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Seismic behavior of composite walls with encased steel truss
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Abstract.  This paper studies the seismic behavior of reinforced concrete (RC) walls with encased cold-formed and
thin-walled (CFTW) steel truss, which can be used as an alternative to the conventional RC walls or steel reinforced
concrete (SRC) composite walls for high-rise buildings in high seismic regions. Seven one-fourth scaled RC wall
specimens with encased CFTW steel truss were designed, manufactured and tested to failure under reversed cyclic
lateral load and constant axial load. The test parameters were the axial load ratio, configuration and volumetric steel
ratio of encased web brace. The behaviors of the test specimens, including damage formation, failure mode,
hysteretic curves, stiffness degradation, ductility and energy dissipation, were examined. Test results indicate that the
encased web braces can effectively improve the ductility and energy dissipation capacity of RC walls. The steel
angles are more suitable to be used as the web brace than the latticed batten plates in enhancing the ductility and
energy dissipation. Higher axial load ratio is beneficial to lateral load capacity, but can result in reduced ductility and
energy dissipation capacity. A volumetric ratio about 0.25% of encased web brace is believed cost-effective in
ensuring satisfactory seismic performance of RC walls. The axial load ratio should not exceed the maximum level,
about 0.20 for the nominal value or about 0.50 for the design value. Numerical analyses were performed to predict
the backbone curves of the specimens and calculation formula from the Chinese Code for Design of Composite
Structures was used to predict the maximum lateral load capacity. The comparison shows good agreement between
the test and predicted results.

Keywords: wall; seismic performance; axial load ratio; brace; high-rise building

1. Introduction

Reinforced concrete (RC) structural walls have been widely used in high-rise buildings located
in seismic regions for high lateral strength and stiffness required for the resistance of wind and
earthquake ground motion. Previous experimental studies (e.g., Vallenas et al. 1979, Hines et al.
2002, Sayre 2003, Thomsen and Wallace 2004, Dazio et al. 2009) have revealed that in spite of the
complex response characteristics of RC walls under earthquake ground motions largely due to the
nonlinear shear-flexure interaction and the axial load-flexure interaction, RC walls can be designed
and detailed to have sufficient load carrying capacity, deformation and energy dissipation
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capacities with acceptable cost-effectiveness. However, circumstances do occur when the
conventional RC walls are not adequate for the seismic resistance. Firstly, in super high-rise
buildings exceeding the height limits specified in building codes, the lower stories and basements
are subjected to tremendously large axial loads, which will significantly reduce the load carrying
capacity and ductility performance of RC walls, unless unreasonably large wall thickness is
provided. By adding steel shapes, the axial load carrying capacity and lateral force resisting
mechanism of RC walls can be improved without much increase in wall thickness, resulting in the
so-called steel reinforced concrete (SRC) composite walls, as shown in Fig. 1. Different types of
SRC composite walls have been studied and widely used in seismic zones in order to obtain
adequate vertical and lateral load carrying capacity, ductility, post-yielding behavior and energy
dissipation capacity (Zhao and Astaneh-Asl 2004, Cao et al. 2009, Eom et al. 2009, Dan et al.
2011, Nie et al. 2013 and Rafiei et al 2015). Secondly, for ordinary high-rise buildings located in
high seismic regions (e.g., design peak ground acceleration up to 0.4 g), although conventional RC
walls can be used since the building heights are below the code specified limits, excessive amount
of longitudinal and transverse reinforcing bars have to be provided to ensure the structural safety,
causing extreme difficulties in construction and extra cost for quality control due to the
reinforcement congestion problem. The SRC composite walls may not be a good choice due to its
high cost. Thus cost-effective solutions for such high-rise buildings located in high seismic regions
should be further developed.
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Fig. 2 Proposed details for composite walls with encased CFTW steel truss
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In this study, a novel type of composite structural wall, as shown in Fig. 2, where cold-formed
and thin-walled (CFTW) steel shape comparable to equivalent reinforcing bars in amount is
encased in RC walls in the form of truss, is proposed to provide a cost-effective solution to ensure
the constructability as well as seismic performance of ordinary high-rise buildings located in high
seismic regions. Considering the parameters of axial load ratio, volumetric ratio of the encased
truss web braces, and the form of web brace, a series of experiments were conducted to investigate
the seismic behavior of RC wall specimens with encased CFTW steel truss in terms of strength,
stiffness, ductility and energy dissipation capacity under constant axial load and reversed cyclic
loading. Then reliable numerical finite element analyses were performed to obtain the backbone
curves of the specimens to verify the main test results. Calculation formula from the Chinese Code
for Design of Composite Structures (JGJ138-2012 2012) was used to predict the maximum lateral
load capacity. Design suggestions are also given based on the experimental results.

2. Experimental program
2.1 Details of specimens

The test specimens were designed to simulate the structural walls for ordinary high-rise
buildings in high seismic regions, and were fabricated at an approximate 1/4 scale to accommodate
the capacity of the loading facility. Seven specimens labeled by CTSRC-1 to CTSRC-7 were
constructed and tested subjected to constant axial load and cyclic reversed lateral loading. The
primary parameters were the axial load ratio, configuration and volumetric steel ratio of encased
web brace. All the specimens had the same overall geometrical dimensions, consisting of a 900
mm x 300 mm x 300 mm loading block on top, a 800 mm x 120 mm x 1290 mm wall portion and
a 1500 mm x 350 mm x 450 mm base block at bottom. The aspect ratio of wall height I,, to width
of wall cross section h,, of each specimen was around 1.8, indicating that the shear-flexure
behavior interaction would dominate the overall behavior. The specimens were designed based on
the Chinese Code for Seismic Design of Buildings (GB50011-2010 2010). No. 6 (6 mm nominal
diameter) hot-rolled ribbed bars (HRB) were used as the vertical and horizontal web
reinforcements spaced by 120 and 100 mm respectively. Six No. 8 HRBs were placed as the
longitudinal reinforcement at the boundary elements in all specimens. Fig. 3 shows the dimensions
and details of the seven specimens, including the cross sectional dimensions of encased steel truss.
All specimens contained vertical channel steel shape C60x30x2.5 at the boundary elements,
resulting in a 0.625% of steel ratio, defined as the ratio of cross sectional area of channel steel
shape to the total wall cross sectional area. The encased web brace member was steel angles
L.30%x30%2 in specimens CTSRC-1, CTSRC-5 and CTSRC-6 and that in CTSRC-7 was
L 50x30x3. Latticed batten plates with cross sectional dimensions of 60 mm x 1 mm and 80 mm x
1.5 mm were used as encased web brace in specimens CTSRC-3 and CTSRC-4 respectively. The
parameters of all specimens are summarized in Table 1, where the axial load ratio « is defined as
the ratio of applied axial load to the total axial load carrying capacity of wall cross section and the
volumetric steel ratio of encased truss web brace, p, is defined as the ratio of the volume of web
braces to that of the entire wall. The axial load ratios were 0.10 for specimens CTSRC-1 to
CTSRC-4, 0.20 for specimen CTSRC-5 and 0.25 for specimens CTSRC-6 to CTSRC-7,
respectively. The volumetric steel ratios of encased web braces were 0.25% for specimens
CTSRC-2, CTSRC-3, CTSRC-5 and CTSRC-6, 0.50% for specimens CTSRC-4 and CTSRC-7.
Web braces were not used in specimens CTSRC-1 for the purpose of comparison. The influences
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Table 1 Parameters of specimens

. Applied axial ~ Axial load Web brace  Volumetric ratio of ~ Steel ratio of steel
Specimen

load (kN) ratio, a member web brace, py, (%) truss chord, p. (%)

CTSRC-1 522 0.10 None 0 0.625 0

CTSRC-2 512 0.10 L 30%x30x2 0.25 0.625 0.536
CTSRC-3 524 0.10 —60x1 0.25 0.625 0.922
CTSRC-4 547 0.10 —80x1.5 0.50 0.625 0.922
CTSRC-5 1187 0.20 L 30x30x2 0.25 0.625 0.536
CTSRC-6 1315 0.25 L 30%x30x2 0.25 0.625 0.536
CTSRC-7 1315 0.25 L 50%x30x3 0.50 0.625 0.517

900

P No.6@120
I J 3 N0.6@100
@ 6No0.8
. v VAN e s
% — Al |50 1 T 1 (IJ&f
I /0 | 800 |
. . |
22
30 50
o
g % N i B
o o
2 1M7L ANV A CTSRC-2,5,6 CTSRC-7

450
60

60XL(CTSRC-3)
80XL5(CTSRC-4)

_y v \ Batten plates@100 (503

350 | 800 <350

1500 CTSRC-3,4

1-1

Fig. 3 Details of specimens (all dimensions are in mm)

of a and py, on the overall behavior of RC walls with encased CFTW steel truss can be evaluated
by the comparison of test results of specimens.

2.2 Test setup and loading procedure

The test specimen was placed in a loading frame in the structural laboratory of Chongging
University, as shown in Fig. 4. The base block was fastened to the strong floor by a pair of rigid
beams with high strength steel rods to prevent the overturning. Two jacks were also placed against
the front and rear surfaces of the base block of each specimen to avoid horizontal sliding. The
loading block was connected to a vertical hydraulic jack with a maximum loading capacity of 1500
kN for the application of axial load, and to a horizontal servo-controlled actuator with a maximum
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reaction girder

Fig. 4 Test setup

loading capacity of 1000 kN and a stroke of £ 100 mm. The axial load was applied to the specimen
prior to the commencement of horizontal loading. A spreader beam was placed between the
vertical jack and the top surface of the specimen so as to distribute the axial load uniformly across
the entire wall cross section. A high precision load cell was mounted on the jack to monitor and
approximately maintain constantly the applied axial load during testing. For convenience the
pushing and pulling of the horizontal actuator were regarded as the positive and negative loading
directions respectively.

The lateral cyclic loading procedure was divided into load-controlled and displacement-
controlled stages. The load-controlled stage started from loading in the positive direction with an
increment of 20 kN. When the lateral load was 80 kN, the load increment was reduced to 10 kN
until the initial cracking was observed. Then similar loading pattern was applied in the negative
loading direction until the cracking load was found. The subsequent loading cycles were
displacement controlled till the termination of test. Before the specimen vyielded, the lateral
displacement increment was 3 mm. Then the displacement increment became 4 mm till the test
was terminated. Two cycles of loading were repeated corresponding to each displacement level
until the strength of the specimens decreased to 85% of the maximum lateral load.

2.3 Instrumentation

Strains and displacements at critical locations were measured for each specimen, as shown in
Fig. 5(a). Five displacement transducers were mounted against a rigid steel reference frame to
measure the lateral displacements at 300 mm intervals over the wall height. Two pairs of
diagonally arranged displacement transducers were used to measure the shear deformation of the
specimens. Six linear variable differential transducers (LVDTSs) with a stroke of £ 100 mm were
mounted vertically along the length of each wall so that the deformation of the wall base could be
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Fig. 5 Instrumentation plan (all dimensions are in mm)

determined. The strains of the vertical boundary and vertical web reinforcing bars were measured
by strain gauges. The strains of the steel were measured as well, as illustrated in Fig. 5(b). The
measurement was recorded by a computer data acquisition system. In addition, the cracking of
wall was monitored to observe the damage development process of the specimens.

2.4 Material properties

The concrete used for the specimens had a strength grade of C60, for which the nominal cubic
compressive strength is 60 MPa. The actual average compressive strength of the wall concrete
were 59.2 MPa, 58.7 MPa, 59.5 MPa, 62.4 MPa, 59.3 MPa, 60.1 MPa and 59.2 MPa respectively
measured on the days of testing. Tensile tests on steel coupons were also done to determine the
yield strength (fy) and tensile strength (f;) of steel material. The experimental results related to the
main mechanical properties of reinforcing bars, encased steel are listed in Table 2.

Table 2 Steel material properties

Steel type Yield stregs Ultimate stgess Elastic strezss Yield strain
f, (N/mm°) fr (N/mm?) Es (N/mm®) gy

C60x30x2.5 384.2 414.1 2.13x10° 1.808x10°®
L.30x30x2 344.2 409.8 2.06x10° 1.892x10°®
L. 50x30x3 365.5 4255 2.05x10° 1.786x10°°
—60x1 307.0 395.7 1.94x10° 1.579x10°®
—80x1.5 329.5 369.5 1.94x10° 1.699x10°®
No. 6 HRB 358.3 512.3 2.21x10° 1.620x10°®

No. 8 HRB 362.5 520.4 2.37x10° 1.529x10°3
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3. Numerical finite element prediction

Prior to conducting the experimental tests, numerical finite element models were developed
using the proved-reliable finite element analysis program (DIANA Version 9.4.4 2012) and
simulations performed to predict the main experimental results.

3.1 Concrete

In the finite element analysis, three dimensional solid elements named CHX60 were used to
discretize the wall concrete. The total strain rotating crack model was adopted to simulate the
cracking characteristics of concrete. According to this model, when the principle tensile stress
exceeds the specified limit, cracks appear in the perpendicular direction. The compressive stress-
strain relationship of concrete used in the analysis is illustrated in Fig. 6. The parabolic
compressive stress-strain relationship of concrete is defined by
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where f. is the compressive strength of concrete; &3, & and e, are the concrete strains
corresponding to 1/3 f., f. and ultimate condition, and can be expressed by Egs. (2)-(4) respectively
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Fig. 6 Compressive stress-strain curve of concrete
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where E is the Young’s modulus; G¢ is the total compressive fracture energy of concrete ranging
from 10 to 25 N-mm/mm? according to Feenstra (1993).

The tensile stress-strain relationship of concrete used in the analysis is depicted in Fig. 7. The
tensile strength of concrete f, was determined in accordance with the Chinese Code for Design of
Concrete Structures (GB50010-2010 2010). & and &, are the tensile strains corresponding to f; and
the ultimate condition, which were taken as 0.000118 and 0.0014 respectively.

3.2 Reinforcement and steel

The modeling of reinforcing bars and encased CFTW steel truss was treated differently in order
to balance the simulation accuracy and computational cost. The reinforcing bars were considered
using encased reinforcement model, where the reinforcement element is encased in the concrete
element so that the strain of the reinforcement is compatible with that of concrete element. The flat
shell element named CQA40F, on the other hand, was used to model the encased CFTW truss chord
and web braces. The tri-linear stress-strain model, as shown in Fig. 8, was used for simulating the
reinforcing bars and the shaped steel.

3.3 Meshing of finite element models of test specimens

The meshing of the finite element models is important to the analysis. Although a more refined

&y &sh & &

Fig. 8 Stress-strain relationship of steel
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Fig. 9 Typical DIANA model of specimens

meshing can generally result in analysis results with better accuracy, the computational cost will be
largely increased or even cause difficulty in convergence. In the present study, the walls with
1290mm height and 650mm width were equally divided into 16 and 30 segments, respectively.
And the thickness of walls was equally divided into two segments. Although the element size can
be further reduced to obtain a more refined meshing scheme, no obvious difference in calculation
results was observed. A typical DIANA model of the test specimens is shown in Fig. 9.

3.4 Solution algorithm

The Regular Newton-Raphson method was adopted for the solution algorithm of the nonlinear
functions. Compared with the Modified Newton-Raphson method, more precise results can be
calculated by the regular Newton-Raphson method. The energy convergence standard was adopted
to determine if the iteration was converged or not. The convergence toleration was 0.001 after the
maximum iteration number of 30 times.

4. Prediction based on Chinese design code JGJ138-2012 (2012)

The load carrying capacity of RC walls with encased CFTW steel truss can also be evaluated
by the Chinese Code for Design of Composite Structures (JGJ138-2012 2012)

0.3

= fA +(f,A, + @A )cosa  (5)

u t~w’ 'wo

Ve (O.Sfbh +0.13Nﬁ)+fvﬁhwo+
1-05 A) s

where 4 is the shear span ratio of the wall section subjected to bending moment M and shear force
V, which can be calculated by

15 M Nh,, <1.5
A={MNh,  15<MNh, <22 (6)
2.2 MNh,, > 2.2

f. is the compressive strength of concrete; by, is the thickness of structural wall; h, is the
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effective depth of wall section measured from extreme compression fiber to centroid of
longitudinal reinforcing bars and steel chord member at the boundary element in tension; N is the
axial load; A, is the web area of wall; A is the total cross sectional area of wall; f,, is the tensile
strength of horizontal distributed reinforcement; s is the vertical spacing of horizontal distributed
reinforcement; Ay, is the total area of the horizontal distributed reinforcement; f, is the tensile
strength of shape steel at the boundary of wall; A, is the area of shape steel on the tension side of
wall; fynd fyare the tensile and compressive strength of shape steel diagonal bracing member; A4
and Aj are the tensile and compressive areas of shape steel diagonal bracing; ¢ is the stability
coefficient of the web brace in compression according to the Chinese code for design of steel
structures (GB500017-2003 2003), and the value for each specimen is shown in Table 1; o is the
angle between the web brace and horizontal plane, which is about sixty degrees for all the test
specimens.

5. Results and discussion
5.1 Cracking and damage patterns

Fig. 10 shows the cracking process of the specimen CTSRC-2 corresponding to initial cracking,
horizontal crack extending, inclined crack forming and concrete spalling respectively. The first
horizontal crack (Fig. 10(a)) appeared when the horizontal load was 100 kN and was 130 mm
away from the bottom section of wall. New horizontal cracks were developed and further extended
towards the web region of the wall upon further loading (Fig. 10(b)), indicating that the specimen
was mainly subjected to bending moment in the early loading stage. As the lateral displacement
was increased, more inclined cracks came into being along the height of the wall boundaries,

Horizontal crack i Inclined crack
extending forming

Initial cracking

(a) Initial crack (b) Horizontal crack extending (c) Inclined cracks forming

' -
~

““'\ = Reinforcements exposing -
\ W5 *
% *

concrete spalling

(d) Concrete spalling (e) wall base corner at failure
Fig. 10 Failure mode of specimen CTSRC-2
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and propagated toward the bottom region with angles of roughly 40 degrees (Fig. 10(c)). Yielding
of the outermost vertical boundary element reinforcement on the tension side was observed
corresponding to the lateral displacement of 6.0 mm. At the lateral displacement of 9.0 mm, the
specimen attained its maximum lateral load capacity Py. After the lateral load started to decrease,
major diagonal cracks continuously developed until the entire surface of the wall was separated by
intercrossing inclined cracks. The development of diagonal cracks suggested an increasing impact
of shear forces on the damage of specimen during the loading process. The chord member of the
encased truss on the tension side of the wall started to yield during the first cycle of the positive
loading at the lateral displacement of 12 mm. Finally, spalling of concrete at the extreme
compression fibers near the base of the wall was observed (Fig. 10(d)). The ultimate condition of
the wall corner is shown in Fig. 10(e). The distributed reinforcements were exposed and buckled.

The specimens CTSRC-2, CTSRC-5 and CTSRC-6 had the same volumetric steel ratio and
web brace configuration while different axial load ratios. As shown in Fig. 11, corresponding to
the smallest axial load ratio (Fig. 11(a)), the largest number of short length horizontal cracks along
the height of boundary elements was developed in CTSRC-2 among these three specimens.
Specimens CTSRC-5 (Fig. 11(b)) and CTSRC-6 (Fig. 11(c)), with higher levels of axial load than
CTSRC-2, exhibited much more severe damage at bottom regions of both boundary elements and
web.

As shown in Fig. 12, the cracking and failure pattern of specimens CTSRC-1 (Fig. 12(a)),
CTSRC -3 (Fig. 12(b)) and CTSRC-4 (Fig. 12(c)) were similar to CTSRC-2, with the same axial
load ratio of 0.10. The web braces of specimens CTSRC-3 and CTSRC-4 were latticed batten
plates instead of the steel angles in CTSRC-2, indicating that under a low level of axial load ratio,
the volumetric steel ratio and the web brace configuration had little influence on the damage
process of specimens.

The axial load ratio was 0.25 for specimens CTSRC-6 (Fig. 13(a)) and CTSRC-7 (Fig. 13(b)).
The volumetric steel ratio of web brace of CTSRC-7 was 0.50%, higher than that of CTSRC-6.
Though the ultimate concrete spalling conditions at bottom regions of the boundary elements were
similar, the inclined cracks on the surface of CTSRC-7 had shorter length and were more
uniformly distributed than CTSRC-6, as shown in Fig. 13.

(8) CTSRC-2, 2 =0.10 (b) CTSRC-5, a = 0.20 (c) CTSRC-6, o = 0.25
Fig. 11 Influence of axial load ratio
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(@) CTSRC-1, p,p,=0 (b) CTSRC-3, pyp, = 0.25% (c) CTSRC-4, p,, = 0.50%
Fig. 12 Influence of volumetric steel ratio and web brace configuration at low axial load ratio

(a) CTSRC-6, pyp, = 0.25% (b) CTSRC-7, py, = 0.50%
Fig. 13 Influence of volumetric steel ratio of web brace under high axial load ratio of 0.25

5.2 Lateral load-displacement relationship

The measured lateral force versus lateral displacement hysteretic curves of all specimens are
shown in Fig. 14. The hysteretic curves of all the specimens exhibited insignificant pinching
phenomena. However, various hysteresis characteristics can be clearly seen due to the influence of
the test parameters. The hysteretic curves of the specimens CTSRC-2 (Fig. 14(b)), CTSRC-3 (Fig.
14(c)) and CTSRC-4 (Fig. 14(d)) were fuller than CTSRC-1 (Fig. 14(a)), where web braces were
not provided, indicating the positive influence of web brace on energy dissipation capacity. In
addition, the hysteretic loops of specimen CTSRC-2 were better than specimens CTSRC-3 and
CTSRC-4, where latticed batten plates were used as web braces instead of steel angles, showing
that steel angles were more suitable to be used for web braces. Based on the comparison between
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Fig. 15 Influence of p,, when o = 1

specimens CTSRC-3 and CTSRC-4, the influence of volumetric steel ratio of web braces on the
hysteretic loops was not significant. Specimens CTSRC-5 (Fig. 14(e)), CTSRC-6 (Fig. 14(f)) and
CTSRC-7 (Fig. 14(g)) were subjected to relatively higher level of axial loads, resulting in
narrower hysteretic curves than those specimens under low axial load ratios.

The measured lateral force-displacement skeleton curves of all specimens were shown and
compared in Figs. 15-17 to examine the influences of test parameters on the initial stiffness,
maximum lateral load capacity, post-yielding strength degradation characteristics. In Fig. 15,
specimens CTSRC-1 to CTSRC-4 were compared in that they possessed various p,, when o = 0.1.
It can be seen that high volumetric steel ratio can generally increase the initial stiffness and
maximum lateral load capacity. The post-yielding strength degradation trends were similar.

The skeleton curves of specimens CTSRC-2, CTSRC-5 and CTSRC-6 were compared in Fig.
16 to demonstrate the influence of axial load ratio. The higher the axial load ratio is, the higher
initial stiffness and maximum lateral capacity are. However, the post-yielding behavior is
significantly worsened for specimens with high axial load ratios. As a result, specimen CTSRC-2
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exhibited the most stable and gradual strength degradation after the maximum load capacity has
been reached.

Specimens CTSRC-6 and CTSRC-7 had various p,, under a high level of axial load ratio.
According to the comparison in Fig. 17, the volumetric steel ratio of web braces still doesn’t have
noticeable influence on the initial stiffness and maximum lateral load capacity.

5.3 Characteristic strengths and displacements

In order to estimate the displacement ductility of each specimen, the equivalent energy method
proposed by Park 1988 was adopted to determine the yield displacement based on the skeleton
curve of each specimen. As shown in Fig. 18, P, and A, are the maximum lateral force and the
corresponding displacement on the skeleton curve; the ultimate condition is defined as the point on
the skeleton curve where the shear force is equal to 0.85P,, and the corresponding displacement A,
is regarded as the maximum displacement. An idealized bilinear curve consisting of an ascending
segment and a flat segment corresponding to the maximum shear force Py, is developed in the way
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Table 3 Main test results

. Initial - .
D D!Lenc_ cracking Element yielding Peak load Failure

P/ kN P,/kN Aj/mm Ay/h, Po/kN An/mm Ay/h, Po/kN AJmm A,
+ 100 2221 332 1/434 2666 912 1/158 2252 253  1/57

CTSRC-1
- 100 2255 331 1/435 269.6 9.23 1/156 229.2 23.16 1/62
+ 90 207.2 3.04 1/474 2422 881 1/163 2059 2848 1/51
CTSRC-2 - 110 2264 261 1/552 2670 851 1/169 2269 3112 1/46
+ 150 2464 257 1/560 288.9 9.08 1/159 2456 19.69 1/73
CTSRC-3 - 150 2289 246 1/585 2726 9.12 1/158 2317 2310 1/62
+ 110 2321 238 1/605 269.6 9.04 1/159 229.2 19.62 1/73
CTSRC -4 - 140 2399 235 1/613 2848 12.03 1/120 2420 22771 1/63
CTSRC -5 + 280 3945 407 1/354 458.7 12.05 1/120 3899 2194 1/66
- 300 3926 428 1/336 465.1 12.07 1/119 3953 2453 1/59
+ 240 4098 471 1/306 4858 1214 1/119 4129 2053 1/70
CTSRC-6 - 220 3742 440 1/327 4386 9.05 1/159 3728 161  1/89
+ 280 4103 394 1/365 4820 9.02 1/160 409.7 1559 1/92
CTSRC -7

- 300 3938 354 1/407 4658 9.11 1/158 392.6 1570 1/92

illustrated in Fig. 18. If the shaded regions (1) and (2), enclosed by the measured skeleton curve
and the ascending segment of the idealized bilinear curve, have the same area, the displacement
corresponding to the intersecting point between the ascending and flat segments of the idealized
bilinear curve is taken as the yield displacement A,. The lateral loads and displacements
corresponding to initial cracking, yielding, peak lateral load and failure of the all specimens are
listed in Table 3. The ratios of the maximum strength Py, in the positive direction to negative
direction for each specimen were between 0.91 and 1.11. The drift ratios corresponding to the
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Fig. 19 Ductility coefficients of specimens
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yielding were between 1/613 and 1/306 with an average value of 1/429. The ultimate drift ratios
were 1/92 and 1/46 with an average of 1/66, which demonstrated the high deformation capacity of
the specimens.

The ductility of the specimens was evaluated by the displacement ductility coefficient x, which
is calculated by u = Ay/A,, where A, and A, are the lateral displacements at yielding and failure
respectively. The value of the ductility coefficient x for each test specimen is shown in Fig. 19.
Evidently, the displacement ductility coefficient of CTSRC-2 is larger than that of CTSRC-1 by
about 45.7%, indicating the displacement ductility can be significantly improved with encased
truss web braces. The displacement ductility coefficients of CTSRC-3 and CTSRC-4 are 8.53 and
8.95, which were about 19.9 and 16.0% less than those of specimen CTSRC-2, respectively,
implying that steel angles can be more effective in improving the displacement ductility
coefficients than the latticed batten plates. With the same web brace configuration and the
volumetric ratio of web brace, the increase of axial load ratio can lead to reduced displacement
ductility.

5.4 Secant stiffness degradation

The stiffness degradation characteristics of specimens were evaluated by the secant stiffness
corresponding to the maximum lateral load during the first cycle of each loading level. The initial
stiffness, peak stiffness and ultimate stiffness are illustrated in Table 4. Clearly, the initial stiffness
of specimens CTSRC-5, CTSRC-6 and CTSRC-7 are much higher than CTSRC-1, CTSRC-2,
CTSRC-3 and CTSRC-4, and similar tendency of the peak stiffness and ultimate stiffness can be
noticed. As shown in Figs. 20(a)-(g), the stiffness degradation characteristics in the positive and
negative directions are very similar for each specimen. The process of stiffness degradation is
almost the same for all specimens, indicating that the key parameters have little effect on the
stiffness degradation characteristics.

Table 4 Characteristic point stiffness of specimens

D Direction Initial stiffness Peak stiffness Ultimate stiffness
(KN/mm) (KN/mm) (KN/mm)

+ 153.5 29.0 9.1
CTSRC-1

- 177.1 29.2 9.9

+ 163.2 275 7.2
CTSRC -2

- 190.1 314 7.3

+ 144.9 31.8 12.3
CTSRC -3

- 184.3 29.9 10.0

+ 194.7 29.8 11.7
CTSRC -4

- 199.6 23.7 10.7

+ 186.3 38.1 17.6
CTSRC -5

- 218.7 38.5 18.3

+ 224.2 40.0 16.6
CTSRC -6

- 183.3 48.5 16.3

+ 216.1 53.3 16.8
CTSRC -7

- 192.7 50.7 155
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5.5 Energy dissipation capacity

The energy dissipation in each cycle of loading was evaluated by the area enclosed by the
hysteretic loop of one cycle from the horizontal load versus lateral displacement hysteretic curves.
A comparison between the total energy dissipation of each specimen is presented in Fig. 21.
Clearly, the energy dissipation of CTSRC-2 is larger than that of CTSRC-1 by about 40%,
showing that the energy dissipation can be significantly improved with encased web braces. The
energy dissipation of CTSRC-3 and -4 are 26.25 and 27.97 kJ, which are about 17.6 and 12.2%
less than that of specimen CTSRC-2, respectively, implying that the steel angle is more effective
than the latticed batten plates in enhancing the energy dissipation capacity. With the same
configuration and volumetric ratio of web braces, the higher axial load ratio can result in decreased
energy dissipation capacity.
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Fig. 21 Total energy dissipation of specimens
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Table 5 Comparison of predicted and tested maximum load capacity (kN)

Specimen V, by test V¢ by DIANA V¢ by JGJ138-2012 YWA'A V!l VE
CTSRC-1 267 256 228 1.04 1.17
CTSRC-2 242 262 248 0.92 0.98
CTSRC-3 289 281 245 1.03 1.18
CTSRC-4 270 296 250 0.91 1.08
CTSRC-5 459 450 408 1.02 1.13
CTSRC-6 486 479 421 1.01 1.15
CTSRC-7 482 496 433 0.97 1.11

5.6 Comparison of predicted and tested results

The backbone curves (dashed lines) obtained from the numerical finite element analysis using
DIANA were plotted together with the lateral load-displacement hysteretic loops (solid lines) in
Fig. 14. It is obvious that the numerically predicted backbone curves had a very good agreement
with the tested ones in terms of initial stiffness and post-yielding load-displacement relationship.
The suggested modeling techniques can be used to analyze the overall seismic behavior of
composite walls with encased CFTW steel truss.

Table 5 shows the maximum load-carrying capacities of the wall specimens obtained by tests,
DIANA and JGJ138-2012 (2012). It can be seen the test results agree well with the predicted
results.

6. Conclusions

In this research program, the RC walls with encased CFTW steel truss that are more suitable to
be used in ordinary high-rise buildings located in regions of high seismicity than conventional RC
walls and SRC walls are proposed and studied. The seismic performance of seven scaled wall
specimens was evaluated in terms of the maximum lateral load carrying capacity, post-yielding
deformation and energy dissipation capacities, and strength and stiffness degradation
characteristics. Based on the results and discussions, the following conclusions can be drawn.

e The existence of web brace can introduce more lateral force to be resisted by the wall web
region, resulting in more inclined cracks developed at web region of the wall. The further
increase of volumetric steel ratio of web brace cannot significantly change the cracking and
failure pattern of the wall.

e The steel angle is a more suitable web brace configuration than the latticed batten plates in
terms of ensuring the displacement ductility and energy dissipation.

e The volumetric steel ratio of encased web brace has little influence on the displacement
ductility, energy dissipation and lateral load capacity. So it is not effective to increase the
steel ratio for better seismic behavior of the composite wall.

e Higher axial load ratios can increase the lateral load capacity of walls, but result in reduced
displacement ductility and energy dissipation capacity.

e The suggested finite element modeling techniques can be used to accurately predict the
backbone curves of composite walls with encased CFTW steel truss.
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e The calculation method provided in the Chinese Code for Design of Composite Structures
(JGJ138-2012 2012) can accurately predict the maximum lateral load capacity of composite
walls with encased CFTW steel truss.

e From the perspective of seismic design, optimum design can be achieved according to the
experimental results. Particularly, the steel angle is the preferred type of the encased web
brace. The volumetric steel ratio of 0.25% of encased web brace is a cost-effective value in
ensuring satisfactory energy dissipation capacity and displacement ductility. In order to
avoid the adverse effect on the ductility behavior, the axial load ratio should be limited to
the maximum level, about 0.20 for the nominal value or about 0.50 for the design value.
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Nomenclature

The following symbols are used in this paper:

Tmax

> > =z F &

n <

height of shear wall

width of shear wall

axial load ratio

volumetric ratio of the encased truss web braces

strain at which one-third of the maximum compressive strength is reached
strain at which the maximum compressive strength is reached
ultimate strain at which the material is completely softened in compression
compressive strength of concrete

tensile strength of concrete

young’s modulus

total compressive fracture energy

total tensile fracture energy

characteristic element length

bond strength

residual bond stress

relative slip between steel and concrete

empirical coefficient

maximum lateral load capacity of experiment

predicted maximum lateral load by DIANA

predicted maximum lateral load by JGJ138-2012

bending moment at wall section

shear force at wall section

shear span ratio

compressive strength of concrete

thickness of the shear wall

effective depth of shear wall

axial force

web area of shear wall

area of shear wall

design tensile of horizontal distribution reinforcement
vertical distance of horizontal distribution reinforcement
total area of the horizontal distribution reinforcement on the same section of shear wall
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fa design tensile of shape steel on the edge of the shear wall
Aa area of shape steel on the tensile edge of the shear wall
fg, f4 design tensile and compressive of steel diagonal bracing

Ag, Af tensile and compressive area of steel diagonal bracing

0 stability coefficient of web brace in compression

a angle between the web brace and horizontal plane

u displacement ductility coefficient

P maximum lateral load

An corresponding lateral displacement for the maximum lateral load
P, ultimate lateral load

A, ultimate lateral displacement

Py yield lateral load

A, lateral displacement at yield





