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a b s t r a c t

The present work describes the theoretical study and the experimental tests on composite steel–concrete
shear walls with steel encased profiles (CSRCW), performed at Politehnica University of Timişoara,
Romania. The composite steel–concrete structural shear walls with steel encased profiles can be used
as horizontal resisting systems for buildings that require considerable large horizontal load capacity.
The study consists in numerical analysis and tests on 1:3 scale experimental steel–concrete composite
elements. The experimental elements differ by the arrangement of the steel shapes embedded in the
cross section of the wall and by the cross section type of the steel encased element. Headed steel studs
are provided to ensure the connection between the steel profiles and the concrete. The aim of this study
is to analyze the nonlinear behavior of elements, focused on the connection between the steel profiles
and the concrete respectively, to compare the behavior of shear walls with different steel shape encased
profileswith typical reinforced concrete shearwalls. Using the tests performeduntil failure, themaximum
load, the deformation capacity and the dissipated energy were evaluated.

© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Composite steel–concrete walls (CSRCW) are reinforced con-
crete walls with additional structural steel, usually located at the
extremities of the cross section of the wall. They are recognized as
structural members able to withstand high in-plane lateral forces
at low displacement levels, making them particularly suitable for
earthquake resisting purposes [1]. The design principles of those
composite shearwalls are included in specific design codes of com-
posite steel and concrete structures and in the design guides of
buildings for earthquake resistance as well. The seismic design
codes specify the limits of axial force ratio and the requirements on
the transverse reinforcement at the confined boundary elements,
thus resulting in a rather thick and dense stirrup reinforcing, par-
ticularly in the lower stories of high rise buildings, which causes
severe complication in construction.

Different types of composite shear wall systems have been
studied for the purpose of improving the ductility of the
conventional reinforced concrete shear walls. Recent research on
composite shear walls were conducted by Liao et al. [2], Saari [3],
Ji et al. [4], Hossain and Wright [5], Astaneh [6,7], Tupper [8],
Tong et al. [9]. The research and specifications for composite
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steel–concrete shear walls show a rather poor level of knowledge
related to the nonlinear behavior, energy dissipation capacity,
steel–concrete connection and failure modes.

In this paper, five possible solutions of shear walls with steel
encased profiles, called composite steel reinforced concrete walls
(CSRCW1 to 5) and one reinforced concrete typical shear wall
(CSRW6), are proposed and tested. The steel profiles embedded
in concrete offer a higher strength and deformation capacity than
the structural steel itself, due to the presence of confined concrete
by stirrups, preventing the buckling of the steel elements. The
connection between structural steel and concrete is accomplished
with steel headed shear studs, welded to the steel profiles, thus
reducing the possibility of sliding between the two materials. The
shear studs are design to assure a full shear connection, so no bond
slip between the steel and the concrete was admitted.

2. Experimental program

To study the behavior of concrete walls reinforced by vertical
steel sections, a theoretical and experimental program was
developed in the Civil Engineering Department at the Politehnica
University of Timisoara, Romania.

In Eurocode 8 part 7.10 [10] three types of composite structural
systems are defined as it is shown in Fig. 1.

The studied walls belong to Type 2 (Fig. 2). For this type of
structural walls, the Composite Steel Reinforced Concrete Wall
(CSRCW) notation will be used in the followings.

http://dx.doi.org/10.1016/j.jcsr.2010.12.013
http://www.elsevier.com/locate/jcsr
http://www.elsevier.com/locate/jcsr
mailto:daniel.dan@ct.upt.ro
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D. Dan et al. / Journal of Constructional Steel Research 67 (2011) 800–813 801
Nomenclature

b Width of CSRCW
Ei Dissipated energy
Etotal Total dissipated energy during the whole testing

process
Ec Concrete modulus of elasticity
Es Steel modulus of elasticity
fcu Concrete cube compressive strength
fy Yield strength of steel
fu Ultimate strength of steel
h Height of CSRCW
Kj Lateral stiffness
N Constant axial load (vertical) applied to CSRCW
νd Normalised axial force
P Horizontal load
Pcr Horizontal load corresponding to first crack

appearance
Pmax Ultimate horizontal load capacity
Py Lateral load corresponding to yielding of steel
P85% 85% of ultimate lateral load capacity (Pmax)
t CSRCW thickness
ε Strain
δ Steel contribution ratio
∆ Lateral displacement
∆cr Lateral displacement when first crack occurs on

CSRCW
∆max Lateral displacement for maximum load Pmax
∆u Lateral displacement for 85% of Pmax
µ Displacement ductility coefficient

2.1. Design of experimental specimens

Special provisions for composite structures subjected to
earthquake loads, from Eurocode 8 were used in the specimen
design. As it is known, the behavior of the structural elements
subjected to seismic loads has to be ductile. To avoid the brittle
failure of specimens to shear, the design process must respect the
following steps: first the bending design, then the shear design to
a value associated to the capable bending moment.

2.2. Shear walls’ details

The experimental program consists of six 1:3 scale elements
(CSRCW1 to 6), designed using the principles from the existing
codes (Eurocode 2, Eurocode 4 and Eurocode 8) applied to
composite steel–concrete elements [11,12]. The design details of
all six types of composite steel–concrete shear walls are shown in
Fig. 3.

The specimens were designed and conceived to investigate
the effects of the following parameters into the behavior of
the composite walls: the type of vertical side reinforcement,
i.e. reinforcement bars or structural steel, the position of structural
steel in the cross section, the structural steel shape. All the
specimens had the same amount of vertical reinforcement. The
structural steel profiles were connected with the concrete web by
headed shear stud connectors with d = 13 mm diameter and
h = 75 mm length. The specimen CSRCW3 had a supplementary
steel encased profile placed in the middle of the cross section. For
all specimens the reinforcements of the RC web panel consists of
Ø10/100mmvertical bars andØ8/150mmhorizontal bars. Vertical
and horizontal reinforcements were placed on the both faces of
the wall and were connected together with Ø8/400/450 mm steel
ties. For specimen CSRCW5, the horizontal bars were welded on
the steel profiles. The parameters of the specimens are presented
in Table 1.

2.3. Numerical analysis and calibration of experimental specimens

It is well known that the behavior of RC in bending is nonlinear.
In the case of the composite steel–concrete shear walls, the

nonlinearity is due to the nonlinear behavior of the concrete
and steel, to the shear stud behavior, and also to the connection
between the steel and the concrete [13].

Therefore, the software ATENA 2D was used to analyze the
proposed experimental elements in order to have a general
overview related to the expected behavior during the experimental
tests. The software is capable to analyze the reinforced concrete
and also the composite steel–concrete elements in a plane stress
state. The two dimensional nonlinear analysis is performed using
the incremental–iterative procedure. The incremental approach is
adequate in such cases to describe the transition from one stage
to another (load history analysis) while within each loading step
an iterative procedure is being used [14]. The finite element mesh
uses triangular elements; the composite elements have the same
thickness.

Both the reinforcements and the steel encased elements are
modelled as distinct finite elements. In Fig. 4 are represented
the stress–strain law and failure criterion for reinforcement,
structural steel and concrete used by ATENA 2D software.
For structural steel, the material called 3D Bilinear Steel Von
Misses was used. This material uses the Von Misses yield
Type 1 – Steel or composite
frame with concrete infill

Type 2 – Concrete walls
 reinforced by vertical steel 

sections

Type 3 – Concrete shear wall coupled by
 steel or composite beams

Fig. 1. Composite structural systems with shear walls.
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(a) Elevation. (b) Section A–A. (c) Isometric view.

Fig. 2. Composite steel–concrete experimental element.
Table 1
The parameters of experimental specimens.

Specimen label No and steel shape Encasement degree Steel ratio δ Axial load N (kN) Normalised axial level νd

CSRCW1 Fully 0.20 100 0.018

CSRCW2 Fully 0.23 100 0.021

CSRCW3 Fully 0.26 100 0.015

CSRCW4 Fully 0.20 100 0.016

CSRCW5 Partially 0.22 100 0.015
CSRCW6 – – – 100 0.016
Table 2
Numerical analysis results for proposed specimens.

Point specimen Element yielding Limit stage Plastic moment resistance
Py (kN) ∆y (mm) Pmax (kN) ∆max (mm) Mpl,Rd (kN m)

CSRCW1 250.4 19.9 324.9 126.5 974.7
CSRCW2 223.5 19.3 312.1 114.7 936.3
CSRCW3 235.1 21.5 355.1 116.4 1065.3
CSRCW4 228.9 19.26 322.5 113.0 967.5
CSRCW5 249.7 20.9 333.1 117.9 999.3
CSRCW6 198.5 18.1 263.1 106.5 789.3
criterion for description of plasticity. A bilinear stress–strain law,
elastic–perfectly plastic was used for both reinforcement and
steel. The material model SBETA was used for concrete. The
material model SBETA includes the following effects of concrete
behavior: nonlinear behavior in compression including hardening
and softening, fracture of concrete in tension based on the
nonlinear fracture mechanics, biaxial strength failure criterion,
reduction of compressive strength after cracking, tension stiffening
effect, reduction of the shear stiffness after cracking (variable shear
retention), two crack models: fixed crack direction and rotated
crack direction. The formulas used for determining the material
parameters for SBETA constitutive model of concrete are taken
from the CEB-FIPModel Code 90 [15]. In the numerical analysis the
bond between steel and concrete was assumed as a full connection
as well as in the design process. During the manufacturing process
the wall panel was fully embedded in the foundation. In the
numerical analyses as boundary conditions, all the degrees of
freedom for the bottom nodes of the specimens were blocked.

2.3.1. Results of the numerical modeling
The numerical analysis was performed to predict the nonlinear

behavior, the stress distribution in the cross section of the
elements, the crack distribution, the structural stiffness at different
load level and the load-bearing capacity of the composite
steel–concrete shear walls. Those results will later be compared
with the experimental values. The results from numerical analysis
are values of the displacements, the stresses and strains in the
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(a) Elevation.

(b) A–A Sections. (c) Steel elements.

Fig. 3. Details of the composite steel–concrete walls.
Fig. 4. Stress–strain and failure laws for materials.



804 D. Dan et al. / Journal of Constructional Steel Research 67 (2011) 800–813
Fig. 5. Analytical P − ∆ curves.

Table 3
Material properties of steel.

Type Rebar
diameter/
Steel
thickness
(mm)

fy
(N/mm2)

fu
(N/mm2)

Es
(N/mm2)

d8-1 8 483 616 2.09×105

d8-2 8 484 616 2.05×105

Steel rebar d8-3 8 471 617 2.01×105

d10-1 10 526 626 2.10×105

d10-2 10 559 624 2.15×105

d10-3 10 558 616 2.09×105

s-01 7 328 515 2.00×105

I-shaped steel s-02 7 324 513 2.01×105

s-03 7 331 521 2.05×105

Table 4
Properties of the concrete elements.

Element type No. of samples fcm (N/mm2) Ecm (N/mm2)

CSRCW1 3 54.7 36628
CSRCW2 3 46.0 34773
CSRCW3 3 65.1 38591
CSRCW4 3 62.0 38031
CSRCW5 3 65.6 38680
CSRCW6 3 63.5 38305

concrete, in the reinforcements and in the structural steel. They
provide also the crack distribution in concrete.

In Fig. 5 there are represented the analytical load displacement
curves for the specimens.

In Table 2 are presented the results obtained from numerical
analysis.
2.4. Material properties

The specimensweremanufactured in a specialized construction
company. The designed concrete quality was C20/25 class, the
reinforcement S355 steel and the structural steel Fe510. The
steel profiles were manufactured by welding the steel plates.
Cold-formed steel tubes were used for the structural steel, too.
Tensile tests on steel samples were done to determine the yield
strength (fy), ultimate strength (fu), modulus of elasticity (Es). The
experimental results related to steel properties are given in Table 3.

The concrete used to fabricate the specimens was obtained
using the mix proportions as follows: cement: 370 kg/m3, water:
181 kg/m3, sand: 855 kg/m3, aggregate: 1025 kg/m3, additive:
50 g/m3. The properties of the fresh concrete were the following:
Slump flow (mm): 300; Concrete temperature (°C): 20.

For each element, three sample concrete cubes were provided
for further compression strength tests made on the day of the
test of the composite walls. At the age of the tests, the Young
modulus and the average cube strength of concrete had the values
presented in Table 4. Though the same materials and the same
mix proportion were used, the material properties of the resulting
concrete were slightly different from one element to another. This
can be explained by the fact that separate charges of mix were
successively prepared.

2.5. Specimen fabrication

The manufacturing process of the specimens starts with the
fabrication process of I steel shapes, the welding of the studs and
the shaping of the steel bars. The square hollow sections were
provided as cold-formed steel tubes. The studs were welded with
special equipment, using additional ceramic rings. The horizontal
reinforcement bars were welded to the steel profiles (CSRCW5).
All welds had 3mm in thickness. The steel profiles and the vertical
reinforcement bars were embedded into the RC foundation block
to assure the anchorage. Special steel pieces were welded on
the steel profiles in order to obtain the required anchorage into
the foundation. At the top, each element was provided with a
supplementary horizontal U-shaped steel profile partially encased
in concrete, stiff enough to distribute on the element width the
vertical and horizontal applied forces.

The concretewas cast and vibrated in themould. The specimens
were cast in horizontal position together with the foundation
block, in order to avoid the formation of the casting joints. The
foundation block was reinforced with steel rebar. Circular holes
were provided for the anchorage bolts. After 48 h each element
was removed from the mould and placed upright to air dry. Some
aspects related to the manufacturing processes and particular
details are presented in Fig. 6.
Fig. 6. Manufacturing process aspects.
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(a) Elevation.

(b) Transverse brace system.

Fig. 7. Test set-up.
2.6. Testing methodology

The testing procedure consists in quasi-static reversed cyclic
horizontal loads performedon1:3 scaled composite steel–concrete
wall specimens. Six shear wall specimens have been tested: one
reinforced concrete (CSRCW6) and five composite steel–concrete
(CSRCW1 to 5).

2.6.1. Test set-up
All specimens were tested under constant vertical load and

cyclically increasing horizontal (lateral) loads. The lateral loads
were applied alternatively from left and right. The test specimens
were placed in the same plane as the loading frame and were
anchored into the reaction floor, as shown in Fig. 7. The loading
frame consists in two steel braced frames, placed symmetrically.
The alternate horizontal force was applied using two 400 kN
hydraulic jacks, whereas the vertical force was realized by a 250
kNhydraulic cylinder. Initially, a constant vertical loadwas applied
to the specimen and was maintained during the test. The vertical
force was provided in order to obtain the normalised axial force
νd between 0.015 and 0.025. These values are obtained in low and
medium rise structures,where the compositewalls are used for the
core of the building.

The hydraulic cylinder induced the vertical force using a pair
of steel rods anchored in the foundation of the wall. The element
foundation was anchored with steel bolts into the laboratory
reaction floor. The horizontal forceswere applied at 400mmbelow
the top of the elements, providing thus sufficient anchorage length
above the load application level for the reinforcing bars and steel
profiles. A transverse brace systemwas used in order to avoid out-
of-plane displacements of the specimens.

2.6.2. Loading history and measurements
All specimens were tested under constant axial load and

cyclically increasing horizontal loads. The recommended ECCS
short testing procedure was used, as it defines the loading levels
as submultiples and multiples of the elastic displacement ∆y.
According to ECCS the short testing procedure is used when
the yield load and yield displacement are not known at the
beginning of the test. The test should be performed with steps of
displacement sufficiently small to ensure that at least four levels
of displacement are done before the yield displacement is reached.
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Fig. 8. Determination of the elastic limit of specimens.
The yield force is defined by the intersection of the tangent line
in the origin at first cycle curve and the tangent to the envelope
curve of the cycles with a 0, 1 slope from the first tangent line as
shown in Fig. 8. The tests were performed using the displacement
control. After the elastic limit, for each displacement level, three
cycles were performed. The horizontal forces were applied under
controlled cyclic displacements until the strength of the specimens
decreased to 85% of the peak horizontal load, like in Ref. [16].

The behavior of the experimental specimens was monitored by
pressure transducers, displacement transducers (D), strain gauges
glued on the reinforcement bars and on the structural steel (G)
and by optical laser measurements. The instrumentation of the
tested elements and the loading history are presented in Fig. 9.
The cyclic loading speed was 2 mm per minute. Each cycle was
followed by a few minutes stop to record the crack development
in the specimens.
(a) Strain gauges. (b) Displacement transducers.

(c) Loading history.

Fig. 9. Instrumentation and loading history.
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(a) Point A. (b) Point B.

(c) Point C. (d) Point D.

(e) Final failure appearance. (f) P − ∆ envelope curve.

Fig. 10. Typical P-∆ envelope curve and failure mode for (CSRCW1) specimen.
2.7. Experimental observations

As a general conclusion the experimental tests have shown
similar behavior of the tested elements. The typical curves of
horizontal load P versus horizontal displacement ∆ and the
experimental observations at the characteristic points A, B, C and D
of the P-∆ curve are presented in Fig. 10 for the CSRCW1 specimen.

As designed, the failure starts with horizontal cracks which
appeared in the tensioned zone (Point A), as shown in Fig. 10(a).
This crack is caused by the transfer of the stresses from the steel
profile to the concrete. The first crack appeared approximately
at 0.8 m from the bottom line. After that, new horizontal cracks
and the extension of the existing ones were observed upon
further loading. The diagonal cracks appear in the cycle +∆y, and
developed until practically the entire surface was separated into a
series of rhombic concrete blocks by pairs of intercrossing inclined
cracks. The measured strains indicated yielding of the vertical
reinforcing bars located at the extremities and yielding of the steel
profiles, too.
The main diagonal cracks, crossing the entire width of the
specimen from the bottom corner to the opposite side at
approximate 45° (Point B), are shown in Fig. 10(b). At thismoment,
in the compression zone, no visible damages occurred. For the cycle
+3∆y, the specimen attained its ultimate strength Pmax (Point C),
and is shown in Fig. 10(c). Then after the lateral load decreased,
the diagonal cracks developed and finally the collapse occurred
with the buckling of steel profile and the crushing of concrete in
the compression zone, simultaneous with the tearing of tensioned
steel profile.

During the testing process, the connection between the steel
profiles and the concrete was monitored and no visible separation
at the interface was observed.

All tests performed showed an expected behavior in accordance
with the design process. The tested composite shear walls with
steel encased profiles showed a bending failure mode, with the
crushing of the compressed concrete and the tearing of the
tensioned steel. The vertical reinforcement, placed at the extremity
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(a) CSRCW1. (b) CSRCW2.

(c) CSRCW3. (d) CSRCW4.

(e) CSRCW5. (f) CSRCW6.

Fig. 11. Horizontal load versus lateral displacement (hysteretic curves).
of the elements, yielded in tension, but never failed. In the
compression zone the local buckling of the steel profile occurred
after the concrete crushing. Generally, the failure of the specimens
can be divided into four stages: initial cracking stage from bending,
diagonal cracks forming stage, limit stage and failure stage.

The characteristics of the failure stages of the specimens can be
summarized as follows:

Initial cracking stage: This stage lasts from the starting load
to the occurrence of the first crack. During the ±1/2∆y cycles,
horizontal cracks were observed and they were probably caused
by the stress transfer from the steel profile to the concrete. The
width of first crack varies between 0.05 and 0.15 mm. The load
intensity at the initial cracking (Pcr) is between 77 kN for CSRCW1
to 94.6 kN for CSRCW4. In this stage the specimens were generally
kept in elastic range though their stiffness deteriorated slightly.

Main diagonal cracks forming stage: After the initial cracking
stage, the horizontal cracks developed through the middle axis of
the wall and new inclined cracks appeared. For all tested elements
the inclinations of the diagonal cracks were between 35° and 65°.
The horizontal cracks width increased upon further loading and
yielding occurred in the vertical reinforcing bars. The encased
steel profiles also yielded in this stage. After the yielding of the
reinforcements and of the steel profile, the stiffness of the element
decreased continuously during the three cycles performed at every
displacement level.
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Fig. 12. Comparative experimental P-∆ curves.

Limit stage: This stage was defined as starting with the
formation of inclined cracks to the point where the lateral load
attained the ultimate capacity value (Pmax). In this stage thewidths
of horizontal and diagonal cracks developed quickly, also smeared
cracks appeared in the compression zone and small parts of
concrete split.

Failure stage: The composite steel–concrete shear wall reaches
this stage after the peak horizontal load Pmax has been attained and
when the horizontal load decreases to 85% of the maximum load.
The load-bearing capacity of the specimens was decreasing in this
stage. During the cycles performed in this stage, the compressed
concrete crushed and the steel profile in compression buckled
simultaneously with the yielding of the steel profile in tension. The
collapse occurred when the compressed concrete is crushed and
the steel profile tears off.

2.8. Test results

For all the tested elements, the lateral loads (P) versus lateral
displacement (∆) hysteretic curves are shown in Fig. 11.

The hysteretic curves show a ductile behavior for all the
elements. Taking into account the crack distribution, residual
displacements occurred in all the cycles performed after the elastic
limit. The general behavior of elements performed according to
the design process mentioned in the codes. The shear forces were
carried out by the reinforced concrete wall. The vertical forces
and the overturning moments were carried out by the shear wall
acting as a lever armbetween the vertical steel elements. Hence the
specimens behave as shear walls, dissipating energy in the vertical
steel profiles and in the vertical reinforcements. After the inclined
cracks occurred, the stiffness of the composite walls decreased
slowly whilst the strength increased steadily.

The connection between steel and concrete provided by shear
studswas a full strength one. During the experimental tests, no slip
between steel and concrete was observed while the force transfer
between steel encased profiles and concrete passed. Still, for the
element CSRCW2, as it can be seen in Fig. 11(b), in cycle 3∆y, the
connection between the steel and the concrete failed in tension
because of a missing shear stud. Probably in the manufacturing
process this shear stud was fractured.

3. Comparative study

In Table 5 the recorded values for horizontal loads and
displacements at the characteristic points are presented.
The P-∆ envelope curves, characterizing the behavior of the
tested elements connect the peak point of each loading cycle
on the hysteretic curves. The horizontal load (P) versus lateral
displacement (∆) envelope curves is shown in Fig. 12. The
maximumhorizontal load (Pmax) was attained by element CSRCW3
and represents 127% of the ultimate lateral load of the reinforced
concrete wall CSCRW6. Note that the steel encased sectional
area from the extremities of the wall has the same value as the
vertical reinforcement area of the reinforced concrete element.
It can be mentioned that composite wall had a higher initial
stiffness than the reinforced concrete wall. The value of the
element stiffness prior to failure is higher for the composite wall
than for the reinforced concrete wall. The diagrams presented in
Fig. 12 show symmetrical behavior of the tested elements until
thementioned cycles. The differences between the values obtained
for positive and negative directions of loading, are due to the
testing methodology. After the third cycle at 3∆y performed in
both directions, all the specimens were tested up to failure in
the positive direction only. In Fig. 13 are presented some aspects
regarding the final conditions of the encased steel profiles near the
toes of the tested walls.

The comparative study between the analytical values and
experimental results reveals some differences between the
characteristic values Py and∆y. The horizontal displacement at the
yielding stage is higher into the experiments, due to the nonlinear
phenomenon which occurred into the reinforced concrete and has
not been taken into account for the analytical model. At the limit
stage, the values of the ultimate force and ultimate displacement
are quite close.

3.1. Dissipated energy

The dissipated energy (E) in each cycle was evaluated from
the horizontal load (P) versus lateral displacement (∆) hysteretic
curves, as the area bounded by hysteretic loop of that cycle. A
comparison between the total dissipated energy (Etotal) within
each test performed is presented in Fig. 14. It can be concluded
that all tested composite steel reinforced concrete walls dissipated
more energy than the usual reinforced concrete wall, provided
with the same reinforcement area in the sectional extremities. It
is important to mention that the influences of different values of
concrete strength have also been taken into consideration.

3.2. Ductility coefficient

The ductility of the specimens was evaluated by the displace-
ment ductility coefficient µ, which is evaluated as µ = ∆u/∆y,
where ∆y is the lateral displacement at yield, determined accord-
ing to ECCS procedure, and ∆u is the corresponding horizontal
displacement when the horizontal load value falls to 85% of the
maximum horizontal force (Pmax). The value of the ductility coef-
ficient µ for each tested specimen is represented in Fig. 15. It was
concluded that all CSRCW with encased profile have a higher duc-
tility than the common reinforced concrete wall CSRCW6.

3.3. Strain analysis

During the experimental tests strain on the vertical and the
horizontal reinforcing bars and on the steel encased profiles were
measured. In Fig. 16(a) it is presented the typical lateral load (P)
versus vertical steel bar strain (εsw) for the vertical reinforcing
bars of CSRCW5. The bar location is on the layer just near the
steel encased profile. It can be seen that, at low load levels, the
strain increase slowly, whereas at higher load level, when diagonal
cracks developed in concrete and the shear force was transferred
to vertical reinforcements, the strain developed rapidly. At the
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(a) CSRCW1—compression zone. (b) CSRCW1—tension zone.

(c) CSRCW3—compression zone. (d) CSRCW3—after concrete crushed and removed.

(e) CSRCW5—compression zone. (f) CSRCW5—tension zone.

Fig. 13. Final conditions of steel encased profiles.
Fig. 14. Comparative dissipated energy (total).
peak load Pmax, εsw increased rapidly up to 1%. In Fig. 16(b) it
is represented the typical lateral load (P) versus vertical steel
bar strain (εsh) for the horizontal reinforcing bars of CSRCW5.
The horizontal reinforcement is located at the bottom zone of
the element, intersecting the diagonal cracks developed in the
element. It can be seen that the strains develop linearly at primary
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Table 5
Force and displacement at different characteristic points.

Point specimen Initial cracking Element yielding Limit stage Failure stage
Pcr (kN) ∆cr (mm) Py (kN) ∆y (mm) Pmax (kN) ∆max (mm) P85% (kN) ∆u (mm)

CSRCW1 80.5 7.54 228.2 26.5 354.4 125.1 301.5 135.4
CSRCW2 80.6 7.53 204.7 25.7 311.2 115.0 262.1 130.0
CSRCW3 91.6 7.52 209.2 25.2 357.8 106.03 304.2 135.7
CSRCW4 94.6 7.56 238.6 26.4 324.8 117.75 275.4 137.2
CSRCW5 84.0 5.00 258.3 26.3 357.3 115.1 303.7 135.2
CSRCW6 77.0 7.41 185.8 24.6 279.6 108.1 237.6 118.2
Fig. 15. Comparative ductility coefficient.
(a) Vertical reinforcing bars. (b) Horizontal reinforcing bars.

(c) Steel encased profile.

Fig. 16. Lateral load (P) versus steel strain (ε) (CSRCW5).
load levels, and a small increase of strains is achieved when the
diagonal cracks develop and intersect the horizontal bar. The yield
strain was not achieved in those horizontal reinforcing bars as it
can be seen in Fig. 16(b). Fig. 16(c) represents the typical relation
between lateral load (P) versus longitudinal steel strain (εsteel) for
the partially encased steel profile from CSRCW5. The steel encased
profile is an I steel shape, the strain gauge being placed on the
web. The relation between P and εsteel is a linear one until the
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Fig. 17. Stiffness degradation Kj/Kfirst–∆/∆y relations.

diagonal crack develops in the concrete. After that phase, εsteel
increases more rapidly, and the yield strain is attained in cycle
+∆y. This is due to the fact that part of the shear force carried by
RC wall transfers to steel profile after concrete cracking. In the last
cycles when the peak load Pmax is attained, εsteel increases rapidly,
exceeding 1.7%.

3.4. Stiffness degradation

In Fig. 17, it is represented the stiffness degradation of the
specimens by relative rigidity (Kj/Kfirst), as a function of relative
displacement (∆/∆y), where Kfirst is the rigidity corresponding to
the first loading cycle and Kj expressed as:

Kj =

m∑
i=1

P i
j

m∑
i=1

ui
j

(1)

in which
∑m

i=1 P
i
j and

∑m
i=1 u

i
j are the maximum load and

horizontal displacement respectively, under the ith loading cycle
when relative displacement (∆/∆y) equals j, and m is the cycle
time loading.

As it can be seen in Fig. 17, in the preliminary loading stages, the
rigidity degradation is almost the same for all elements, and then
the specimens showedmore severe rigidity degradation. The most
severe stiffness degradation is experienced by element CSRCW5
whilst the less degradation is experienced by element CSRCW1.

4. Conclusions

This paper describes the theoretical and experimental aspects
for composite steel–concrete shear walls with steel encased
profiles and presents the effect of different parameters. The
following conclusions can be drawn within the limitation of the
current research:

(1) The series of tested CSRCW have shown a bending failure
mode, with the crushing of the compressed concrete and
the tearing of the tensioned steel. Related to the vertical
reinforcing bars, placed at the extremity of elements, for
the section in tension the yielding occurred, but never
failed whereas, for the section in compression after concrete
crushing, the local buckling occurred. These concrete walls
reinforced by vertical steel sections (type 2 as are defined
in Eurocode 8), are recommended to improve the lateral
resistance of buildings located in earthquake regions.
(2) The deformation capacity of CSRCW recommends these types
of structural elements for buildings placed in seismic zones,
where the dissipation of energy is very important. The
composite steel–concrete shear walls with encased profiles
are more ductile in terms of displacement ductility, than the
common reinforced concrete walls.

(3) The shear failure of CSRCW can be avoided if in the design
process the composite elements are designed to bending and
shear at the associated shear force of the capable bending
moment.

(4) The connection between steel encased profile and reinforced
concrete using welded studs has to be designed as full
connection. Therefore, connectors are required at the ends of
profiles to avoid the splitting of concrete and to assure the
anchorage of steel profiles.

(5) In order to assure a dissipative behavior of CSRCW a high class
of concrete is recommended. The local crushing of concrete in
the compression zone, for the first stages, can be avoided if
more stirrups are provided.

(6) The finite element model of CRCSW presented in this paper
shows a similar analytical behavior of the elements with
the experimental investigation. It is shown that the finite
element model can predict the behavior of the composite steel
reinforced concrete shear walls.

Further studies are needed to extend the range of test data and
to investigate other variables that have not been investigated. The
experimental work presented in this paper provides a basis for the
development of theoretical models.
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