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In high-rise buildings shear walls have performed very effectively as lateral load resisting system. Similar to columns,
shear walls being generally subjected to flexure with axial forces should have been designed by P-M interaction charts
obtained from the concept of capacity-based-approach. Following the design provisions of IS 456:2000,P-M interaction
charts for RC slender rectangular shear walls have already been reported depicting failures within the domain of
compression-bending. However, shear walls under seismic effects may fail in tension. In the present work P-M interaction
charts have been proposed for slender rectangular shear walls for the entire domain of failure right from pure compression to
pure tension following the design provisions of IS 456:2000. Quantification of ductility values to assess the seismic
performance of shear walls designed as per Indian standards have been very scarcely reported. In the present work curvature
ductility of rectangular shear walls have been quantified following the fundamental principles of Limit State Method and
presented in the proposed P-M interaction charts. This can enable designers to assess the strength and ductility of
shear walls simultaneously. The present study has indicated that ductility of shear wall failing in pure bending
has been found to be maximum when designed with minimum percentage of vertical reinforcement (0.25). Damage
assessment of shear wall sections as per Performance-based Criteria of ASCE 41-13 has indicated that the minimum vertical
reinforcement percentage (0.25%) specified in 1S13920:2016 requires modification to restrict the damage within the

collapse prevention stage.
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1 Introduction

The term shear wall is a misnomer as it
predominantly behaves in flexure and should be rather
called structural wall. Placing of shear walls at
suitable locations in buildings enhance lateral-load-
resistance simultaneously satisfying other functional
requirements'. Shear walls due to their increased
stiffness reduce the possibility of excessive
deformation and damage’. Generally, the behaviour of
a shear wall can be defined from its height to length

ho . . .
(Z) ratio (i.e., aspect ratio) and to some extent from its

shape and ductility’. Slender shear walls act as
vertical cantilever beams®. These walls are generally
subjected to shear forces and bending moments
generated from high lateral forces and axial
compression due to gravity loads. Thus, design of
shear walls should be performed using the axial load-
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moment relationship’. For design of shear walls,
different approaches have been proposed’. IS
456:2000" prescribes empirical equations for design
of braced walls subjected to axial compression and
lateral forces. In India design of rectangular shear
walls is performed as per I1S:13920-2016°. Medhakar
and Jain have developed a couple of closed form
expressions to determine moment capacity of slender
rectangular RC shear wall which have been
adopted in 1S:13920*"". Rohit ez. al'* have proposed
modification in the closed form expressions specified
in IS 13920:1993"". From the basis of their findings
those expressions have been modified in IS
13920:2016°. The methodology to develop P-M
interaction charts for RC shear walls using the
concept of capacity-based approach are similar to

columns""®.  Following different national and
international standards several researchers have
proposed P-M interaction charts for RC shear

16-21

walls The standards generally deal with load
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based prescriptive method for optimum design of RC
sections. During major earthquakes yielding and
plastic rotations can occur at some or all critical
locations of the structures®. In this context ductility
plays an important role in aseismic design of
structures which is defined as the ability to undergo
large inelastic deformations before failure without
significant loss of strength or stiffness®. There are
different forms of ductility such as curvature ductility,
rotational ductility, displacement ductility and strain
ductility. In buildings, structural elements which are
subjected to flexure with or without axial forces like
columns and beams perform as continuous elements
of moment resisting frames. Performance of those
elements under seismic forces can be assessed by
evaluation of curvature ductility (pg). However, for
shear walls along with curvature ductility
displacement ductility is also considered as an
important parameter to assess theirbehavior under
seismic actions. Displacement ductility (na) is the
ratio of displacement of top end at ultimate to yield

o . ho . .
stage and it is a function of 7 ratio. Generally, drift of

buildings is restricted by the standards. Accordingly,
the displacement ductility demand can be evaluated.
In order to mobilize the displacement ductility
demand shear walls should undergo significant
amount of plastic rotation at the base which is
governed by curvature ductility capacity. Hence, both
curvature and displacement ductility (paand pg) are
important parameters for design of shear walls.
Several researchers have quantified the values of
displacement ductility and curvature ductility of shear
walls and proposed correlations between them. Mun
and Yang™* proposed a design approach to determine
the amount of lateral reinforcement and length of
boundary elements for shear walls to attain the
desired displacement ductility ratio. The authors
reported that if curvature ductility of a high-rise
building with a coupled lateral resistance system is
9.4 then the displacement ductility is 3.38. Resatoglu
and Jkhsi®® have investigated the effect of positions
and thickness of shear walls on displacement ductility
of RC dual system by performing pushover analysis
on 96 two-dimensional models. The authors
concluded that placing shear walls at middle from
edge and use of thicker walls reduce displacement
ductility of system. Foroughi and Yiiksel* considered
Mander’s model to investigate the influence of
different parameters on moment-curvature
relationships of RC shear walls designed as per

Turkish Building Earthquake Code. The authors
reported that axial load is an important factor which
affects ductility of shear walls. Higher axial loads
significantly —reduce curvature ductility and
displacement ductility. However, use of higher
diameter and amounts of transverse reinforcements
increase the optimum moment capacity as well as
curvature ductility and displacement ductility.
Paulay and Priestley”’ have presented the variation of
curvature ductility at the base of shear wall for
different values of aspect ratios. The overall
range of curvature ductility is 2.5 to 19 for the
displacement ductility range of 2 to 5. Following the
design provisions of IS 456:2000, Sunitha et al.”®
have presented idealized moment-curvature (M-0)
curves for slender RC rectangular shear walls with
P-M interaction envelope. The approximate range
of curvature ductility values obtained from the
M-@ curves lie between 2 to 11.39.Kuang and
Yuen® developed relationships between displacement
ductility and axial force ratio for slender shear walls
following various international standards. The
relationships indicate that higher axial compression
ratio reduces ductility. Rao ef. al’® have presented
the range of displacement ductility of shear walls
with respect to axial loads, aspect ratios and

reinforcements in boundary elements as per
different codal provisions. The overall range
of displacement ductility varies from 2.2 to

10 approximately.

From the previous reporting it has been observed
that P-M interaction charts for strength design of
slender RC shear walls failing in flexural
compression mode are available as per different
national and international standards'®>'. However,
charts covering the entire domain of flexural
tensile failure are comparatively very scarce. It has
been observed from the previous reporting that the
displacement ductility of shear wall is a wall
property which is governed by the wall aspect ratio.
However, curvature ductility is a section
property which depends on grades of concrete and
steel as well as percentage of longitudinal
reinforcement provided. Different types of ductility
and their values for RC shear walls have been
reported. However, ductility values for RC
shear walls as per Indian standards are extremely
rare.

IS 456:2000 does not prescribe any direct design
provisions for shear walls. Rather the code provides
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design methodology for braced RC walls having
certain limitations. 1S:13920-2016 prescribes closed
form expressions to estimate moment of resistance
of shear walls but those equations do not fully cater
to the requirements of limit state method (LSM) of
design as envisaged in IS 456:2000. P-M Interaction
charts for slender rectangular shear walls as per the
design provisions of IS 456:2000 are available
within the domain of flexure with compression'®. P-
M interaction charts in tension-bending are generally
not provided as concrete is strong in compression
and weak in tension. Shear walls being subjected to
very high levels of lateral forces, can undergo failure
in tension with bending. Hence development of P-M
interaction charts for slender rectangular shear walls
subjected to bending with compression and tension
forces form one of the basic objectives of the
present research work. Shear walls generally fail in
under-reinforced condition and it is expected to
exhibit higher levels of ductility. As per different
standards or codes of practice, ductility is generally
incorporated in RC sections in a qualitative manner
in the form of some do’s and don’ts’. Quantification
of ductility for beams and columns are available
now-a-days as per various national and international
standards but evaluation of ductility values for shear
walls are extremely rare. The present study makes
a humble effort to address this lacuna by
quantification of curvature ductility and plastic
rotations along with strength of slender rectangular
shear walls considering unconfined concrete as per
the design provisions of IS 456:2000. These ductility
values in P-M interaction charts will be beneficial
for designers to simultaneously assess ductility of
shear wall sections while performing strength
design.

The objectives of the present work are: To propose
P-M interaction charts for slender rectangular shear
walls failing within the domain of pure axial
compression to pure axial tension using stress-strain
relationship of unconfined concrete as per IS
456:2000. Quantification of curvature ductility and
plastic rotations of shear walls following the design
provisions of IS 456:2000. To propose some tips to
the designers for effective design of slender shear
walls by satisfying the requirements of strength and
ductility simultaneously. Assessment of damage
levels for shear walls as per Performance-based
design (PBD) criteria.

2 Materials and Methods

2.1 Development of P-M interaction charts for slender
rectangular shear walls following LSM of design as per IS
456:2000

Following the design provisions of IS 456:2000
and using the concept of stress blocks of steel and
concrete P-M interaction charts for slender shear
walls have been already proposed for failures under
bending with compression and steel beam
condition'®*'. In the present work, following similar
methodology P-M interaction charts have been
developed for shear walls subjected to compression
and tension forces with and without flexure using the
concept of capacity-based approach of design. The
methodology for evaluating the section capacities of
slender rectangular shear walls and development of
P-M interaction charts is already available as
per the design provisions of national and
international standards like IS 456:2000, IRC:112-
2020 and Eurocode 2 (2023)'%23'%2 Hence, to avoid
repetitions the same has not been included in the
present paper. The positions of neutral axes
considered in the present work for the development
of P-M interaction charts have been shown in
Table 1.

In Table 1, f,= Characteristic strength of steel

and y,= Partial factor of safety for steel= 1.15,
E,= Modulus of elasticity of steel, k= depth of
neutral axis factor and L,, = length of shear wall.

In the present work a total number of thirty-six (36)
interaction charts have been developed using nine (9)
grades of concrete (M20 to M60) with four (4) grades
of HYSD steel (Fe415 to Fe600) using different
percentages of longitudinal reinforcements ranging
from 0 to 4% of gross cross-section'“***. It has been
already reported that P-M interaction charts
developed for M40 concrete with any specific grade
of steel can be used for all grades of concrete from
M20 to M60 without significantly compromising the
accuracy of results'®. Hence, only 4 charts with
Fe415, Fe500, Fe550 and Fe600 steel have been
presented (developed for M40 grade of concrete)
which can cater to all permitted grades of concrete as
per IS 456:2000. These four charts have been shown
in Figs (1-4).

In Figs (1-4), t,,= thickness of shear wall section,
t,= thickness of equivalent steel plate, A;= area of
steel plate in wall section, p= percentage of vertical
reinforcement in the wall.
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Failure conditions

Over-reinforced

Balanced

Under-reinforced

Hypothetical

Table 1 — The points considered for P-M interaction charts as per IS 456:2000.

Positions of neutral axis

a)
b)
¢)
d)

e)

Neutral axis (N.A) at infinity (kL,,= +o0)

N.A at the left edge of wall section (kL,,= 1.1L,,)

N.A at the left edge of wall section (kL,,= 1L,,)

N.A within the section and tensile stress at the left edge of

section (f5;) is 0.8f,,4 = 0.8 X i—y
S
N.A within the section. Strains in steel at left edge (&) and concrete at

right edge (&, ) simultaneously reach the limiting values Ys};yEs + 0.002

and 0.0035 respectively.

N.A within the section (kL,,= 0.4L,,)
N.A within the section (kL,,= 0.25L,,)
N.A within the section (kL,,= 0.1L,,)
N.A within the section (kL,,= 0.05L,,)
Neutral axis (N.A) at infinity (kL,,= -o0)

Steel beam condition (Concrete in-effective)

Section capacities

Pure axial compression

Axial load with bending

Pure axial tension
Pure bending only and axial
capacity is zero

1.25

Equivalent steel plate

k=11 J'L%T—A—W‘”L“
T~ p 3 ! L *7 7100

15 Axis of bending

f,=-081,

(Over-reinforced)

/’/Compression failure

>~

Tension failure

=N

k=0.25

(Under-reinforced)

Mu/ fcktwsz

Fig. 1 — P-M interaction chart for shear walls with Fe415 steel.
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-1.00

Compression failure
(Over-reinforced)

020 /" kZoy [0.b5

Tension failure
(Under-reinforced)

M,/ t, L2

Fig. 2 — P-M interaction chart for shear walls with Fe500 steel.

2.2 Evaluation of curvature ductility (j15) and plastic rotations
(0,,) for RC shear walls as per IS 456:2000
Curvature ductility measures the ability of a section

to sustain plastic rotations'. It is expressed as the ratio

ﬂu) 1,522,31
y

of ultimate to yield curvatures (== . In limit

@
state method multi-stage failure occurs i.e., failure at
yield and ultimate stages®'. The values of @, and @,
have been determined from the theory of pure
bending®. Ultimate curvatures have been calculated
using Eq. (1).

By
Strain of outermost compression fibre at ultimate stage

Depth of neutral axis at ultimate stage

(1)

Based on the fundamental principles of LSM the
depth of neutral axis factor (ky) of columns at yield
stagehave been calculated and presented in previous
publications by employing trial and error method***.
In the present work performing -calculations in
identical manner the depth of neutral axis factor (k)
for shear walls have been determined at yield stage
using strain compatibility condition, force equilibrium
equation and constitutive laws of materials as per the
design provisions of IS 456:2000. Equations (3-5)
have been developed in the present work from which
the values of depths of neutral axes (kyLW)have been
calculated at over-reinforced, balanced and under-
reinforced failure conditions. These equations are
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1.00

0.50

-0.50

E quivalent steel plate

|
]
|
T

" | ‘ T

e A
L, —t

\’&Axis of bending

! pt, L,
100

s

y

Compression failure
(Over-reinforced)

f,=-081,

——
-

\

N
\5

. —
e =™

Tension failure
(Under-reinforced)

-1.00
M,/

£t

cktw

|

Fig. 3 — P-M interaction chart for shear walls with Fe550 steel.

having similar format proposed by Mun and Yang*’.
The expressions of k,, for all three failure conditions
have been presented below.

2.2.1 Over-reinforced failure

The depth of neutral axis at ultimate stage (k,L,,)
is greater than balanced depth of neutral axis
(kypLy). The depth of neutral axis at yield stage
(kyLy) can lie within or outside the wall section
depending on the positions of neutral axis considered
at ultimate stage (k,L,,).

If kL, = 1L, the depth of neutral axis at yield
stage (ky orLy) will lie outside the section and the
value of depth of neutral axis factor (k,, og) has been

calculated from Eq. (3). Figure 5 shows the
stress and strain distribution diagrams of wall sections
at yield and ultimate stages in which the variables
of Eq. (3) have been presented and explained in
detail.

From force equilibrium equation,

Total compression force in wall — Total tension
force in wall = Axial capacity of wall
Fe+Fc—Fgq=h, -(2)

Here, F.= force in concrete, F;,= force in
compression steel,Fg;= force in tension steel and P,=
axial capacity of shear wall.
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125

0.75

0.25

Equivalent steel plate

/
k=1 ¥ ' TAzu
// T ! i! 100
L

byt 3

Axis of bending

- f=-041, i

Compression failure
(Over-reinforced)

.

- .\
“; z ‘”_“i"“‘d failure fy =\,
S T 3——t—-N\ \ | |
hd 020 /- 6250 |
"k=0.4
-0.25
N 74,
\\
- N
\ X
-0.75 \\ ) \\w - Tension failure
\\ T \\\ (Under-reinforced)
A k=0.1
1 v
» \
k =0.05
-1.25
Mu/fcktwsz
Fig. 4 — P-M interaction chart for shear walls with Fe600 steel.
P . )
From Eq. (2) (—“) = the value of axial capacity
2 1 p k L fektwlw ku,0R21
[{5 X fe ey % ( N E)} vorfertwlw + factor obtained from P-M interaction chart
2 p . . . .
{5 X f€c1y X (1 — E)} fertw LW]+[{A scykyor>1 X corresponding to a given combination of concrete,

(kscgcyfyd) X (#}ck)} ky,ORfcktwLw] —-0=P,

In the above equation F=0 since the wall is
entirely under compression.

ky,OR = )
2
(fckt\lAl/Lw)ku,OR21 - [ExfgClyx(l_lpﬁ)]

[{gxf EclyX(l_%)}+{Ascy'ky.OR>1X(kscscyf Yd)x<1ooz}ck)}]. )

-(3)

steel grades and positions of neutral axis.

If k,L, <L, then the calculated values of
ky orLy may lie either outside or within the section.
If ky orLy lies outside or at the left edge of the
section (i.e., ky orLy = Ly) Eq. (3) will be used. But
if neutral axes at yield stage is located within the
section (i.e., ky gLy <Ly,) then Eq. (4) will be
considered. The variables used in Eq. (4) have been
shown in Fig. 6 which represents the stress and strain
distribution diagrams at yield and ultimate stages.
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&c5y = 0.00312 Ksesufya = 0.975f4 L
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Agery = 0.669L,, L Yo =0497Ly -
| Yeau =0.556L,, 3
Qg = 0.473Ly, Neutral axis at{ y_,, =0.645L,, g
ultimate stage 1 Yesy =0.79L, w
Oscay = 0.399Lyy B e soTr
Qgeqy = 0.282L,,  Yeou =1Ly
P 0.57ky orLw P 0.43k,, orLy |
@gesy = 0.151L,, " < .
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Ascyor = 0.371Ly, i S
H ———)
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Ec1y = 000065 || kscryfya =035fpa |
i
€y = 000174 || kecoyfya =085fya |1 3 3
1 N
8 <+
Ksc,,, = 08584 : o $ @
: S
H
sc1y = 0.361 kyoplLy H
asc,,, = 0.064 ky,opLy on
Agequb—
Gscyon = 0.282 kyonL Qsc3uf bl
Asc2ul |
| Asc1u |
L kyopl, = 1484 L, R
| I a N
i T £c1y = 0.00065 % g
| Yey =0.326 ky ogLyy , W i (e)
| Yooy =0.869 ky,onLn . B
! yscy = y,oRLw ! ,
! 1
34 0.484L,, e 1L, R
I 3
: frey, = 0.243f, 3
5 = R0
! X
; =
!
i
i
____________ — .
T ksc1y fya = 0.35fyq e
N 2 (@
' Neutral axis at I S
yield stage / Fsey L —
!
Centroidal axis Gsc1y |
v Qscy,0R

Fig. 5 — Failure in over-reinforced condition with neutral axis at face (a) cross-section, (b and e) strain distribution diagrams, (¢ and f)
concrete stress blocks and (d and g) stress blocks of steel at ultimate and yield stages.

ky,DR =

(ﬁ':ktw‘['w)k or<l + [Asry,ky‘aR<1 X kstyfyd X (100]({:"
2 p P p
[{3 x 0.446 x (1-E5)} + {Ascy,kymﬂ x (kscw fya) % (m)} + {Asty,kqu X kg fya ¥ (100 T

xC))
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Fig. 6 — Failure in over-reinforced condition with neutral axis inside the section (a) cross-section, (b and ¢) strain distribution diagrams,
(c and f) concrete stress blocks and (d and g) stress blocks of steel at ultimate and yield stages.

2.2.2 Balanced failure (i.e., k,L,, = k, gL,)

The value of depth of neutral

axis

factor

has been

oem)
fektwlw kup

U,

considered

instead

of

Py )
(fcktwLw Ky R<1-Ascy,ky,0R<1 and Asty,ky,0R<1 of Eq (3)

(ky ) will be determined using Eq. (4) in which

axial

capacity factor of balanced

section

1e.,

have

been replaced by A

and 4

scy,ky,B

sty,ky,B
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respectively. Stress and strain distribution diagrams
corresponding to balanced failure have been shown in
Fig. 7.

2.2.3 Under-reinforced failure (i.e., k,, ygL,, < k, gL)

The values of ky yr have been calculated using
Eq. (5). The variables used to calculate k, yz have
been shown in Fig. 8 along with detailed explanation.

Ly
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Fuyr<kup

- (1), * P o)
3, [[% X foy X (1 - 1%)} + {Aswm X (kscs;y fyd) X (wgﬁ)} + {Asty,kyux % (ktyfya) X (ﬁ)”
-(5)
The values of depths of neutral axes factors at yield

stage (ky or» ky g and k,, yg) calculated from Eqgs (3)-
(5) have been used to evaluate the yield curvatures

e

0.004175

£qe1u = 0.00174
£q2u = 0.00195

£qesu = 0.00312
£qeeu = 0.004175

1-0fyd

k stéu f yd
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le N
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l Ll
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L [s2)
Yst1u,8 = 0.417y4 E 8 (b)
| Ystzup = 0.467ysry | | i’
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i YVstsuB = ﬁ: “ystu
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€
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'
E K Ul 0.416 ky gLy,
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H
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'
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————astsup = 0.295Ysey
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doerup = 0558) st3u,B Ystu

]
Aserup = 0.72Y50y = 0-72(1 - kuB)Lw!
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kstay = 0.95, kg5, = 0.975, kg, = 0.984

I

@
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! Ascéu,B |
:A/ Ascsu,8 ——
! Aschu,p ————
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! Asczu,p |

'
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0.784 f,q

|[—>t

ksty f yd

N
I 1=}
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Fig. 7 — Failure in balanced condition (a) cross-section, (b and e) strain distribution diagrams, (c and f) concrete stress blocks and

(d and g) stress blocks of steel at ultimate and yield stages.
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Fig. 8 — Failure in under-reinforced condition (a) cross-section, (b and e) strain distribution diagrams, (¢ and f) concrete stress blocks

and (d and g) stress blocks of steel at ultimate and yield stages.

(ﬂy) of shear wall sections for all three types of
failures.
For over-reinforced failure,

Strain of outermost compression fibre at yield stage

[/ =
YOR ™ Calculated depth of neutral axis at yield stage in over — reinforced failure

ky,o0r Lw

. (6)

For balanced failure,
@y’B =

Strain of outermost compression fibre at yield stage

Calculated depth of neutral axis at yield stage for balanced failure -

T (D)

In case of under-reinforced failure, @, ;r can be
calculated using the following equations. If yield
stage occurs in the concrete attaining 0.002 strain at

ky,B LW
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outermost compression layer before steel at extreme
tension edge reaches the yield strain, then

@y,UR =
Strain of outermost compression fibre at yield stage

Calculated depth of neutral axis at yield stage in under—reinforced -

oy .. (8)

kyur Lw

When yield stage occurs by yielding of steel at
extreme tension edge then

gy,UR =
Strain of steel at extreme tension edge at yield stage

Distance of calculated ky yg Ly, from extreme tension edge

Sy e (9)

(1-ky,ur)Lw

Here, €,,= 0.002, &= yield strain of steel at

Ty + 0.002*. The ratio
1.15E

of calculated @,to @,, is curvature ductility. The

extreme left edge of wall=

values of plastic rotations (Gp) have been evaluated
from the following expression' >~
Lw
Op =1l x (8, — 0,) = (6, — 7)) ... (10)
Here, L, represents length of plastic hinge which is
generally considered as half of the depth of

In Figs (5-8) typical stress blocks and strain
distribution diagrams of shear walls have been shown
at yield and ultimate stages using M40 grade
of concrete, Fe500 steel with 0.25% vertical
reinforcement. The depths of neutral axes at yield
stage (kyL,,) shown in Figs (5-8) have been obtained
from Eqgs (3-5). The detailed -calculations for
evaluating these parameters at ultimate stage, being
available in literature have not been repeated'®>.
Calculations at the yield stage being extremely scarce
have been highlighted in detail.

Notations shown in Fig. 5 and Eq. (3) are as
follows:

) = the axial load

u

fektwlw kyor>1

capacity factor of wall obtained from the proposed P-
M interaction chart (Fig. 2) where depth of neutral
axis is at the left edge of section ensuring failure in
over-reinforced condition = 0.3781, &.14 tO &q6u=
strain levels in compression zone corresponding to the
relevant strain levels of steel at the different cardinal
points of the stress-strain diagram of steel as
per SP:16(1980)®, y., to Vee,= distances of
compressive strains (€.1,, t0 €.6,) from neutral axis,

At ultimate stage,(

F.,=Force in concrete stress block acting at a
distance of 0.416k, ogL,, from extreme right edge,
F;.,,= Force in compression steel stress blocks acting
at a distance of agy, op from extreme right edge,
Ascyor has been calculated using the similar
process adopted in literature'®, k.1, fya 10 Kscoufya=
compression stresses in steel corresponding to €., to
Ecou Tespectively, age1y 1O Qgeey= centroids of
each compression steel stress block from outermost
compression edge, f.,= grade of concrete, p= vertical
reinforcement percentage (denoted as p; in
Figs [9 to 20]).

At yield stage,ky orL,,= depth of neutral axis at
yield stage obtained from Eq. (3) using trial and error
method, &.1, = Strain at the extreme left edge of wall

&cy(Ky,0r—1)

section = , €c2y and €.,= strain levels in

Ky,0rR
compression zone, Yciy to Veey™ distances of
compressive strains (€.q, to sgcy) from neutral axis,
F,,= Force in concrete stress block acting at a
distance of 2 ky, orL,, from right edge, f;, Ly = Stress
in concrete at the extreme left edge of wall section

corresponding to &¢q,, = 0.446 {(Zsﬂ) — (ﬂ)z}fcka

0.002 0.002
F;c,= Force in compression steel stress block acting at

a distance from extreme right
1.20

Of ascy,OR

1.00 o ,

P' .f;'ktWLiV

-0.60 -

—o—pt=0.25% —=— pt=0.8% —+—pt=1.5%

Pt=2.75% —s—pt=4%

-0.80

Mot Ly?

Fig. 9 — P-M interaction chart for f,;=20 N/mm? and f,=415
N/mm?.
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Fig. 11 — P-M interaction chart for f,;,=60 N/mm? and f,=415
N/mm?.
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-0.30

edge.ksc1y fya to ksc,gcy fya= compressive stresses in
steel corresponding to €1, to Ee,, respectively, ageqy
and Asce,, = centroids of compression steel stress

blocks about extreme right edge.

M/fotuL?

Fig. 12 — P-M interaction chart for f,;,=20 N/mm? and f,=500
N/mm?2.
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Fig. 13 — P-M interaction chart for f,;,=40 N/mm? and f,=500
N/mm?.
Notations shown in Fig. 6 and Eq. (4) are as
follows:

P—”) = Axial load

fertwlw kyor<1
carrying capacity factor of wall in over-reinforced

At ultimate stage,(
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Fig. 14 — P-M interaction chart for f,=60 N/mm? and f,=500
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Fig. 15 — P-M interaction chart for ;=20 N/mm? and f,=550
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Fig. 16 — P-M interaction chart for f,;=40 N/mm? and f,=550
N/mm?.
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Fig. 17 — P-M interaction chart for f,=60 N/mm? and f,=550

N/mm?.
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Fig. 18 — P-M interaction chart for f,;,=20 N/mm? and f,=600
N/mm?2.
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Fig. 19 — P-M interaction chart for f,=40 N/mm? and f,=600
N/mm?.

conditions obtained from P-M interaction chart
(Fig. 2)= 0.2490, k, orL,= depth of neutral axis,

_—08fy

Estu= tensile strain at extreme left
1.15E;

edge
Iy

corresponding to tensile stress kgpfya, fya= T1o
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Fig. 20 — P-M interaction chart for f,=60 N/mm? and f,=600
N/mm?.

characteristic strength of steel, kg, fyyq= stress in steel
at outermost tension edge, Vg, = distance of tensile
strain from neutral axis, Fg;,,= Force in tension steel
stress block acting at a distance of agy, pp from
extreme left edge, asy, or= centroid of Fg,, from
extreme tension edge.

At yield stage, ky ogLy,= depth of neutral axis,
&sty= tensile strain at extreme left edge corresponding
to tensile stress kgtyfya, Ysry=distance of tensile
strain from neutral axis, kg, fyq= stress in steel at
outermost tension edge, Fg,,= Force in tension steel
stress block acting at a distance of agy or from
extreme left edge, asy o= centroid of Fg, from
extreme tension edge.

Notations of Fig.7 used in Eq. (4) are as follows:

At ultimate stage,(P—”) = Axial load

fektwlw kup
carrying capacity factor of wall failing in balanced
conditions obtained from P-M interaction chart
(Fig. 2) = 0.1619, k, gL,,= depth of neutral axis,
sstu=1f#+ 0.002 = tensile strain at extreme left

edge corresponding to tensile stress Kgeyfyd,
ksteufya= stress in steel at outermost tension edge,
Fy,= Force in tension steel stress block acting at a
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distance of ag, p from extreme left edge, Fs.,, = Force
in compression steel stress blocks acting at a distance
of Ay p from extreme right edge.

At yield stage,k,, gL,,= depth of neutral axis, €5;,=
tensile strain at extreme left edge corresponding to
tensile stress Kgtyfya, Ye1y,p O Vecys™ distances of
compressive strains from neutral axis, Y, =distance
of tensile strain from neutral axis, Fgy, p=Force in
tension steel stress block acting at a distance of ag;y g
from extreme left edge, Fy p= Force in concrete
stress blocks acting at a distance of 2 k,, pL,, from
extreme right edge, F.y, p=Force in compression steel
stress blocks acting at a distance of ag, p from
extreme right edge.

Notations shown in Fig. 8 and Eq. (5) are as
follows:

) = Axial capacity

fektwlw kuur

factor of shear wall failing in under-reinforced
conditions P-M interaction chart (Fig. 2)= 0.0764,
ky urLy= depth of neutral axis,eg,=tensile strain at
extreme left edge corresponding to tensile stress
kst7ufyas Ksezufya= stress in steel at outermost
tension edge, Y7, = distance of tensile strain at left
edge from neutral axis, Fg,,= Force in tension steel
stress block acting at a distance of agy, ygr from
extreme left edge, asy, yg= centroid of Fgp, from
extreme tension edge= 0.447(1 —ky, yr)Ly, Fo=
Force in concrete stress blocks acting at a distance of
0.416 ky ygrLy, Fy= Force in compression steel
stress blocks acting at a distance of 0.371k,, ygL,,.

At ultimate stage,(

At yield stage,ky, yg Ly, = depth of neutral axis,&z;q,,
to £5¢,= 0.00174, 0.00195, 0.00226, 0.00277, 0.00312
and 0.004175 respectively,kg;y, fy,q= stress in steel at
outermost tension edge corresponding to tensile strain
Esty> Yeiy 1O Ve, = distances of compressive strains

from neutral axis,yg.,= distance of tensile strain

from neutral axis, Y41y to Ygs, = distances of
compressive strains from neutral axis which are
0.417yst6y, 0.467Ysty, 0.541Yse6y, 0.063Yst6y,

0.747yst5y respectively,Ksi1y fya t0 kstey fya= 0.8fya,
0.85fyas 0.9fya, 0.95fyq, 0.975f,q and 1f,4
corresponding to tensile strains of &gq, tO
&sty,Fsty=Force in tension steel stress block acting at
a distance of agy yg from extreme left edge,agy yr=
centroid of Fg,, from extreme tension edge= 0.29

(1 = ky yr)Lw,Ast1yyr 10 Ageyyr= Centroids of
each tension steel stress block from extreme left edge
i, 0.72Y56y, 0.558Y16y, 0.496Y5t6y, 0.397Yst6y,
0.295yst6y and 0.1257ygq, respectively.Fyacting at
a distance of 2k, gL, from extreme right
edge,Fs.,= Force in compression steel stress blocks
acting at a distance of agy yg from extreme right
edge,ascy yr= 0-33ky,URLwakschyfyd: compressive

stress of steel at extreme right edge corresponding to
strain &y,

3 Results and Discussion

3.1 Simultaneous evaluation of strength and ductility of
slender rectangular shear walls and their implications in
design

To determine curvature ductility of shear walls,
five randomly chosen longitudinal reinforcements
ranging from minimum to maximum values (p;=
0.25%, 0.8%, 1.5%, 2.75% and 4% of gross section),
two terminal and one intermediate grades of concrete
(M20, M60 and M40) and four grades of HYSD steel
(Fe415 to Fe600) have been considered. At first
twelve number of P-M interaction diagrams have been
developed wusing the chosen percentages of
longitudinal reinforcements and grades of concrete
and steel (Figs [9-20]). The positions of neutral axes
at ultimate stage (i.e., k, ) which have been considered
for drawing the safety profiles of the interaction
diagrams are as follows-

At infinity; at the face of extreme left edge;
corresponding to maximum tensile stress in steel at
extreme left edge of wall ie.,0.4f,4, 0.8f,; and
fya;0.25L,,, 0.145L,, and other
ensuring failure under pure bending and pure tension.
Depending on the types of failure conditions the
appropriate equations have been used (Eqs (3)-(5)) to
calculate the values of k,,. The values of kyhave been
substituted in Eqgs (6)-(9) to determine the yield
curvatures (@,). From the calculated ultimate to yield
curvatures, the values of curvature ductility (ug)
and plastic rotations (8,) have been obtained.
The values of curvature ductility have been presented
in Figs (9-20).

In Figs (9-20) the curvature ductility values of
shear wall failing under flexure with and without axial
forces have been shown with asterisk (*) marks.
However, the values of curvature ductility for

failure under pure bending have been indicated with
hash (#) marks.

lower values
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Figures (9-20) present interaction charts for slender
rectangular shear walls whereby the section capacities
can be directly assessed by the designers under all
different types of failure conditions.

In order to simultaneously address the requirements
of strength and ductility design, the curvature ductility
values at specified positions of neutral axes have been
shown on the safety profiles corresponding to the
vertical reinforcements considered. Designers can use
these charts as effective tools to assess the ductility
values of slender rectangular shear walls while
performing strength design as per IS 456:2000.

The results of the present work clearly demonstrate
that the curvature ductility values of slender
rectangular shear walls are significantly high for
highly under-reinforced conditions i.e., when the
neutral axis depths are very small and the axial
capacity is zero or very small. In real life structures,
shear walls are generally designed as highly under-
reinforced sections. In-plane moment are generally
very high since they draw significant amounts of
seismic forces due to higher in plane stiffness and the
gravity load contribution is not very high. The
curvature ductility values have been calculated using
the capacity-based approach in a manner similar to
that adopted for columns®~*. However, for shear
walls which act in a manner similar to cantilever
beams, displacement ductility can be calculated with
respect to load-based approach also. Displacement
ductility demand is a function of the lateral load
present, aspect ratio, thickness of the wall etc.
whereas, curvature ductility capacity depends on the
amount of vertical reinforcement, grades of concrete
and steel etc. However, the present work deals with
curvature ductility capacity of slender RC rectangular
shear walls. From the present work it can be
concluded that curvature ductility capacity of shear
walls can be significantly improved if the sections can
be designed to fail in highly under-reinforced
condition and using lower percentages of vertical
reinforcements with lower grades of steel and higher
grades of concrete.

Shear walls failing under pure bending exhibit
maximum curvature ductility when reinforced with
minimum vertical steel whereas, the value becomes
minimum for maximum vertical reinforcement
percentage. These results depict similar trend with the
values of curvature ductility reported for beams®'>.

Curvature ductility values for shear wall section
failing in balanced and over-reinforced conditions are
lesser than those corresponding to failure in highly
under-reinforced condition and pure bending. For all
combinations of steel and concrete grades and
percentages of vertical reinforcements balanced
failure conditions exhibit minimum curvature ductility
values.

The present results indicate that for typical shear
wall with M30 concrete, Fe415 steel and 0.25%
vertical reinforcements the curvature ductility values
ranged between 2.14 to 11.18. The curvature ductility
values calculated as per IS 456:2000 for shear
wall of similar configurations have been reported to
range from 2 to 11.39 which validates the present
observation™,

3.2 Evaluation of plastic rotations for shear walls and
assessment of damage levels as per Performance-based design
(PBD) criteria

Using Eq. (9) plastic rotations of RC slender
rectangular shear walls have been calculated
corresponding to yield and ultimate curvatures. It has
been observed that for all combinations of concrete
and steel grades, wall sections failing under pure
bending exhibit maximum values of curvature
ductility resulting in maximum values of plastic
rotations when reinforced with minimum percentage
of vertical reinforcement (0.25). In Table 2, the values
of plastic rotations have been presented for all
permitted grades of HYSD steel using M20, M40 and
Mo60 grades of concrete.

The plastic rotations have been compared with
damage levels corresponds to different performance-
based limit states.

Performance levels of structures beyond limit state
can be assessed as per Performance-based design

Table 2 — Plastic rotations (8,,) of slender rectangular shear walls failing under pure bending.

Percentage of reinforcements

Grades of 0.25%
concrete
(fck)
Fe415 Fe500 Fe550
M20 0.0152 0.0126 0.0114
M40 0.0293 0.0244 0.0221

M60 0.0434 0.0360 0.0328

4%

Grades of steel (f;,)

Fe600 Fe415 Fe500 Fe550 Fe600

0.0104 0.0019 0.0018 0.0018 0.0018

0.0202 0.0024 0.0022 0.0021 0.0021
0.03 0.0028 0.0026 0.0024 0.0023
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(PBD) criteria. PBD has a specific aim to attain definite
performance objective. In general, performance levels
are categorized as different states such as Immediate
Occupancy (10), Life Safety (LS) and Collapse
Prevention (CP). These states are designated
corresponding to the plastic rotations which can be
determined by using moment-curvature relationships.
ASCE 41-13 which deals with Seismic Evaluation
and Retrofit of Existing Building, provides maximum
values of plastic rotations (0.006, 0.02 and 0.035) of
RC shear walls for different performance levels (IO,
LS and CP) for unconfined concrete’®. FEMA 356
2000 (Pre-standard and Commentary for the Seismic
Rehabilitation of Buildings) provides numerical
values of plastic rotations for RC shear walls (0.006,
0.012 and 0.02) at different damage states or
performance levels ie., 10, LS and CP
respectively’’.Plastic rotations of RC members vary
with the amount and distribution of reinforcement
percentages, confinement of concrete, grades of
concrete and steel provided, magnitude and nature of
axial forces acting on section. In this study the
calculated plastic rotations of RC shear walls have
been compared with the maximum values specified in
ASCE 41-13. Consideration of maximum plastic
rotations will always ensure conservative design.

From the study it can be concluded that walls
subjected to flexure with compression or tension
forces do not exceed the LS state. Walls under pure
flexure have reached CP state when designed with
M60 concrete, Fe415 and Fe500 steel and minimum
percentage of vertical reinforcement (Table 2). Hence,
it will result in significant amount of damage which
may lead to actual collapse. Therefore, it can be
concluded that the value of minimum percentage of
vertical reinforcement prescribed in 1S:13920-2016
need to be increased to restrict the damage state
within CP level.

4 Conclusion

Shear wall design in India is performed as per IS:
13920-2016 on the basis of a couple of closed form
expressions which have been proposed more than three
decades back and are based on simplified assumptions
which do not cater to the fundamental principles of
LSM of design. Though now-a-days P-M interaction
charts for RC shear walls are available satisfying the
fundamental principles of LSM but behaviour of
sections subjected to flexure with tension are not
readily available. Moreover, curvature ductility of

shear walls following the design provisions of Indian
standards are extremely rare and the direct correlation
between strength and ductility design is also not readily
available. The present study is a humble effort to
address this lacuna. The following conclusions can be
drawn from the present work.

a. In the present work P-M interaction charts have
been developed for slender rectangular shear
walls failing within the domain of pure
compression to pure tension.

b. Using stress-strain relationship of unconfined
concrete and the fundamental principles of LSM,
curvature ductility of slender rectangular shear
wall has been quantified for all types of failure
conditions.

c. Presenting the curvature ductility values in the
proposed P-M interaction charts will provide
advantages to the designers to directly correlate
the strength/section capacities with curvature
ductility.

d. Shear walls designed with minimum amount of
vertical reinforcement (0.25%) exhibit maximum
curvature ductility when failing under pure
flexure. From the present study it can be stated
that higher grades of concrete, lower grades of
HYSD steel and lower percentage of vertical
reinforcement should be used in shear walls to
achieve desirable ductility values.

e. Shear walls reinforced with minimum percentage
of vertical steel (0.25) when designed by using
M60 concrete, Fe415 and Fe500 steel reach the
damage levels beyond CP state. Therefore, it can
be concluded that the minimum vertical
reinforcement percentage (0.25) prescribed in IS:
13920-2016 need to be increased to restrict the
damage of shear walls within CP state.
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