches as shown in Fig. 4(a).

According to the proposal of Akiyama and Kato'? '), the
cyclic hysteretic curves should be divided into three portions
which respectively are a part of skeleton curve, the
unloading elastic curve, and Bauschinger curve. According
to Ohi’s proposal'?, the skeleton curve is moved to be
connected with unloading and Bauschinger curve on each
hysteresis, due to unloading stiffness deterioration. The
moving ratio for a part of skeleton curve, as shown in Fig. 4
(b), is based on the parameter y which is the ratio 6f moving
stress value (yds,) to plastic stress (Ag,) after unloading.

Realistic value of y is considered between 0~1, in this study,

wis assumed to be equal to 0.8.
The point where the residual stress begins is obtained by

O-r = ’.'spm 'O-lb (4)
Vo — 1O
Sr — ( spm ) b +€lb
Ty,

The bilinear curve for deterioration and residual branches
of steel bars are defined by
{o-:(gr -8, E +0, (5, <£<¢,) ®)
(¢, <¢)
Therefore, the basic backbone model that incorporates
deterioration for steel components could be confirmed.

o =0,

2.2.2 H-shaped steel component

The strain where local buckling of H-shaped steel
component occurs is calculated by the proposal of Yamada
et al.'”, formulae are shown in Table 2, in which, strength
deterioration is controlled by width-thickness ratio of flange
B/T; and web (D-27)/T,, and yield strength of steel g;. On
the basis of statistical data of steel material (-0.0025~-
0.0075), the second deterioration modulus 7, for residual

branch is modified into 7;,=-0.003, in order to fit test results.

Table 2 stress-strain model of H;shamed steel and steel bar

Steel bar

Parameter H-shaped steel
@, 2, L(D2TY/T,) x5 -
P o~ [BITA %5, -
0.18 2.6 0.5 5.7 .
glb(gbu) max| ——+— 035 —-_+__4'0 'Sy SC+./1‘(S/B)f‘2(pwO-wy).f;(S.L)f;l(o-B)'f;(o-hs)
a, a, a, a, ‘
0.062 0.56 0.98 —-——"———l
Vspm rs m = Y- aw — U536, + 0.
g r ’ \1+0.0052°

b

-0.0046cx,” —0.57¢;," —0.0005

100e

1
S —
y(\/no.oosﬁ j

Tib2

z,, =—0.003

7,, = —0.005
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2.2.3 Deterioration of main steel bar
The formula on the strain where buckling of main steel

16)

bars occurs is proposed by Nakatsuka >, which is

&0 =&+ [{(S/ B) £(p,-0,,) [(S-L) f,(03) fi(0,,) (6)

Where, in Eq. (6), &’ is derived from Table 1.

Residual strength ratio (r,,,) is based on an assumption
that the residual stress is equal to the stress where 1% strain
occurs'”. Post-peak deterioration is calculated by the two
points of peak point (op, &) and residual point (o, &),
based on the assumption that &=g,+0.01.

3. CALIBRARTION

FEM program® is applied to carry out the elasto-plastic
analysis of the structural components under various loading
procedures. -Geometric nonlinearities are considered using
an updated Lagrangean formula with a local coordinate axis
for each element, which moves along with the element
within the global coordinate axis system. The element
stiffness was evaluated by the means of Gaussian numerical
integrals using three Gaussian points (sections). The
stiffness of cross sections was numerically integrated by
dividing the section into a number of layers referred to as
stress fibers. Finally, accurate nonlinear constitutive
relations were then applied to these fibers to define the
mechanical behavior of each member.

To support collapse assessment of high-rise frames (i.e.
reinforced moment-resisting frame and also steel moment-
resisting frame),‘ validation and calibration of the
deterioration models for RC and H-shaped steel components
are needed to be conducted, on the basis of a database of RC
and H-shaped steel component tests. Regarding with the
reason of strength and stiffness deterioration of structural
components, local failure of various components is mainly
induced by compression and bending moment loadings
under monotonic and cyclic loadings.

In this section, calibration of deterioration model is
conducted separately by various loading conditions as
shown in Fig. 5, in which, the longitudinal definition of
structural element modeling is based on an assumption that
the length of plastic region at the fixed ending of
components where the plastic hinges form is assumed to be
a constant value that is equal to the cross-section width (B)
of components. Correspondingly, elastic region is also
divided by cross section width (B) of components.
Calibration method is based on the comparisons of peak
point (i.e., strength, deformation at the peak-point) and

deterioration stiffness (7) between test results and analytical

results. Fig. 6 shows the calibration methodology of

specimens under monotonic loadings (axial load (Type 1),
monotonic horizontal loading with constant axial load (Type

2)).

3.1 RC components

826 on rectangular RC

Various recent conducted tests
specimens are réferred, in which, properties of these
specimens are shown as the Table 3. Regarding with the
specimen under axial loading, the peak point indicates the
compressive stress capacity and the strain at compressive
strength, and the strength deterioration is belonged to post-
peak deterioration. The relation of calibration results to
deterioration parameter for RC component (hoop/stirrup
reinforcement ratio p,,) is calculated and illustrated in Fig. 7.
Mean. value and standard = deviation of the calibrated
test/analysis ratio of the peak point and post peak
deterioration are also presented in Fig. 7, where, peak point
(axial force N, axial deformation 4) is predicted with higher
accuracy than that of post-peak deterioration. This indicates
that the uncertainty of post peak deterioration is more
complex to be captured. Fortunately, calibration of post
peak deterioration (7/7,) in Fig. 7, is within an acceptable
deviation based on engineering demand.

Assumed
-~ -7 plastic region

o / ] / . /
S A A
Vi Vi e
A 7 il
2
7 gy // L
TRy ARG, W v

Fig. 5 Varied loading procedures of specimens

---- Test
— Analysis

Post-peak
deterioration
Peak point

e

e
ype
/

0 0.05

Fig. 6 Calibration methodology of the specimens
subjected to loading procedures (Type 1, 2)
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Table 3 Geometric and material properties of RC specimens

Suzuki Kato et 20) Sakino 22) .23 | Atalay and | Soesianawati, Park | Tanaka and
Researcher etal.'® al.’? Endo etal ) [Watson™) Gill Penzien® | and Priestley™ Park?®
Number of specimen 3 28 5 3 3 3 10 4 -4
Section (mm)  |210x210| 150x150 | 200x200 | 250%250 |400x400| 550x550 | 305x305 400x400 | T
o (N/mm®) 329 |245~91.7 17.6 83.6~94.3 40 |21.4~41.4| 29.1~33.3 40~46.5 25.6/32.0
n (=N/N,) - - 0.15, 0.36 | 0.20~0.45 | 0.3,0.5 | 0.21~0.42 [0.094~0.278 0.1/0.3 0.1/0.2
ohs (N/mm”) 334 |332~1354 326 1018 255~388| 275 363~392 255/364 325/333
Spacing S (mm) |[20~100| 30, 60 50~200 30, 60 80 75/80 76/127 78~94 80/90/110
Lo'adirg procedure | Typel Typel Type3 Type3 Type3 Type3 Type3 Type3 Type3
2 : 2 i 2
t 1
Typel Typel Standard deviation Type e
Standard deviation ‘ Standard deviation
/ 1.5 ; Mean:-value L5
Meah. value _ / “MO mmmmm o Mean. value
e sape A
R R ‘% oD R | ittt 2 " B S
< a v - gwggnq,‘.’:? LN SO
0.5 ; 0.5 0.5
Mean. value=0.994 Mean. value=1.081 Mean, value=0.937
Deviation=0.045 Deviation=0.131 Deviation=0.129
00 0.5 1 1.5 2 O0 2 00 0.5 1.5 2
p, (%) p, (%) p, (%)
Fig. 7 Calibration of RC specimens subjected to axial loading (Type 1)
500 2 2
. Type 3 Type 3
 Strength ot peak point Standaiad devistion Standard deviation
. 1.5 1.5
Mean. value

Strainiat peak point

2.5

0 2.5
R (0.01rad)

(a) Comparison methodology

20 N=1179%kN, f =94.3MPa, #=0.20

250

HSU30-20

2.5

0 2.5
R (0.01rad)

Test/analysis of the strength at peak point

—

=4
N

o2

Deviation=0.067

0.5

1 15
p, )

(b) Strength at peak-point
Fig. 8 Peak-point calibration of the RC specimens subjected to cyclic loadings (Type 3)

500, N=1742KN. £, =63.6MPs, 1=0.33
—— Test ! FISU30-33
............. Modeling ;

250

2.5

w

0 25

R (0.01rad)
Fig. 9 Cyclic deterioration of RC specimens under cyclic loadings (Type 3)
of cyclic deterioration of RC specimens with different axial
load ratios (#=0.20, 0.33, 0.45). The uncertainty of steel bar

Fig. 8 illustrates the post-peak calibration results of the
RC specimens under cyclic loading with constant axial force
(Type 3), based on a comparison methodology as shown in
Fig. 8 (a). Furthermore, Fig. 9 gives a typical comparisons

ey

Test/analysis of the strain at peak point

0.5
Mean. value=1.006
0 ‘ Deviation=0.086
0 0.5 1 1.5 2
p, (%)
(¢) Strain at peak-point
o N=2602KN, £ =92 5MPa, n=0.45
— Test HMUG60-45
------------- - Modeling é
250
Z o
N
250
5005 23 0 25 5
R (0.01rad)

and concrete materials contribute to the difficulties .on
predicting the strength and stiffness deterioration of RC

components under complex loading histories.
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3.2 H-shaped steel component

H-shaped steel component is widely applied as girder in
existing high-rise steel moment-resisting frames. Therefore,
validation and calibration of deterioration model for H-
shaped steel components is also needed to be conducted.
Methods for .the calibration of existing ;ests”)m) on H-
shaped steel components are similar to the one that used for
RC components. Geometric and material properties of H-
shaped steel éomponents are shown in Table 4.

As shown in Table 4, various loading procedures (i.e. uni-
axial loading, monotonic or cyclic loadings with constant

axial loading) of test for H-shaped steel components are
simulated. Comprehensive accuracy assessment of ‘the
by
test/analysis ratio of calibration parameters against the
width-thickness ratio (D/T,,), which are respectively shown

deterioration model is carried out summarizing

in Fig. 10. Parameters of peak point and post-peak
deterioration show different deviations as seen in Fig. 10,
especially for the calibration ratio of post-peak deterioration,
the dispersion of test/analysis ratio shows wider distribution

than that at the peak point.

Table 4 Parameters of calibrated H-shaped steel specimens

Specimen D B o, n Loading
Researchers DIT, BITy )
numbers (mm) (mm) (N/mm?) (=NIN,) | procedures
Yamada et al. > 19 157~291 | 168~264 | 14.8~29.7 | 14.0~22.0 | 356~499 - Typel
Suzuki et al.”® 8 150 150 22.0 16.7 291~526 - Typel
Mukai et al.*” 10 138~258 | 108~324 | 20.0~40.0 | 12.0~36.0 300 - Typel
Mitani®® 7 100~137 76~100 20.3~39.0 | 12.4~22.2 | 300~456 | 0.30~0.60 Type2
1tant
100~136 99~100 26.6~39.1 15.2~22.1 | 300~320 | 0.30, 0.60 Type3
Matsui et al.>” 12 150 150 220,230 | 16.7,25.0 | 292~378 | 0.10~0.60 Type3
g 2 = 2 2
g T Twet | B Type 1 g
g 5 T s B s
‘g, o g . 1 3 o
E ; :
?) oo @ @ B B = ] é Ifo0 - B8 @ . | g b % . i
k] Pt o] i P
s 2 it
g% Z £
g |Mean value=1.025 & |Mean value0.996 Mean, value=1.038
$ ol Standard dviation=0.047 ; % o|Standard deviation=0.0§5 % | Standard deviation=0.113
& 10 20 30 30 50 & 10 20 30 40 so0 = Yo 20 30 40 50
DT, DIT, DIT,
g 2 s 2 g 2
2 Type 2 g Type2 ‘;gt Type2
i 3 :
b 1.5k & 15 ,g 1.5 -
- £ 3
g B : -9 o
8 1k S i 421 P S Y 5t & 1
@ H = 8.
=] % o o
s : = a
B Y 1 R {1 4 05 4 B 0SL. - J
) g z :
§  |Mean valug=1023 g Mean. valug=0.987 | §  |Mean value=0977
B ol Standard deviation=0.027 & ol standard deviation=0.040 % ol Standard deviation=0.113
= 10 20 30 40 50 10 20 30 40 50 &0 20 30 40 50
DT, DIT, DIT,
E 2 2
g Type 3 s_
1 N
5 K1 PSS N 1 g 15 -
g
O
g 1 ; % o0 5 1 &% 4
£ 3 o
<] (2]
g 05 2 o5t
T | Mean value=1.049 E Mean. value=0.982
% olStandard dgviation=0.035 ; %l Standard deviation=0.062 :
& 10 20 30 0 50 & 10 20 30 40 30
DIT, DIT,

Fig. 10 Accuracy calibration of specimens with D/T,, (all data)
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1-083C, 11-083C: I: Monotonic load, 1I: Cyclic load
n=0.3, B/T=8, DIT =30, o =300~322N/mn’, 5, =451~457N/mm’
2

T T

e O8I0

0
6/6
P
(a) Test results

1-083C, T1-083C: I: Monotonic load, II; Cyclic load
=03, B/T8, /T, =30, o =300~322N/mrt, 6, =451~457N/mm’
2 ,

T T

S 083C
—1-083C —
1L JRSE T4
_Q
=
-1k
Deterioration modeling
10 5 0 5 10
8/86
14
(b) Analytical results

Fig. 11 Cyclic deterioration of H-shaped steel component

Given that the strength and stiffness deterioration includes
post-peak deterioration in skeleton curve under monotonic
loadings (axial load, or horizontal load with constant axial
load) and cyclic deterioration in hysteretic curve under
cyclic loadings. Fig. 11 illustrates a typical example of the
cyclic deterioration of H-shaped  steel component under
various loading histories. In Fig. 11, the post-peak
deterioration in backbone curve and cyclic deterioration in
hysteretic curve could be predicted by the deterioration
model of H-shaped steel components.

Corresponding to H-shaped steel, for RC components, in
addition to the above errors for calibration of steel
components, the effect of material uncertainty (concrete,
steel bars, H-shaped steel) also significantly influence the
post-peak behavior. Unlike the components with only one
type of local failure (local buckling), various types of local
failure of RC components induced by different loading
procedures are also a reason on larger deviation of
calibrations.

4. CONCLUDING REMARKS

The deterioration modelling of RC and H-shaped steel
components by incorporating the strength and stiffness
deterioration is developed in this paper, in order to support
the simulation of the collapse of high-rise buildings induced
by local failure. Calibration of the deteriorating stress-strain
models for RC and H-shaped steel components is based on
comparisons between available experimental results and
analytical results. Some results are concluded as follows.

(1) The constitutive model for reinforced concrete
cbmponents incorporating local failure of concrete and
buckling of steel bar validated by observed experiments,
shows reliably accurate capability to predict the overall
behaviour. Uncertainty of peak-point is rarely affected by

loadings procedures, while, for post-peak deterioration,
dispersion of uncertainty under cyclic loadings is distributed
wider than that under axial loadings..

(2) For H-shaped steel, both peak point and post-peak
deterioration can be simulated more accurately than RC
components, due to the effect of mechanical behaviour of
material and material composites.

Overall, uncertainty of the peak-point and post-peak

deterioration shows various deviations, in which, post-peak

deterioration is more difficult to be captured. The
deterioration models for RC components and H-shaped steel
components are expected to be utilized in the seismic
response analysis of RC and steel high-rise moment-
resisting frame buildings.
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NOTATION

B Width of section (mm)

C  Effective length of hoop/stirrup reinforcement (mm)
D Length of section (inm)

D, Width of hoop/stirrup reinforcement (mm)

E. Younger’s modulus of concrete (N/mm?)

E; Young’s modulus of steel

E,,, Strain hardening modulus of steel

f. Compressive strength of plain concrete (N/mm?)

f.. Compressive strength of confined concrete (N/mm?)
L Longitudinél length of column (mm)

M Moment
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M, Full plastic moment

n  Axial load ratio (n=Ny/N,)

Ny Axial force (kN)

N, Full plastic axial force (kN)

pw» Hoop/stirrup ratio

Fom Rate of the residual strength to the buckling strength
R R (radian) for the first M&P skeleton curve

R, R (radian) for the second M&P skeleton curve

S Spacing of hoop/stirrup reinforcement (mm)

Ty Flange thickness of H-shaped steel (mm)

7T, Web thickness of H-shaped steel (mm)

W Deterioration factor which is a function of /. and ;.
V' Normalized factor which is a function of E., o.and &,
o Normalized width-thickness ratio of steel flange

o, Normalized width-thickness ratio of steel web

#, Nominal diameter of hoop/stirrup reinforcement (mm)
p, Volumetric ratio of hoop/ stirrup reinforcement

A Slenderness ratio of steel bar

op Cylinder strength of concrete (N/mm?)

o, Yield strength of steel (N/mm®)

oy, Yield strength of hoop reinforcement (N/mm?)

&', Stain at the compressive strength of plain concrete

&', Stain at the compressive strength of confined concrete
g, Strain at the local buckling of sectional steel (N/mm?)
&, Strain at the buckling of steel bar (N/mm?)

7 Deterioration factor of confined concrete

7, Deterioration modulus after (local) buckling of steel
75, Deterioration modulus at residual branch of steel

4  Axial deformation (mm)

6 Rotation angle of components

¢, Rotation capacity
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