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Abstract: The sustainable development of the engineering structures mainly
depends on the environmental- friendly to structural components. This
requires the development of sustainable and new materials and structures that
would be a worthy alternative for the available. This paper proposed a novel
type of cold-formed steel (CFS) shear wall which filling light EPS mortars
(LEM) into the space of CFS framing. LEM-infilled CFS walls carry forward
the merits of traditional CFS wall, for example lightweight, easy installation,
superior earthquake resistance and efficient energy saving. Moreover,
employing recycled desulfurization gypsum and EPS in the structural
materials reduce environmental pollution. However, the behavior of LEM-
infilled CFS wall is not fully explored yet, which results in the low
understanding and application of the material around the world. Based on this
background, a review of mechanical response tests will contribute to a better
awareness. In this paper, three types of mechanical behaviours are discussed
including axial compressive behaviour, out-of-plane flexural behaviour, and
cyclic behaviour. The previous researches on the mechanical performance of
LEM-infilled CFS walls were reviewed. And the typical failure patterns and
general results were described and discussed. This work will provide an
excellent reference to current practice and future exploration.

Keywords: LEM-infilled CFS wall; mechanical behaviour; axial compressive
test; out-of-plane flexural test; cyclic test

1 Introduction

The rapid development of China's infrastructure costs a lot of resources and energies and brings
serious problems such as resources, energy shortage, and environmental degradation. Against this
situation, the policies of energy conservation, emission reduction and sustainable development come
into being. As an important part of energy consumption, the construction industry has attracted more
and more attention. Currently, interest in cold-formed structure (CFS) structure deriving from the wood
structure is growing due to its easy installation, energy-saving, and environmental-friendly. However,
huge contrast is found between Chinese architectural tradition preferring solid walls and the hollow
characteristic of CFS structures. In order to make up for the shortcomings of the traditional CFS
structure and meet the requirements of sustainable development at the same time, a new type of
lightweight mortars infilled CFS structure is proposed [1-3]. The research group of Prof. Wang in the
Hefei University of Technology introduced a lightweight mortar, using desulfurization gypsum and
expanded polystyrene (EPS) as main ingredients, into CFS walls [4-6]. The lightweight mortar wall was
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called LEM in brief. Fig. 1 shows the application of LEM-infilled CFS walls in Anhui Province, China.
It can be seen that the LEM-infilled CFS walls have been highly applied to rural residences and tourist
buildings.

In response to the needs of social development, plenty of EPS are used and the total amount of
wasting EPS increase sharply. While, the EPS are a type of hard-degradable material so that it causes
great pollution to the environment around the whole world in accordance with the statistics [8]. Many
researchers found that using EPS as an alternative to coarse aggregate in concrete could improve heat
preservation and thermal insulation performance [9-13]. Besides, it could also solve the environmental
problem of “white pollution” caused by plastic foam waste. Therefore, it is very important to EPS
recycling. In recent years, the concept of sustainable development has attracted people’s attention. Thus,
employing waste EPS into structural mortars can not only improve the original performance of mortars,
but also reuse waste EPS to achieve a “win-win”.

(b) Visitors” Centers of resorts
Fig. 1 Structures made by LEM-infilled CFS walls

As one of the conventional cementitious materials, gypsum has a long history of application in
civil engineering. China has abundant gypsum resources, and the reserves of natural gypsum occupy
the first place in the world. Moreover, with the continuous development of the economy, the amount of
industrial by-product gypsum also increases with the passage of time. The annual discharge amount of
industrial by-product gypsum in China is more than 70 million tons, but the utilization rate is low. This
results in a large number of wastes all year round, which not only occupies space land, but also pollutes
soil and groundwater seriously. The desulfurization gypsum is a kind of industrial by-product gypsum,
which exhibits high quality and fewer impurities. It makes desulfurization gypsum has great potential
application value [14-17].

The LEM used in this paper employs desulfurization gypsum as the main cementitious material,
and utilizes recycled EPS as lightweight aggregate. The application of LEM can make full use of
industrial by-products and promote sustainable development. The LEMs are cast in the space of CFS
walls to improve their sound insulation, thermal insulation and heat-shielding performance. Unlike
conventional CFS hollow walls, the studs in infilled walls were not only braced by sheathings, but also
wrapped by filling materials. In spite of the available mechanical behavior of the traditional CFS wall
studs being well understood [18-23], there were significant distinctions between the design of the CFS
wall stud and the stud encased in lightweight mortars under various types of loading.
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Against this, the research group of Prof. Wang carried out a series of tests to evaluate the
mechanical behaviours of the LEM-infilled CFS walls. This paper has the purpose to exhibit a series of
mechanical behaviour tests and analyses. The research results would serve as a reasonable reference to
design the new LEM-infilled CFS wall, and promote the process of sustainable structures.

2 Detail of LEM-infilled CFS walls

2.1 Lightweight expanded polystyrene mortars

The lightweight expanded polystyrene mortars are classified into cement-based and gypsum-based
materials in accordance with different cementitious materials. Table 1 lists the main mix proportion of
LEM.

Table 1. Mix proportion of LEM

LEM Cement EPS Gypsum  Retarder = Expansive agent  Additive  Flyash  Water

(kg/m®) (m) (kg/m?) (kg/m?) (kg/m?) (kg/m®)  (kg/m?) (kg/m®
Gypsum- 0.75 450 2.0 - 2.0 - 275
based
Cement- 55 0.6 - - 125 2.0 65 225
based
Table 2. Material properties of LEM
Tvoe Dry apparent Elastic modulus ~ Compressive strength ~ Thermal conductivity
yp density (kg/md) (MPa) (MPa) W/(m?2.K)
Cement-based LEM 456 250 2.1 0.051
Gypsum-based 449 200 11 0.053

LEM

In terms of the cement-based LEMSs, polystyrene beads were used as lightweight aggregate, which
had specific gravity, bulk density and average diameter of 0.016, 16.6 kg/m® and 6.5 mm, respectively.
And the low calcium fly ash and type 425 ordinary Portland cement are utilized to enhance the
workability, cut cost and long-term strength [24]. The crack resistance of LEM can be improved
especially by employing the employment of expansive agents. And the expansive agent utilized was
calcium sulphoaluminate.

The gypsum-based LEMSs are consisted of incorporating the gypsum, EPS, retardants, water and
additives. The retarders are added with the purpose of postponing the fast setting time of the gypsum-
based LEM. This paper used the gypsum retarder sodium polyphosphate. In addition, the properties of
the LEM are subjected to alteration by changing the light admixture amount.

Several material tests [5] have been carried out to obtain the properties of LEMSs, and the cubic
specimens, prism specimens and plate specimens are prepared to measure the Elastic modulus,
compressive strength and thermal conductivities, respectively. The stress-stain curves of prism
specimens under compressive load were used to determine the elastic modulus. Table 2 lists the test
results of material properties. Besides, the tensile strength of LEM is obtained through compressive
strength, based on the empirical formulas summarized by the previous researches [25-26]. The results
indicated that LEMs exhibited significant thermal properties, with respect to other filling materials
employed in CFS walls such as foamed concrete [27-28]. Thus, LEMs is a good selection for insulation
material and structural bearing in green building.

2.2 Configuration

The general production process of CFS wall filled with LEM approximately has 6-step, as depicted
in Fig. 2.

Step 1: The CFS tracks and studs are inherited from the conventional CFS framing wall, which

mainly bears the axial compressive load. During construction, the CFS framing also plays as a pouring
formwork of the LEM.
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Step 2: The X-shaped bracings are attached to both sides of CFS framings (if needed) using self-
drilling screws.

Step 3: The wall panel are connected to the side of CFS framings using self-drilling screws. The
self-drilling screws spaced at 150 mm along the perimeter, and 300 mm in the interior area. And the
sheathed side would be placed at the bottom, so that the wall panels act as the construction formwork
of LEM spraying.

Step 4: The LEMs are casted into the space of the CFS framing. The LEMs worked together with
CFS framing can resist both shear and axial loads, which can also increase the load-bearing capacities
of the studs. The responses of CFS framing-wall sheathing connection can also be strengthen by the
LEM. Moreover, the LEM is of advantage to the thermal performance and acoustic insulation of the
wall.

Step 5: The rib laths are fixed on the other side of the CFS framing.

Step 6: An additional 25 mm thick LEM layer is sprayed on the outside of the rib lath. And the rib
lath and the LEM layer work as a whole, called rib lath sheathing.

CFS composite wall sprayed
with LPM

A

Rib lath sheathing

Fig. 2 Production process of LEM-infilled CFS walls

3 Axial compressive behaviour of LEM-infilled CFS walls

3.1 Test specimen

In an attempt to study the axial compressive behaviours of LEM-infilled CFS walls, five specimens
had been designed and tested [6], with the uniform geometrical size of 1.2 m width and 2.7 m height.
The specimens’ detail information is illustrated in Figs. 3 and 4. The specimens took the effect of LEM
type and sheathing type into account. Specimens CW1, CW3 and CWS5 are gypsum-based LEM filled
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CFS walls, and specimen CW2 and CW4 are CFS walls filling with cement-based LEM. The specimens’
tracks were respectively fixed to beams by three M16 X 190 mm bolts. During the construction of LEM,
the hold-down and M16<X190mm anchor bolts were embedded in advance. Fix the specimens to the
test setup by anchor bolts, as shown in Fig. 5. And the arrangement of hold-down is depicted in Fig. 6.

The CFS framings were formed using Galvanised steel components which had a thickness of 0.9
mm and a nominal strength of 550MPa. Tensile tests were conducted to measure the material properties,
and the yield strength, Elastic modulus, tensile strength and elongation of the CFS components were
2.06 X 10° MPa, 615 MPa, 692.5 MPa and 10.6%, respectively. The CFS components used in the out-
of-plane flexural test and seismic test are the same as the compressive test.
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Fig. 3 Configuration of specimens [6].
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Fig. 4 Cross dimensions of wall stud and track.

3.2 Test setup and procedure

During the loading procedure, each 0.1 Ny was imposed to the bottom of the specimen and was
held for 3 minutes; in which Nye was the ultimate axial compressive capacity of the specimens simulated
by finite element analysis.

3.3 Test results

Regarding for specimens CW1 and CW2 without wall sheathings, the failure modes of the LEM-
infilled CFS walls imposed to axial compression loads mainly include LEM cracking, LEM crushing,
and wall studs buckling. Other specimens showed similar failure patterns with specimens CW1 and
CW?2 approximately, except for loosening of the self-drilling screws connection, and cracking and
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shedding of the wall sheathing. Besides, it can be found that wall sheathing can delay the buckling of
wall studs. The typical failure patterns of specimens are illustrated in Fig. 7.
Reaction beam

©
"

o Hold down

ﬁnchor bolt

Track

T]

Top beam Reaction frame

: LVDT
specimen | .

P

.~ steel backing

- ﬁ plate

Hydraulic jack

Base beam

. —_

Fig.5 Test setup Fig.6 Arrangement of hold down [6].

\ and LEM \

Cracks of LEM | ;
777777 ] Shedding of wall panel |

ffffffff around screw |

Fig. 7 Failure modes of specimens under axial compressive loads.

The axial load-displacement relationships are showed in Fig. 8. Compared with traditional CFS
walls without filling materials, this type of wall showed an excellent axial compressive response. The
results indicated that the ultimate load of cement-based LEM- infilled CFS walls (CW2 and CW4) were
56% ~ 70% larger than gypsum-based LEM infilled CFS walls (CW1 and CW3). The comparison
results also demonstrated that sheathed CFS wall had obvious superiorities, especially employing the
rib lath sheathings. It could be seen that the ultimate load of the specimens CW3 and CW4 were 48%
and 62% larger than that of the specimen CW1 and CW2, respectively. Besides, with respect to CW1,
the ultimate strength of the specimen CW5 was only raised by 8% owing to the weak performance of
self-drilling connections between the CFS framing and gypsum board.

Previous studies on traditional CFS wall under compression mainly concentrated on the impact of
fastener and sheathing to the wall stud, and considered the effect of sheathing on elastic stability of the
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stud in distortional, local, and global buckling modes [29-31]. Regarding the LEM-infilled CFS wall,
the deformation of the wall stud was mainly affected by the warping of filling materials. Besides, the
existence of filling materials may decrease the important proportion of fastener and sheathing to the
CFS framing. Therefore, the compressive strength design of LEM-infilled CFS wall should take this
factor into account.
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Fig. 8 Axial compressive load-displacement curves [6].

Table 3. Parameters of specimens

. Thickness -
Type  Specimen (mm) Top Bottom Fillings
FW1 89 crack-resistance mortar crack-resistance cement-based filling
Type A l:nort_ar
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Fw4 126 (gypsum-based) 12mm gypsum board  gypsum-based filling
8mm cement s
Type C FW5 109 12mm gypsum board fiberboard cement-based filling
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4 Out-of-plane flexural behaviour of LEM-infilled CFS walls

4.1 Test specimen

Six specimens were tested to explore the out-of-plane flexural behaviour of LEM-infilled CFS
walls. All the specimens were manufactured with a size of 1.2 m width and 3.0 m height. The
configuration and cross-section details are illustrated in Table. 3.

4.2 Test setup and procedure

During the tests, specimens were simply supported, subjected to uniformly distributed loads. Sand
bags (9 kg per bag) were loaded manually on each specimen of 0.35 kN/m? with 14 bags in each layer.
Fig. 9 illustrates the diagram and photograph of test setup.

Sand bags-
Uniformly distributed load

Steel tube

BB F%Wéﬁ%m e

Flexural behavior tests of CTSF Walls filled light polymer material

Specimen

(a) Diagram (b) Photograph
Fig. 9 Test loading setup

Fig. 10 Failure modes of specimens under uniformly distributed loads

4.3 Test results

The general failure modes included severe buckling/ fracturing of end studs at mid-span, failure of
wall panel around self-drilling screws, crushing of rib lath sheathing/ top wall panels and penetrating
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cracks of wall panels, as depicted in Fig. 10. The typical failure patterns are illustrated in Table 4. The
test phenomenon demonstrated that the sheathing could resist the deformation of wall studs and delay
the occur of buckling.

Table 4. Failure modes of each specimen

Specimens Failure patterns
FW1 and FW?2 severe buckling/ fracturing of end studs at mid-span
severe buckling/ fracturing of end studs at mid-span
FW3 and FwW4 crushing of rib lath sheathing

penetrating cracks of bottom wall panels
severe buckling/ fracturing of end studs at mid-span
failure of top wall panel around self-drilling screws
crushing of top wall panels
penetrating cracks of bottom wall panels

FWS5 and FW6

The relationships between the deflection and load at the mid-span of LEM-infilled CFS walls and
the deflection before failure are illustrated in Fig. 11. All specimens experienced three stages including
the linear elastic, yielding and ultimate failure stage. Compared with gypsum-based LEM infilled walls,
the elastic stiffness and ultimate strength of cement-based LEM infilled walls were obviously higher. It
can be explained by the fact that the cement-based LEM had larger compressive strength and elastic
modulus. Undoubtedly, wall sheathing could restrict the deformation of the specimen and improve the
capacity, which can be improved by the fact that the ultimate strength of the specimen FW3 and FW5
were respectively 69.23% and 38.46% higher than that of the specimen FW1. The shapes of curves
were symmetrical and the maximum deflection value gradually appeared in the mid-span before failure.
According to the calculation, it could be known that the flexural bearing capacities of the specimens
were 9.69-13.14 times their self-weight.
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(a) Load-deflection curves at mid-span (b) Deflection along the longitudinal direction

Fig. 11 Load-deflection curves of specimens

5 Cyclic behaviour of LEM-infilled CFS walls

5.1 Test specimen

Six full-scale LEM-infilled CFS wall were designed and tested subjected to cyclic loads [4],
considering the influences of LEM types, sheathing types, wall openings, and X-shaped bracing. The
detail size and configurations of each specimen are illustrated in Table 5 and Fig. 12. All specimens
were 2.755 m high and 3.00 m wide, and the wall studs of no opening specimens were all spaced at 600
mm. A hold-down was arranged in each corner of wall with the aim to enhance the end track-to-stud
connections.
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Table 5. Detail information of specimens [4]

. Thickness . . -
Specimen (Imm) Front side Back side Filling type
25mm rib lath sheathing
SWi1 126 (gypsum-based) 12mm gypsum board gypsum-based
25mm rib lath sheathing
SW2 126 (gypsum-based) 12mm gypsum board gypsum-based
SW3 113 12mm gypsum board 12mm gypsum board gypsum-based
SwW4 122 25mm rib lath sheathing 8mm cement fiberboard  cement-based
(cement-based)
25mm rib lath sheathing
SW5 126 (gypsum-based) 12mm gypsum board gypsum-based
25mm rib lath sheathing
SW6 126 (gypsum-based) 12mm gypsum board gypsum-based
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Fig. 12 Detail of specimen dimensions [4].

5.2 Test setup and procedure

Fig. 13 depicts the test setup of the experiments. All specimens were connected to distributed
guider and bottom foundation beam by the embedded anchor bolts. The loading was controlled by
displacement and the loading procedure was employed in accordance with ATC-24 [32].

Reaction frame |

Fig. 13 Test setup of cyclic test

5.3 Test results

The failure patterns of LEM-infilled CFS wall mainly included the local buckling of the wall studs,
crushing of the LEM, titling of self-drilling screws, and shedding of the wall sheathings. Besides, the
X-shaped bracing of specimen SW2 relaxed resulting in the shedding of wall panel. Regarding for the
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specimens with opening, serious buckling of studs was noticed in the edge of openings and the shedding
appeared on wall sheathings around the opening corner. Fig. 14 shows the typical failure patterns of

specimens.

Local buckling in end o Distortional buckling in
stud ) " interior stud

Cracking of LEM

Specimens without
opening

elaxatlon of X-
shaped bracing

Shedding of
gypsum board
\

- e ——————

\

; l
Local buckling in l
‘| opening edge stud ‘\
3 oy
¥ * \!

H
Titling of self-
drilling screws
Shedding of gypsum
board in back side

(b) Specimens with openings
Fig. 14 Typical failure modes of specimens under cyclic loading [4].

Fig. 15 shows the hysteresis and envelop curves of all specimens. As the load increasing, the
hysteresis curves showed obvious pinching. With respect to traditional CFS wall, this type of wall
appeared much better elastic stiffness and capacity. It demonstrated that the LEM and CFS framing
could work together to resist the shear force. The CFS wall infilled cement-based LEM had higher load
resistance and lateral stiffness than specimens infilled gypsum-based LEM. Besides, compared
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specimens SW2 and SW1, it could be observed that the load resistance and stiffness of the LEM-infilled
CFS walls can be effectively increased by the X-shaped bracing. And the comparison between
specimens SW1 and SW3 showed that the rib lath sheathing had positive effect on the wall performance.
Conversely, the wall openings would descent the stiffness and load resistance of LEM-infilled CFS
walls significantly. The test phenomenon showed that severe failures occurred at the opening edge, so
some strengthen measures need to be set for walls with opening.
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Fig. 15 Hysteresis curves of the specimens [4].

Because that there is no relevant specification can be used to evaluate whether the ductility of
LEM-infilled CFS walls meet the design requirement, the test results in this paper are compared to other
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studies, such as Wang and Ye [33]. The results indicate that this type of walls had great ductility.
Moreover, the LEM-infilled CFS walls also appear excellent energy dissipation capacities.
Consequently, the LEM-infilled CFS wall exhibited significant cyclic response, and it is a good
selection for earthquake engineering applications.

In addition, the energy dissipation capacities were analyzed. The specimens stayed in the elastic
stage before vyielding, and there was almost no residual deformation after unloading. Thus, the
cumulative energy dissipation was nearly zero. With the increase of loading cycles and lateral
displacement, the specimen reached the elastic-plastic stage, and the cumulative energy dissipation
increased. The equivalent viscous coefficient and cumulative dissipated energy of the peak load stage
and ultimate stage are calculated and listed in Table 6. Compared to specimen SW1, specimen SW2
dissipated 8.13% and 5.52% more energy in peak load stage and ultimate stage, respectively. It can be
known that the X-shaped bracing act a beneficial effect on the energy dissipation capacity. The existing
studies on the traditional CFS wall had proved that the X-shaped bracing can significantly improve the
energy dissipation capacity, but the results in this paper showed that the improvement was not obvious.
It can be explained by the fact that the LEM filled had provided strong lateral support for the CFS
framing, which decreased the important proportion of the X-shaped bracing. Besides, the energy
dissipation of specimen SW1 were respectively 75.13% and 180.30% higher in peak load stage and
ultimate stage than specimen SW3, which demonstrated that rib lath sheathing had a great improvement
effect. Conversely, the wall opening can reduce the energy dissipation, and the energy dissipation
capacity was decreased with the increase of opening ratio. Moreover, the equivalent viscous coefficients
in ultimate stage were 0.19~0.27, which could illustrated that the LEM-infilled CFS walls appeared
excellent energy dissipation capacity.

Table 6. The energy dissipation of specimens

Peak load stage Ultimate stage
Specimen Cumulative dissipated  Equivalent viscous ~ Cumulative dissipated  Equivalent viscous
energy Wiota (>102J) coefficient & energy Wiotar (>102J) coefficient &
S-W1 81.54 0.16 292.37 0.26
S-w2 88.17 0.18 308.54 0.22
S-W3 46.56 0.14 104.31 0.18
S-W4 334.71 0.21 1032.17 0.19
S-W5 59.17 0.17 159.44 0.20
S-W6 50. 31 0.22 117.4 0.27

6 Conclusion

The LEM prepared by using waste desulfurization gypsum and EPS as basic ingredients has great
potential to be used as a worthy alternative structural material. Based on the studies, it was proved that
the LEM can improve the mechanical performances of CFS wall and restrict the deformation of CFS
components.

The reliability of LEM-infilled CFS structure is depended not only on requirements of
comfortability, thermal insulation and fire resistance, but also on the safety during a long time of natural
condition. Therefore, the mechanical behaviour of LEM-infilled CFS wall under various types of loads
were studied, and the influencing factors were considered and discussed. Comparison analysis
demonstrates that LEM-infilled CFS wall exhibit excellent compressive, out-of-plane flexural and
cyclic responses. The test results also indicate that LEM can work well combined with CFS framing to
resist force and strengthen the capacity of CFS wall.

The existing researches are scattered, so further researches, such as the influence of LEM on the
wall sheathing-CFS framing connection, are needed to form a series of systematic design method.
Besides, the fire retardant treatments of LEM and influence of processing methods on its mechanical
and physical properties is a very interesting topic.
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