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During the Hanshin-Awaji Earthquake, catastrophic shear failure accompanying plenty of diagonal shear
cracks was experienced in RC structures and bridge piers serving transportation facilities. In this paper, shear
capacity and ductility of RC columns in the post-yield range of longitudinal reinforcement are discussed for
seismic-resistant-design. First, the shear failure of large-scale RC columns is computationally simulated for
an understanding of the mechanism of shear collapse of bridge piers. FEM computational results on ductility
are compared with the experiments and a parametric study is conducted concerning factors that affect the
post-yield deformability of RC columns. Finally, a simple formula for ductility is presented for summarizing
the sensitivity of influential factors.
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1. INTRODUCTION

Through the investigation of RC columns for bridge piers that failed in the Hanshin-Awaji
Earthquake”, two kinds of typical damages were found to have occurred in columns with different
dimensional features. For columns with a smaller section and a large span-to-depth ratio, large
deformation is thought to follow the yielding of main reinforcement accompanying residual flexural
crack opening (Fig. 1a). But no catastrophic collapse occurred in this kind of RC column. The
columns were able to support the super structure and continued to serve as bridge piers. This is an
important point in view of the maintaining transportation capabilities. The repair of RC columns
damaged in flexural mode was not very difficult in practice.

The other kind of damage was unstable and brittle catastrophic shear failure. There are many RC
piers with comparatively smaller shear span-to-depth ratio, larger sections, small main reinforcement
ratios and much small web reinforcement ratios. After the earthquake, shear cracks were clearly
observed in these columns (Fig. 1b). It seems that these RC columns with diagonal shear cracks lose
their load-carrying capability immediately upon shear failure and suddenly stop acting as bridge piers.
This kind of collapse is generally dangerous and should be avoided even in the case of strong
earthquakes that exceed expectations. In this paper, the shear collapse mechanism and ductility of RC
column in the post-yield range of reinforcement are discussed and numerically simulated for an
understanding of the reduction in intrinsic shear capacity associated with deformation.

Fig. 1a Flexural damage after yielding of main reinforcement ~ Fig. 1b Damaged column with diagonal shear cracking

2. NONLINEAR CONSTITUTIVE MODELS AND VERIFICATIONS
> 1 Constituf Jels applied to RC col

Constitutive models have been proposed for simulation of RC member behavior using the finite
element method for engineering purposes”, based on the smeared crack approach applied to finite
control domains including distributed fixed multi-directional cracks. Here, all stress-strain
relationships are indicated in terms of the spatial average stress and average strain of concrete as
defined in finite elements. This chapter simply summarizes the model used in the shear analysis,
since reference (2) offers full details.

a) Cracked concrete model in RC zone”

The reinforced concrete model is constructed by combining the constitutive law for concrete and that
for reinforcing bars (Fig. 2). The constitutive law adopted for the cracked concrete consists of tension
stiffness, compression, and shear transfer models.
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Once cracks are generated in the concrete, -
. b - omificant. so the str [Reinforcement |
anisotropy becomes significant, so the stress- v ————

strain relationship takes on an orthogonal T -
anisotropy along the crack direction. The
stress-strain relations are modeled by being
decomposed in directions parallel to, along
and normal to cracks, respectively. PSR

mean stress of steel

crack location local response
L—mean strain yield level :| —>

Owing to bonding action between concrete
and reinforcing bars, the concrete continues to
support some of the tensile force even after
dispersed cracks occur in reinforced concrete
zones. To take into account the effects of bond
on RC deformation, the relation between
average stress and average strain of concrete
is given as a macroscopic tension model for

average tensile strain

cracked concrete. This tension model s = E:
mechanically describes how the tensile stress . &Eﬁ)gg g
is transferred from steel bars to the concrete " shear sip along a orack gl e

beyond he cracks by bond.

This constitutive law for reinforced concrete,
which derives from a control volume
consisting of a 30-50 cm sized concrete crack width gg B
element with distributed cracks, is Multi-system ) LOCAL RESPONSE ) MEAN RESPONSE
independent of crack spacing owing to the
trade-off ~mechanism  between  bond
deterioration zones and their developed
length®. It is verified that in the case of normal concrete and two-way reinforcement with a ratio over
0.1% to 2%, this constitutive law is independent of the size of the control volume, unlike the plain
concrete case. This cracked concrete model is rather simple, as the mean behavior of cracked concrete
is unrelated to the crack spacing, the orientation of reinforcing bars, and reinforcement ratio and has
no size sensitivit)ﬁ).

Fig. 2 Cracked concrete model in RC zone?

The shear transfer model of cracked concrete in RC is based on the contact density idealization®.

It was mathematically and experimentally proved that the shear stiffness of the cracked concrete zone
is not affected by the crack spacing and density®” >, This means there is an element-size insensitivity
of shear behavior along cracks in RC zones.

b) Effective size of RC zone

We cannot expect a mean stress transfer via bonding around certain parts which contain no
reinforcement and which are not reached by the tension stiffness mechanism. It is proposed to
separate the whole structural volume into RC zone and plain one and the effective size of RC zone
was discussed as one of influential factors for size effect compuation?. The size of the RC zone in the
analysis domain has an effect not only on the stiffness of a member after cracking, but also on the
failure mode, which may change from shear to flexure as the size of the RC zone increases. The
mechanical features of reinforced/plain concrete zoning as they relate to the volume of crack
propagation stability was investigated by the authors with respect to the size effect in the shear
capacity of RC members before yielding of the longitudinal reinforcement®. This paper aims at the
same discussion in view of the post-yield behavior of RC members in shear.
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Fig. 3 Crack control capability and concrete area Fig. 4 Cover effect on bond strength and factor X

We propose that size of the RC zone is associated with the tension stress transfer mechanism resulting
from bonding characteristics, as mentioned in the previous section. In the critical case as shown in
Fig.3, if a reinforced concrete member subjected to tension contains a small amount of reinforcement,
the reinforcing bars crossing the crack may yield just after cracking and most inelastic deformation
will be rooted in the sole crack. This is a critical issue can adequate crack control be assured when
there are several cracks be obtained. For a certain steel bar, the maximum size of the reinforced
concrete zone within which stable cracks can develop is,
. As : f y
where, A; : area of steel bar, Ao, : maximum area of bond effective zone in concrete, f; : yielding
strength of steel bar. In a two-dimensional computation?, it was proposed using the relation for RC
zone depth given in Fig.3 and the following steel bar dxameter

h J_ )

™2 f,

where, A 4 is the depth of the RC zone and we have Acmax = mat’, d5 as the diameter of reinforcing
bar.

This formula describes the case where the concrete cover is thick enough to avoid splitting failure”. If
not, the ability of a deformed bar to transfer its load into the surrounding concrete is considerably
limited by splitting along the bar axis. Experimental studies to confirm the effects of cover on
longitudinal splitting crack formation have been conducted®. Some results of the relation between
bond strength and specific cover are shown in Fig.4. Bond capacity decreases as the concrete cover is
reduced. When there is insufficient cover, we propose that the formula in Eq.(2) to be factorized by an
empirical function K based on these test results?

0.75
t, —0.5d,
K=|-t—"t 3
e ®
where, K: modification factor for cover thickness, (K=0 when #.<0.5d, and K=1 when ¢.>7d}, ) and ¢
thickness of concrete cover.

In two-dimensional finite element computations, the depth of the RC zone for steel bars with a wide

variety of arrangements must be determined. The proposed basic rule® is that the depth of the RC
zone is determined by the diameter of each bar. If bars of larger diameter are used, the RC zone

becomes larger (Fig.Sa).

Another extreme case to be considered is when the steel bars are placed at a great distance from each
other. The size of the RC zone may then be smaller than that computed by Eq.(2), as the steel bars

¢9)

Acmax =
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cannot control the crack distribution in the whole volume of concrete between them (Fig.5b). Thus,
the depth of RC zone used in computation was proposed as,

nh_.°
h — max 4
=Ty (G

where, k. : modified depth of RC zone, n : number of steel bars, b : thickness of RC member.

When the bars are very small or placed far apart, a situation where one element contains both RC
and plain concrete (PL) zones must be considered. The stress-strain curve of this element with mixed
zones can be decided by solving Eq.(5), the fracture energy balance?, in terms of c,, as,

(I, —h, )Ionde, + he‘l‘o,,cde,
0 0

l

€

To, (escn e, = 5)
0

where, 0,. =0,(g,;04v 02) inEq.(2) ando,, =0, (s, 3 ) in which c,, is defined later; and /. : height
of the finite element.
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Fig. 5 RC zoning method

¢) Cracked concrete model in PL zone

Cracked plain concrete shows strain-softening characteristics in tension and shear, unlike concrete
confined by reinforcing bars. Here, the mean stress-strain relation turns out to be element-size
dependent and is formulated with respect to the fracture energy”. Based on the fracture energy
balance, the average stress-strain curve defined in an element is adjusted according to the reference
length /. which is the square root of the element area as shown in Fig.6.
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Fig. 6 Tension stress-strain softening in computation Fig. 7 Shear stress-strain softening for plain concrete
(tensile strain = 0.00005; ultimate shear strain Y , = 0.0004 )
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In the model proposed by the authors?, the tension factor denoted by “c” is inversely related to the
element size such that fracture energy remains constant. Figure 6 gives the series of tensile stress-
strain curves used for the following analysis. Here we use the same reason for shear mode. The
Bujadham model*® describes contact softening in shear transfer. A simplified softening model which
is equivalent to the original one is proposed, that is, when the shear strain reaches the ultimate value,
shear softening begins (Fig.7). Since the shear transfer mechanism is highly frictional, no unique
shear softening energy is available, rather it is dependent on the confinement normal to the cracks.
The proposed model of crack shear is also developed as a combination of the cracked concrete models
in the RC zone and PL zone, based on the RC zoning method.

2.2 Verification of proposed models Table 1 Specified properties of RC beams®
The FEM code WCOMD-SJ, in which the Depth | Conerete | Shear Swrength | - Shear
proposed models are installed, provides strength Strength
computations for size effect experiments® as d k Exp. Comp.
shown in Fig. 8. This size effect experiment cm | kgfiem® kgfem’ kgt/cm®
consists of large RC beams without shear 1 10 202 (7.38) (6.75)
reinforcement and with different effective 21 20 193 (8.41) .02
depth f.rom 10c'm to'300cm. The specxﬁt?d T & 7 255 759
properties are listed in Table 1. The main

reinforcement ratio in the vicinity of the S| 1w 215 387 405
support points, where shear failure is | & | 200 | 279 3.40 3.31
designed to occur, is taken to be 0.4%. The 71 300 240 3.09 3.24
beams are loaded by uniformly distributed

hydraulic pressure until failure. The observed

failure modes are flexural failure for beams

No.1,2 and shear failure for the other beams.

The shear strength estimated by the
equation'® given in JSCE code is also
shown in Fig. 8 for comparison. It can be
seen that the proposed model predicts the
shear strength with the size effect and has fair
agreement with the JSCE code. The crack
patten in Fig. 8 also shows that the
computation can simulate the crack
development and failure mode correctly?.

For  verification with respect to §
reinforcement ratio p and compressive 2
strength f. , computational results for beams -§

3

e i

with varying p and f; are plotted in Fig. 9.

The predicted shear strength is proportional
13

to p'” and f, '*, similar to the sensitivity of

the JSCE equation. Since the JSCE shear ) > Analysis ) ) , ,
strength equation is capable of predicting the 0 50 100 150 200 250 300 350
actual behavior within a 10% coefficient of Effective Depth d (ca)

variation, it may be used for indirect
experimental verification of the FEM >
computations. experiments

Fig. 8 Computational results and size effect oriented
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Fig. 9 Effect of reinforcement ratio and concrete compressive strength on nominal shear strength
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As discussed in the previous section, concrete in RC zone exhibits different post-cracking
nonlinearity from place to place in both tension and shear, and shows brittleness when located apart
from reinforcement. To deal with cracked concrete in different parts of structures, the proposed
models in section (1) are adopted in studying larger-scale RC columns, too.

Fig. 10 Zoning for RC column with little web reinforcement

In considering large-scale RC columns with web reinforcement, the three-dimensional arrangement
of web bars must be considered. Its mechanical conversion to two-dimensional analysis is shown in
Fig. 10. In section 2.1, a mixed element was proposed for FEM elements including both RC and plain
zones, aiming to simulate the effect of well-separated longitudinal steel bars in beam analysis. Here,
the authors adopt a similar concept for web portions including lateral bars with large spacing (Fig.
10).

Let n and m denote, respectively, the thickness of the RC skin layer created by web reinforcement, as
shown in Fig. 10, and the size of the plain core of the column in the thickness direction of a 2D
projection. The diagonal shear crack-based energy release is expected to be the sum of the energy
absorb by both the RC skin layers and the plain volume. Then, similar to Eq.(5), we can have a
fracture energy conservation as,

N mjonds, + njo,cde,

Io, (&/5cp g, =2 g ©

0 (n+m)
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By solving Eq.(6), we obtain cy, for the elements allocated to the web zones of the columns concerned.

An existing RC bridge pier is selected for verification. It has a 2mx2m square section with a main
reinforcement ratio of 0.4% and a web ratio of 0.05%. The computational result is shown in Fig. 11.
The computed nominal shear capacity is 5.3kgf/ cm’. From Fig. 11b, the shear crack band at the last
unstable failure step is identical. According to the JSCE code, the estimated shear strength of this
column is 5.2kgf/cm?. The FEM simulation has reasonable agreement with the JSCE prediction.

8.0
/,/ Shear load at yielding of main reinforcement
] i
%’ //‘ g 200
4 f Mixed (RC +|
2 40} Shear capacity by JSCE PL) zone
[
ﬁ —
; —— Computation with 400cm
& 20 RC + PL zone
. Computation using
only RC zone for
00 whole section |
0.0 05 1.0 15 20 Computed crack pattern ~ Computed crack pattern
Displacement (cm) just before failure just after failure
(a) Load-displacement relationship (b) Computed crack patterns

Fig. 11 Shear failure of RC column with web reinforcements

Table 2 Experiments of shear mode failure after yielding of longitudinal reinforcement

Series No. 1 1 1 2 2 3
Ref. [11] [11] [11] [12] [12] [12]
Width B (cm) 80 80 80 40 40 . 40
Effective depth d (cm) 35 35 35 35 35 35
Shear span to depth ratio a/d 4.0 4.0 4.0 4.0 4.0 4.0
Axial stress (kgf/cm®) 10 10 10 10 10 0
Main reinforcement ratio (%) 0.86 0.86 0.86 1.66 1.66 2.48
Web reinforcement ratio (%) 0.08 0.16 0.04 0.27 0.42 0.58
V. (kgflem?) 7.7 7.7 71 9.8 9.8 112
V, (kgf/cm?) 2.1 42 1.1 79 123 20.2
P, (kgf/cm®) 7.9 7.9 79 155 155 21.4
(Ve+Vy) /Py 1.30 1.53 1.14 1.23 1.56 1.46
I (By test) 39 4.2 3.0 5.0 7.0 5.9
1t (By FEM) 38 4.0 3.2 4.9 58 55
Failure mode shear shear shear shear shear shear

Note: V,: shear carrying capacity of concrete evaluated based on JSCE specification; V, : shear carrying capacity of web
steel based on yielding (JSCE specification); P, : shear force at which yielding of main reinforcement occurs;  : ductility
ratio (=3,/3,; 3, : ultimate displacement when diagonal shear failure occurs; 8y, yield displacement) See Eq.(11)

It is well known that the ductility of an RC column is associated with its shear carrying capacity.
Normally, an increase in web reinforcement raises the higher ductility of a column, as is clearly shown
by experiments'"'?, Here, three experiments based on FEM simulations are reported. The first and
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second cases are with joint elements placed between footing and columns. The third one is a
reinforced concrete column with side reinforcement.

The experimental details are shown in Table 2. The calculated shear capacities are listed in the table
according to the JSCE code prediction, and are larger than the shear force when yielding of main
reinforcement occurs. Thus, brittle shear failure before yielding is avoided. However the shear
carrying capacity of each specimen is not so high as to exceed twice the shear force at yield.
According to criteria newly proposed by the JSCE!?, these specimens would be expected to fail in
shear mode after yielding of the main reinforcement.

The FEM simulation of ductility associated with shear failure is verified using the test data. Fig. 12
shows the target of the verification from Ref.[11], and Fig. 16 that from Ref.[12]. The computed
results are shown in Fig.13 and Fig.17, respectively. The computational loop stops at the point where
the shear strain increases sharply and becomes larger than a critical value (set as 1% in this work). The
displacement at this point is taken as the ultimate value, while the ductility at this point is used for
comparison with that at the point of maximum load in the experimental loop, which continues after
the load peak and then becomes smaller and smaller. It can be seen that FEM computed results have
fair agreement with experimental ones. Both the experimental and computational results indicate that
an increase in web reinforcement ratio in the RC column yields higher ductility. In order to confirm
the failure mode in the computation, the crack pattern for a specimen is shown in Fig. 14, in
comparison with the observed shear cracks in the experiment. A diagonal crack pattern is seen in both
experiment and analysis.
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Fig. 15 Pull-out displacement from computation

In order to confirm the behavior of the joint element, the computed pull-out displacement for Case 1 is
compared with the observed data in Fig.15. The total displacement increases by about 30% because

of this pull-out effect.

The FEM simulation for an RC column with side reinforcement'? under monotonic loading is shown
in Fig. 18. It is reported that side reinforcement raises shear carrying capacity prior to yielding of
main steel bar'®. The ductility of RC columns with side reinforcement after yielding of the main
reinforcement can also be simulated by FEM computation. All these results support the hypothesis
that the shear failure and the ductility level of RC columns after yielding of the main reinforcement
can be estimated by FEM analysis proposed in Chapter 2.

In all experiments, the sectional size is less than 1 meter. In this section, the shear failure before
longitudinal reinforcement yielding in a 2m x 2m RC column is simulated by FEM. In order to check
the effect of web reinforcement on failure mode and ductility, additional web reinforcement is used in
the reference case for sensitivity analysis as listed in Table 3. The failure mode changes according to
the web reinforcement ratio as calculated in Table 3. First, the web reinforcement ratio is specified
0.15%. The total shear capacity is higher than the shear load when yielding occurs but the shear
carrying capacity estimated by the JSCE code is much smaller than twice the shear load when yielding
occurs. Thus, the column may fail in shear mode after yielding of main longitudinal reinforcement,
resulting in less ductility.
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Fig. 18 FEM simulation for specimen with side reinforcement'?

If the web reinforcement is increased to 0.2% by volume, the shear capacity is increased but is still
lower than two times the shear force at yield. Then, this case still brings shear failure, but higher
ductility ratio can be expected. When the web reinforcement is increased to 0.35%, the shear capacity
exceeds two times the shear force at yield. In this case, brittle shear failure may be avoidable and the
RC column may fail in flexure with high ductility.

All these cases are simulated using nonlinear FEM as proposed in Chapter 2.  The analytical
results under monotonic loading are shown in Fig. 19. The failure mode is shown in the same figure
with respect to the crack patterns at the last computational step; that is, the unstable failure point

— 109 —



where progressive cracking occurs in the iterative computation”. From the crack patterns, it can be
seen that the RC columns No.2 and No.3 fail in shear mode after yielding of main bars, but for No.4,
the computation terminates in compression failure of the concrete at the extreme fiber closest to the
maximum moment section.

10
Table 3 Failure mode prediction for large-scale RC columns < Flexural compression failure
E Shear 1ailur§hear faire
S gt
No. 1 2 2 4 25’ ° p c{ 35%
Width B (cm) 200 | 200 [ 200 | 200 by P\ =0.20% =
Effective depth d 190 | 190 | 190 | 190 3
(cm) s
Shear span a/d 2.0 2.0 20 | 2.0 3
Main 04 | 04 | 04 | 04 E
reinforcement ratio 2
(%) £
Web reinforcement | 0.05 | 0.15 { 0.20 | 0.35 z
ratio (%)
Ve (kgf/cm:) 39 1 39 | 39 |39 Displacement (cm)
V; (kgf/cm®) 1.5 4.5 6.0 | 10.5
P, (kgf/cm’) 70 1 70 | 70 [ 7.0
y (kgfiem') Fig. 19 Effect of web reinforcement ratio on ductility of large
V4V /Py 0.8 1.2 1.4 | 2.1 e RC col . :
(By FEM) <1.0 >4 43 132 scale column 1n computation
p, B . . .

If the RC column is heavily reinforced with web steel and the concrete is well confined by the web
reinforcement, compression failure of the concrete is almost non-existent. Fig. 20a shows an RC
beam with a high web reinforcement ratio of 1%. Here, the core concrete is fairly well confined. The
experimental result shows that only the cover concrete is crushed, but the test can continue without
further compression failure of the core concrete (Fig. 20b). ‘

Sﬂeo‘i:en unit: mm B?-A 016 60 Effect of confinement by web___
A 4 Crush of cover concrete
{ 3 -l [ s %
g D25 €
8 5] 750 £%
2600 g3
2
220
2
10
T 2600 ul 0
|e=330Kgtion?. ; fy=4300kgticnf (Main bar); f=3500kgticn? (Stirrup) | 0 2 4 Def(I“eJction ?r?‘m) 100120 140
(a) Experimental layout with heavy web (1%) (b) High ductility level in the case large web

reinforcement ratio (1%)
Fig. 20 Experimental result for RC beam with high ductility level
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4. PARAMETRIC STUDY ON DUCTILITY OF RC COLUMNS

As described in the previous section, the FEM analysis method may be used to estimate the ductility
of RC columns with reasonable accuracy when the failure mode is shear. Now, FEM analysis is used
for a parametric study on factors that influence deformability. In the computation, no iteration is
carried out in each cyclic load step and spalling is not yet be included in the constitutive model of RC.
The main factors relating to ductility are empirically known; that is, the main and web reinforcement
ratios, axial force, and shear span-to-depth ratio (a/d) of the column. The sensitivity of these factors
can be numerically examined, and some experimental results*” will be employed to reverse check for
versatility. The ranges of the parameters discussed are shown in Table 4.

Table 4 Ranges of parameters that affect ductility

8
Section ~—&— FEM analysis
Parameter FEM Test [24] 6 @E " Experiment [25)
e I<;>I
Main reinf. ratio (%) 0.92.1 | 0.89--1.66 >4
& n
g
Web reinf. ratio(%) 0.08--0.36 | 0.08--0.23 e o | [ Web ratio~0.12%
Main ratio : 0.89%--2.1%
Axial stress =0
Axial comp. stress(kgf/cm?) 0--20 0-20 0 a/id =4
0.0 05 1.0 1.5 2.0 2.5
Main reinforcement ratio (%)
a/d 3-6 3-6
Fig. 21 Effect of main reinforcement ratio on ductility

All the computations are carried out under monotonic loading. Details of computational targets and
the results are shown in Fig. 21 to Fig. 24. In computing the ductility factor, the definition of
yield displacement is rather different among technical reports and there is vagueness regarding
sections with side reinforcement. Within the scope of this study, the authors intentionally select
specimens without side reinforcement. In this case, the definition of yield displacement as when bars
start to yield is quite explicit, because the main reinforcement becomes plastic at the same time under
flexure. We can then consistently adopt the experimentally reported ductility from different
investigators. From these results, some tendencies are clearly identified as follows.
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Fig. 22 Effect of web reinforcement ratio on ductility
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As the main reinforcement ratio increases, ductility decreases.

e An increase in web reinforcement ratio elevates the ductility of RC columns.

The ductility tends to decrease when higher axial compressive force is applied.

As the shear span to depth (a/d) ratio increases, the ductility also increases.
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Fig. 24 Effect of a/d on ductility

Computed ductility ratios are summarized in
Fig.25, in comparison with experimental
results. It can be seen that the FEM simulation
may give good predictions. The ductility
associated with flexural action is outside the
scope of this study, and further research on
the buckling of bars and spalling of cover
concrete will be needed.

Simple formula for
ductility will be useful here
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Fig. 27 Seismic-resistant design and performance
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Fig. 25 Ductility ratio comparison
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Fig. 26 Failure mode check-flowchart for RC column
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5. SIMPLIFIED CHECK METHOD FOR FAILURE MODE

3.1 General

It has been determined that nonlinear response of RC linear members can be traced up to unstable
shear failure before and after yielding of the longitudinal reinforcement. Consequently, the computed
overall response to seismic motions can form the basis for examining the required seismic
performances. Fig. 27 shows a possible flowchart for seismic performance evaluation. In this scheme,
nonlinear dynamic FEM analysis plays a substantial role by simulating the nonlinear behavior on
which the seismic performance is verified.

If planned structural dimensioning and detailing are not accepted after checking the performance,
some or all of the design decisions on which the decision was made at the design stage have to be
modified (the re-design stage in Fig. 26). At this stage, simple but reasonably accurate formula would
be useful for practitioners who have to find solutions which satisfy the performance requirements.

In the re-design stage, a prompt judgment on the failure mode of RC members is valuable. A proposal
for identifying the inherent failure mode of members is shown in Fig. 26. If the estimated shear
capacity is larger than the shear force when the main reinforcement yields, shear failure before
yielding can be avoided. Much research'¥'> has shown that shear failure occurs even after yielding of
the steel occurs. It is now understood that the shear carrying capacity of concrete may decrease after
plastic deformation of main reinforcement'®'?, As a result, shear failure after yielding may occur if
the reduced decreased shear capacity is below the ultimate load corresponding to the ultimate strength
of the main reinforcement, as shown in Fig. 28. This kind of failure mode is also unwanted, since
rather brittle failure with small displacement accompanies it.

o [
a [P, -
3 XV +Y, <R,
H Shear failure before flexural collapse
2 V.+V,<P,
9 | /Shear failure before yielding of main reinforcement
Displacement
%Idealised relationship for design
i
5 RV +V,<5,
g V,+V.<P, Shear tailure before flexural collapse
) | / Shear tailure before yielding of main reinforcement

Displacement

Fig. 28 Idealized shear load-displacement relationship of RC column

In this section, a simple evaluation of shear capacity in the post-yield range is sought. In the previous
chapter, the predicted ductility was found to be close to reality, and the factors influencing were
clearly identified for sections without side reinforcement, within which the authors limited the scope
of their discussions. In this discussion, the analytically obtained sensitivity will be used to form a
degenerated simple formula with a re-design orientation in the scheme of seismic performance
design.
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5.2 Shear failure after vielding of main reinf

The shear capacity at the point when yielding of the web reinforcement occurs can be formulated as
the sum of the shear force carried by the concrete and that carried by the web reinforcement. We thus

have,
V=V.+V, @)

where, V : total shear capacity of a RC member (yield capacity of web reinforcement); V.. : shear
carrying capacity of concrete; and V; : shear carrying capacity of web steel based on yield.

If the shear capacity is larger than the shear force when yielding begins, shear failure priore yielding

can be avoided. Here, we have,
V>P, ®

where, P, : shear force that brings about yielding of longitudinal reinforcement.

As the shear force carried by the concrete may fall after the main reinforcement reaches the plasticity

limit, the post-yield shear capacity can be formulated as,
V=V +V, ®

where, V. : reduced shear carrying capacity of concrete.

The reduction in shear capacity related to deformation and crack propagation is indirectly taken into
account by including the reinforcement ratio in the code equations when the pre-yield shear failure of
RC beams is discussed. Similarly, the shear carrying capacity of concrete decreases after yielding of
main reinforcement and the total shear potential also decreases. This may result in a capacity lower
than the applied shear force, and finally cause lower ductility. The decrease in shear carrying capacity
of concrete is an important factor that affects the deformational behavior of RC columns.

Reference [17] discusses the shear force carried by concrete and web steel. For several RC columns,
the relation between total shear force and averaged stress in web steel was recorded and the shear
force carried by the web and concrete was investigated as shown in Fig. 29.

It can be seen in Fig. 29 that the shear stress in the web increases as the shear force rises. And the
shear force carried by the concrete remains almost constant before the main reinforcement yields. But
after yielding of the main reinforcement (u=1; u is defined as the ductility index), the shear becomes
smaller and smaller as the shear stress in web continues rise. This phenomenon can be explained by a
decrease in the shear force carried by the concrete after the main reinforcement becomes plastic. This
decrease is also shown in  Fig. 30.
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Fig. 29 Shear stress carried by web reinforcement experimental'”  Fig. 30 Decrease in shear force carried by concrete
after yielding of main reinforcement from experiments!”
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Fig. 31 Mechanism of shear failure after yielding of main reinforcement

Based on this understanding that the shear capacity falls off, the post-yield shear failure mechanism
can be described as illustrated in Fig.31. As the shear carrying mechanism is not fully understood, a
quantitative analytical approach is useful for describing the decrease in nominal shear force carried by
the concrete.

In order to discern this decrease in the shear capacity of concrete, about 200 experimental data points
for RC columns references [15,18,19,20,21,22,23, and 24] were checked of these 53 specimens failed
in post-yield shear failure mode. These specimens had main reinforcement ratios varies from 0.51%
to 1.89%, web reinforcement ratio from 0 to 0.23%, axial compression stress from 0 to 30kgf/cm2,
and shear span-to-depth ratios from 3 to 6. Since all specimens were square sections without side
reinforcement, the yield forces can be clearly calculated and were easily determined from the
experiments. Here, two definitions of ultimate deformation may be used, one is to take the
deformation corresponding to 80% of the maximum load after peak as the ultimate value, and the
other way is to indicate the deformation when the load decreases to the initial yield load after the peak.
Reference [24] shows that these two definition lead to similar results when there is no side
reinforcement.

From Fig.31, it can be shown that the lower shear capacity is close to the shear load at the yield point
when shear failure takes place. Thus the reduced shear carrying capacity of concrete at shear failure
can be inversely calculated by, .

V. =P, -V, (10)
This loss in shear capacity may be affected by several factors, such as the reinforcement arrangement,
the shear span-to-depth ratio, the axial force, and the concrete strength. All these factors also
influence the ductility ratio of RC columns. The ductility ratio is generally defined as,

)

h=5 (11

y
where, 1 ductility ratio; 8,: displacement at yield point of main reinforcement; and §,: ultimate
displacement when unstable diagonal crack propagation occurs.

The JSCE code gives the formula for shear capacity carried by concrete as,

V. =09B,(p,)-B:(f.")-Bs(d) 12)

where p is the main reinforcement ratio. It can be assumed that the effect of the greater deformation
caused by plastic deformation of the main reinforcement may be implicitly considered in the shear
capacity formula as,

Vv, =09B,(p,,)B,(f.)Bs(d) (13)
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where, p,, is the equivalent main reinforcement after yielding and p,, =p., (). Then, we have,
AN
v o(w) 14

[

Here, the reduced shear carrying capacity at the failure point is described as a function of ductility
ratio. From the experiment data, the relationship between loss in shear carrying capacity of concrete
and ductility ratio (specimens with shear span-to-depth ratio being equal to 4) is shown in Fig. 32.
From this figure, two main tendencies can be recognized. One is that the shear carrying capacity of
concrete always falls as the ductility ratio increases. Another is that the relation between ductility
ratio and shear carrying capacity of concrete at failure is close to a straight line, as shown in Fig. 32.

The experimental results for different shear span to depth ratio are shown in Fig. 33. It is be found
that for specimens with a larger shear span-to-depth ratio, the shear carrying capacity of the concrete
falls more than for those with a smaller shear span to depth ratio.

Considering the experimental results shown in Fig. 32 and Fig. 33, a sigle simple curve-fitting
formula is empirically developed for describing the relationship between shear capacity and the
ductility ratio as,

‘;f' =(1-k(n-1) 15)

where, V. =V, when u<1;and V. =0 when p>1+1/k
1
ks
20-%)
From Eq.14 and Eq.15, the ductility ratio of a designed column when shear failure occurs is,
P, -V,

u=1+-kl-(1- ) (16)

where, u<1 when V+V; < P,. u>1+1/k when V2 P,. The ranges of application for this formula are
shown in Fig.32 and Fig.33.

The predicted ductility ratios of the 53 RC columns are compared with the actual experimental results
in Fig. 34. Even through the results are some what scattered, the overall trend means that the ductility
ratio can be predicted roughly by this simplified method. The curve drawn here is just for RC
columns with no any side reinforcement. For a more versatile prediction, the 3D effects of the
presence of side reinforcement should be incorporated in the future. And also in the future, Eq.(16)
will be compared with some existing formulas for ductility prediction.
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Fig. 32 Relationship between shear carrying capacity of concrete and ductility ratio (a/d=4)
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6. CONCLUSIONS

A nonlinear failure analysis based on the spatially averaged constitutive laws for concrete and RC
demonstrated that existing large scale RC columns with little web reinforcement tend to fail in shear
mode, as the shear capacity is less than the shear load at yield point of the main reinforcement.
Seismic-resistant design requires that sufficient shear capacity and ductility is maintained to avoid
sudden shear failure and to ensure seismic energy absorption.

Shear failure can occur even after yielding of main reinforcement, because the shear carrying capacity
of concrete may fall with plastic deformation of the reinforcement. An FEM code was proposed for
simulating the shear failure and ductility of RC columns, and as being in fair agreement with
experimental results even for large-scale sections. Since experimental evidence indicates that main
reinforcement, web reinforcement ratio, shear span-to-depth ratio, and axial force may affect the
ductility of RC columns, FEM was used to examine how rationally the sensitivity of these influences
would be predicted.

The FEM code can be used to examine the seismic-resistant performance of structures designed in the
past. With the aim of developing a simple method of guidance for the re-design procedure, the
relationship between the reduction in shear carrying capacity and ductility ratio at shear failure was
evaluated, and a simple formula was proposed for roughly estimate the ductility ratio of RC columns
in the design loop.

The simple formula used to describe the decrease in shear carrying capacity of concrete is rather
rough, and further research needs to be done to take into account the effects such as the presence of
side main reinforcement and axial force.
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