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Performance Evaluation of Composite
Steel-Concrete Shear Walls

Dr.D.K. Kulkarni and P.P. Phadnis

Abstract--- The present work describes the theoretical
study on steel-concrete shear wall with steel encased profiles.
Shear walls are used in buildings to resist the lateral load
induced during earthquakes. Shear walls generally have
rectangular cross section with the high concentration of
longitudinal reinforcement at the extremities of elements. The
use of conventional reinforced concrete shear wall in
multistoried buildings is sometimes limited because of the
large amount of reinforcement localized at the end of the
element. A good alternative in avoiding this disadvantage is to
use composite steel concrete structural shear walls with steel
encased profiles. Composite shear walls offer the advantages
like flexural stiffening, strengthening of compression elements,
improved deformability, increased floor area, fire protection,
easy repairs and economy.

The study consists of numerical analysis on 1:3 scale
steel-concrete composite elements. Composite steel-concrete
shear walls are modeled as equivalent frame element and
analyzed using SAP2000 pushover capability. Comparative
study related to the behavior of composite steel-concrete shear
wall with encased steel sections and conventional reinforced
concrete shear wall. Presence of encased steel sections
significantly increases base shear and slightly increases
ductility.

Keywords--- Pushover Analysis, Composite Steel-Concrete
Shear Wall, Material Non-Linearity, Ductility, Equivalent
Frame Element

l. INTRODUCTION

OMPOSITE steel-concrete shear walls are reinforced

concrete shear walls with additional structural steel,
usually located at the extremities of the cross section of the
wall. The use of conventional reinforced concrete shear wall
in multistoried buildings is sometimes limited because of the
large amount of reinforcement localized at the end of the
element. The steel-concrete composite shear walls are used as
lateral load resisting system for high-rise buildings as an
alternative to reinforced concrete shear wall.

Different types of composite walls have been studied by
research scholars to enhance lateral stiffness of conventional
reinforced concrete shear wall. Many of them performed
nonlinear analysis of composite shear wall systems such as
cantilever composite walls, where steel components are
embedded in or attached to reinforced concrete walls, hybrid
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coupled walls, where steel beams are used to couple two or
more reinforced concrete or composite walls in series and
hybrid dual system, where reinforced concrete walls are
placed parallel with steel beams [9, 12]. Shear walls with
concrete filled steel tube columns and concealed steel trusses
are used to improve ductility of structure [4]. Finite element
packages such as ABAQUS, ATENA2D and BIOGRPH are
used to model a complex geometry and finite element analysis
is carried out in order to obtain analysis results of deformation,
stress distribution, and the evolution of cracks [2, 3, and 13]

In this paper, one reinforced concrete shear wall (SW1)
and three possible solutions of shear walls with steel encased
profiles, called composite shear walls (SW2 to SW4) are
proposed and analyzed. Shear walls are modeled by
considering material non-linearity and pushover analysis is
performed in SAP2000 in order to predict actual behavior of
structure during earthquake. The base shear versus
displacement curves are verified with available experimental
results. Further, composite steel-concrete shear walls encased
with different Indian standard steel sections are modeled. All
shear walls are provided with almost equal steel area. The
pushover curve obtained shows that, composite steel-concrete
shear wall have increased stiffness and ductility than
conventional reinforced concrete shear wall.

Il. THEORETICAL ASPECTS REGARDING COMPOSITE
STEEL CONCRETE SHEAR WALLS

The European standard EN 1994-1-1, Eurocode 4: Design
of composite steel and concrete structures: general rules and
rules for buildings [8] describe the principles and requirements
for resistance, serviceability and durability of composite steel
concrete structures. The simplified design method for
composite compression members, which is limited to doubly
symmetrical and uniform cross section along the element
length gives the plastic resistance to compression of a
composite cross section fully encased steel section as:

Npl,Rd = Astfyd + 0-85Acfcd + Asrfsrd (1)
where,

Ay, A, Ay = cross sectional areas of structural steel,
concrete and reinforcement of the composite cross section
respectively;

f,q = design value of yield strength of structural steel;
f.q = design value of compression strength of concrete;
fsg = design value of yield strength of reinforcement.
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The plastic moment resistance of a doubly symmetric Simple structural steel stress-strain curve has four regions
composite cross-section may be evaluated as follows: i.e. elastic, perfectly plastic and strain hardening and softening
region.
Mpl,Rd = f;y(Zpst - Zpstn) + Osfcd (ch - chn)+fsrd (Zpsr - Zpsrn) (2) g
where,

STRAIN (H/MY

Zpst, Zper Zpsr = plastic section modulus for steel section,
concrete and reinforcement of composite cross section
respectively (for the calculation of Z, the concrete is assumed
to be uncracked;

Zpsns  Zpenw Zpsm = Pplastic  section modulus of the
corresponding components within the region of 2h,, from the
middle line of composite cross section for steel section,
concrete and reinforcement of composite cross section :
respectively;

SIRESS  (HWVME)

h, = depth of the neutral axis from the middle line of cross

section.
[Il.  EFFECT OF CONCRETE CRACKING ON THE PUSHOVER TR e e T e e
ANALYSIS
In the present study, effect of material non-linearity due to (2) Mander’s Confined Concrete Stress-Strain Curve

concrete cracking on pushover response of shear wall has been
included. The flexural stiffness reduction in structures, due to
concrete cracking amplifies the lateral deflection. o , STRAIN (/M)

The main parameters affecting the stiffness of cracked
section are modulus of elasticity and moment of inertia. The
effective moment of inertia, I, concept to reflect the concrete
cracking which is more than or equal to the moment of inertia
of a cracked section and is lesser than or equal to the moment
of inertia of gross section.

2y

§TRESS

Ahmed et al. provided modification factors recommended
in different country standards to determine effective moment ‘
of inertia of cracked section. Eurocode 8 recommends the
effective flexural rigidity of reinforced concrete elements as
0.5 time gross moment of inertia for the consideration of
cracking. [11] D S =S~ =3

V. MODELING

In the present work, a conventional reinforced concrete
shear wall and composite steel-concrete shear wall modeled
by using section designer utility available in SAP2000 for STRAIN (/>
equivalent frame element.

(b) Park’s Reinforcement Steel Stress-Strain Curve

It is well known that nonlinear stress-strain relationship of
construction materials are a common cause of nonlinear
structural behavior. Fig.1 represents stress-strain plot for
Mander’s model of confined concrete, Park’s model for
reinforcing steel and simple model for structural steel which
are available in SAP2000 to include effect of nonlinear stress-
strain behavior. [5]

w2

STRESS

Mander’s confined concrete stress-strain curve calculates
the compressive strength and ultimate strain values as a
function of the transverse reinforcing steel.

Park’s reinforcement steel stress-strain curve has three
regions i.e. elastic, perfectly plastic and strain hardening and
uses an empirical shape in strain hardening region. (c) Simple Structural Steel Stress-Strain Curve

Figure 1: Stress-Strain Curve for Materials (Units: kN, m, C)
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Four proposed specimens with aspect ratio 1:3 are
provided with dimensions as 1000mm length, 3000mm height
and 150mm depth and materials M20 concrete, Fe415 rebar
steel and Fed10 structural steel. Properties of materials are
tabulated in table I and table I1.

Table 1: Properties of Steel Materials

Type of Material Yield strength Ultimate Young’s
(f,) (N/mm?) tensile Modulus
strength (Es)
(fu) (N/mm?)
(N/mm?)
Steel Reinforcement 415 485 2x10°
Fe415
Structural Steel for 250 410 2x10°
encased profile Fe410
Table 2: Properties of concrete materials
Type of Material Specified Compressive Young’s
Strength (fck) Modulus
(N/mm?) (Ec)
(N/mm?)
Concrete M20 for Composite 20 22360
Shear wall
Concrete M30 for Conventional | 30 27386
RC Shear wall

The encased steel profiles are 2ISLB75, 2 Circular Pipes
with outer diameter 60.3mm and thickness 5.15mm and
41SA45%x45x5. The steel sections are connected with concrete
by headed shear stud connectors with 13mm diameter and
75mm in length. The shear studs for the composite steel-
concrete shear walls are designed to ensure full interaction
between the two materials. The reinforcement is provided by
vertical bars 10mm diameter at 100mm centre to centre and
confinement zone is provided with 8mm diameter stirrups at
150mm centre to centre. The reinforcement is placed on both
sides of shear walls. In the analysis as boundary conditions, all
the degrees of freedom for the bottom nodes of the specimen
are restricted.

First specimen is a conventional RC shear wall with the
extra amount of reinforcement concentrated at the extremities
which is modeled in SAP2000 using section designer utility
for graphically defines unusual sections.

This extra reinforcement provided in the extremities of
conventional reinforced concrete wall is replaced by equal
steel area of structural steel section in composite steel-
concrete shear wall. Using this option of adding extra steel
shapes the structural steel profiles are provided at the ends of
composite steel-concrete shear wall.

The walls are modeled as shown in fig.2.
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(c) SW 3: Composite Shear wall with 2 Hollow Circular pipe
with outer diameter 60.3mm and thickness 5.15mm
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(d) SW 4: Composite Shear wall with 4 ISA45x45%5
Figure 2: Plan of Shear Wall
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In the implementation of pushover analysis, model must
consider nonlinear behavior of element. According to Dan et
al. to avoid brittle failure of element due to shear, first it is
designed for bending and then by shear. [6] Hence, to
introduce local non-linear effects, such as flexural hinge
assumed to occur at the end of element. Default hinges are
assigned according FEMA356 in SAP2000. [5, 10]

Fig. 3 shows the vertical sectionof the shear wall and
location where the hinge is modeled.

3H1(Auto M3)

Figure 3: Vertical Section of Shear Wall with Assigned M3
Hinge

Table 111 provides moment rotation values for M3 hinge.

Table 3: Moment-Rotation Values for M3 Hinge

SW1 SW2 SW3 SW4
-121.12 | -0.03 | -139.08 | -0.03 | -142.51 | -0.03 | -707.54 | -0.03
-121.12 | -0.02 | -135.08 | -0.02 | -142.51 | -0.02 | -778.29 | -0.02
-666.14 | -0.02 | -764.94 | -0.02 | -783.79 | -0.02 | -141.51 | -0.02
-603.59 | 0 -695.40 | 0 -712.53 | 0 -141.51 | O
0 0 0 0 0 0 0 0
60559 | 0 695.40 0 71253 | 0 14151 | 0
666.14 | 0.02 | 764.94 0.02 783.79 | 0.02 141.51 | 0.02
121.12 | 0.02 | 139.08 0.02 142.51 | 0.02 773.29 | 0.02
121.12 | 0.03 | 139.08 | 0.03 142.51 | 0.03 707.54 | 0.03
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Figure 4: Moment-Rotation (M-0) Relation for Different Shear
Wall Specimens

Flexural rigidity modification factor of 0.5 is assigned to
the specimens to incorporate the effect of concrete cracking as
per EC 8. [7]

The dead load and live load from tributary slab areas are
applied as concentrated load on wall. (Here, DL+LL=100kN)

V. PUSHOVER ANALYSIS OF COMPOSITE SHEAR WALL

Pushover analysis is performed on composite shear wall to
assess the capacity of structure by using SAP2000. Pushover
analysis consists of application of gravity loads and a
representative lateral load pattern. The shear walls are
subjected to gravity analyses and simultaneous gravity
loading. Gravity loads are in place during lateral loading.
Lateral forces are applied monotonically in a step by step
nonlinear static analysis. The applied lateral forces are
proportional to the product of mass and acceleration. In
pushover analysis, the behavior of the structure is
characterized by a capacity curve that represents a relationship
between base shear force and top displacement.

The nonlinear behavior in structure can arise from
different causes such as geometric nonlinearities and material
nonlinearities. The geometric nonlinearities are caused due to
large deformations experienced by structures, which can cause
geometric changes in a structure. Nonlinear stress-strain
relationship of construction materials are a common cause of
nonlinear structural behavior. Many factors can influence
material's stress-strain properties, including elastic-plastic
response during loading, environmental conditions and creep
response of materials.

In this paper, the nonlinear behavior in steel concrete
composite shear walls due to nonlinear properties of concrete
and steel materials is included in the analysis. Further,
displacement controlled pushover analysis is performed with
loads applied automatically as uniform acceleration in the
lateral direction in SAP2000. In this case, the lateral force
automatically applied at each node is proportional to the mass
tributary to that node. The resulting base shear and roof top
displacements are monitored to plot pushover curve.

VI. RESULTS AND DISCUSSION
The resulting pushover curves are as shown in fig. 5.
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Figure 5: Force-Displacement Relationship for Default M3
Hinge
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Table 4: Force Displacemennt Relationship

Moment of Moment of Resistance b
Element Ultimate Stage Failure St Resistance by oulati i ty
_ Yielding ailure Stage SAP2000 calculations according to
Specimen M Eurocode 4
pLRd

P A P, 4 Pgsg Agsy

@ om ey | em | | am | N (kNm)
SW 1: Conventional RC Shear wall 211.84 | 5.73 232.82 | 65.73 197.90 91.06 605.00 512.80
SW2: Composite Shear wall with 2 ISLB75 24410 | 5.90 268.27 | 65.90 228.27 91.29 695.40 647.83
SW3: Composite Shear wall with 2 Hollow
Circular pipe with outer diameter 60.3mm 238.28 | 6.01 261.87 | 66.01 222.59 91.92 712.53 657.12
and thickness 5.15mm
Swa4: Composite Shear wall with 4 24838 | 6.03 | 27297 | 66.03 | 23202 | 92.02 | 707.53 654.00
ISA45x45x5

Table 5: Summary of Plastic Hinge Mechanism for Pushover Analysis at Different Damage Levels

Hingz Damazs states A-B | BIO [ IO-LE | LECP | CRC | 2D | D-E | 5E | Tata
Tield 1 1 0 i 0 i i [
§W 1: Conventional BT Shear wall Tltimate | 1 2 2 [} [} 2 [} [
Failurz | 1 2 2 i 0 7 i 0|12
Tield 1 1 0 i 0 i i [
§W2: Compasite Shear wall with 2I3LE73 Ultimats | 1 1 1 1 0 1 i 0 1
Failurz | 1 2 2 1 0 § [} 0|12
Yisld 1 1 0 [ 0 [ [ 02
§W3: Compasite Shear wall with 2 Hollow Circular pipe with onter dizmeter 60 3mm and thidmess 5 15mm | Ultimats | 1 1 1 1 0 1 i 0 7
Failurz | 1 2 2 1 0 § i 0|12
Tisld 1 1 0 [ [} [ [ 02
EW4: Composite Bhearwall with 4134454545 Ultimatz | 1 2 2 1 0 1 i [
Failurz | 1 2 2 1 [ § i 0|12

Note: A-B: Details of hinges falling in Operational range, B-10: Details of hinges falling in Operational and Immediate
occupancy range, 10-LS: Details of hinges falling in immediate occupancy and Life Safety range, LS-CP: Details of hinges
falling in Life Safety and Collapse Prevention range, CP-C: Details of hinges falling in Collapse Prevention and Ultimate
Strength Range, C-D: Details of hinges falling in and Ultimate Strength and Residual Strength range, D-E: Details of hinges

falling in Residual Strength and Failure range

Table 1V represents force and displacement at element
yielding, limit stage and failure stage. Failure stage is
considered to be reached when horizontal load fall to 85% of
maximum load attained and the corresponding displacements
are tabulated in table V.

SW1: Conventional reinforced concrete shear wall has
very low base shear capacity 232.82 kN and displacement of
91.06mm. While, SW4: Composite Shear wall with
41SA45x45x5 has highest base shear capacity 272.97 kN and
displacement of 92.02 mm among all elements considered for
analysis. It proves that, incorporation of encased steel sections
at extremities in shear wall improves lateral resistance
significantly and slightly increases ductility.

Slight increase in ductility of steel-concrete shear wall is
observed, because Fe410 grade of steel used for structural
steel in composite shear wall having vyield strength
0f250N/mm? and all the elements are provided with equal area
of steel.

Moment of resistance (M) obtained from SAP2000 and
from calculations according to simplified method given in
Eurocode 4 are shows good coherence. The difference
between values is less than 15%.

Table V summarizes the number of hinges at different
damage levels. Hinge mechanism developed at yield level is

same for all elements. However, there are differences in
hinging pattern at the ultimate state. Comparison of hinging
pattern shows ductile behavior of steel-concrete composite
wall as compared to conventional reinforced concrete shear
wall.

VII. CONCLUSION

This paper describes the behavioral aspects for steel-
concrete composite shear walls with encased structural steel
sections. The following conclusions can be drawn

1. The observations show that, composite steel concrete
shear wall subjected to earthquakes results in
improving the performance of structural systems.

2. Non-linear analysis performed on four different types
of shear walls results in increase in lateral stiffness in
case of steel-concrete shear wall as compared to
conventional reinforced concrete shear wall.

3. The displacement ductility has values that not differ
very much for all elements, because Fe 410 grade of
steel used for structural steel in composite shear wall
having yield strength of 250 N/mm? and the amount of
steel is almost same in all specimens.
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