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Abstract. The demountable and modular light-gauge steel framed (DMLSF) wallboard is presented and used as non-load 
bearing exterior walls in medium and high-rise steel construction or temporary structure. Firstly, the bending tests were 
conducted on five wall modules to explore the flexural behavior of the wall. The numerical model was also established and 
verified by experimental results, and the simplified calculation method of the flexural capacity of the wall was proposed 
based on 68 numerical models. In addition, the reliability test of the seam between modules was finished to ensure the 
airtightness of the wall. Furthermore, the demountable behavior of the wall was studied by secondary loading tests and life 
cycle assessment (LCA) methodology. Results suggested that the wallboard could be used repeatedly after disassembled 
under the serviceability limit state. Raw materials, especially the insulation material, accounted for a large proportion of 
the environmental impact of the wallboard. The wallboard’s carbon dioxide emission and energy consumption could be 
significantly reduced when the wallboard was reused. This study can promote the application of the demountable concept 
in wall components and provide some guidance for the life cycle design of demountable structures.

Keywords: demountable light-gauge steel framed wall, flexural behavior, demountable behavior, environmental impact, life 
cycle assessment.

Introduction 

The construction industry is one of the significant con-
tributors to emissions released and energy consumers. 
Then the concept of Design for Deconstruction (DfD) of 
buildings was explored to reduce the energy consumption 
and material waste related to the construction industry 
(Parastesh et al., 2014; Xiao et al., 2017; Eckelman et al., 
2018). When the needs of the building owners change, 
the long-term applicability of the building can be real-
ized by disassembling, replacing, recycling, or reusing the 
structural components. The researches on demountable 
structures mainly focus on the demountable steel-concrete 
composite beams and connections between components. 
For the demountable steel-concrete composite beams, the 
current solution is to replace the studs welded on the steel 
beam with bolts (Dai et  al., 2015; Rehman et  al., 2016). 
And for the component connections, the demountable 
function is achieved by setting the steel plate connection. 
For example, Senturk et  al. (2020) and Pul et  al. (2021) 
developed a novel monolithic-like precast beam-column 

and column-foundation connections for reinforced con-
crete (RC) structures. And the seismic performance of the 
proposed connections was determined by experimental 
investigation. 

The wall is one of the critical components in the struc-
ture, which needs large building materials and working 
hours. If the demountable feature of the wall is realized, 
the environmental impact of buildings will be reduced 
significantly. However, there is a lack of research on de-
mountable wall panels. The light-gauge steel framed (LSF) 
wall has been widely studied due to its superior character-
istics, which is constructed by steel members and has great 
potential to realize the demountable function. The LSF is 
composed of light-gauge steel frame, interior and exterior 
wallboards, and insulation material (Telue & Mahendran, 
2004). The light-gauge steel frame is mainly fabricated by 
C-shaped cold-formed steel (CFS). The wallboard can be 
plasterboard, steel sheet, cement fibrolite plate, or oriented 
strand board (OSB) (Javaheri-Tafti et al., 2014; Baran & 

mailto:liucong@usts.edu.cn
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3846/jcem.2023.18351


144 C. Liu et al. Study on flexural and demountable behavior of a modular light-gauge steel framed wall

Alica, 2012; Zeynalian & Ronagh, 2015). LSF walls offer 
advantages over other technologies such as better aes-
thetics, lightweight, high strength-to-weight ratio, fast to 
construct, environmentally green, etc. (Sonkar et al., 2021; 
Mortazavi et al., 2018). Generally, the components of the 
CFS wall are connected by self-drilling screws, which are 
convenient to process (Casafont et al., 2006). But the con-
nection of self-drilling screws makes disassembly very 
troublesome. Accordingly, the bolt connection with ad-
justable construction is designed in this paper to achieve 
the dismountability of the wall.

The mechanical behavior of the CFS wall is mainly 
influenced by the CFS frame. When this wall is applied 
in low-rise light structure residences, the LSF walls are 
usually used as a load-carrying member to withstand 
gravity loading and seismic action (Badr et al., 2019; Xu 
et  al., 2021). The moment-resisting performance of the 
CFS frame was concerned (Mojtabaei et al., 2018, 2020, 
2021; Ye et  al., 2020). Papargyriou et  al. (2021), Papar-
gyriou and Hajirasouliha (2021) developed a practical 
design methodology for the seismic design of CFS strap-
braced stud wall frames. The lateral load-resisting capac-
ity, deformation capacity, ductility, and energy dissipation 
under lateral loading were investigated. For the medium 
and high-rise steel structure buildings, the wallboards are 
mainly used as nonbearing walls and withstand wind load 
(Selvaraj & Madhavan, 2019; Qiao et al., 2020). Selvaraj 
and Madhavan (2019) tested twenty sheathed CFS wall 
studs to investigate the structural effect of the sheathing 
under out-of-plane loading. The experimental results indi-
cated that the CFS studs with vulnerability to fail in local 
buckling and lateral-torsional buckling could be braced 
effectively by the sheathing. In addition, the thermal 
characteristics of steel and insulation material are quite 
different. A thermal bridge is the main disadvantage of 
the LSF wall, resulting in problems of condensation and 
high energy loss in buildings (Wang & Salhab, 2009; Ari-
yanayagam et al., 2017). Traditionally the thermal bridge 
of the wall can be reduced by cutting slots with holes on 
the webs of CFS studs, which can increase the path of heat 
transfer. But the cost of this method is higher, and the 
bearing capacity of the CFS stud is reduced. In this paper, 
the composite wallboard sandwich method is adopted to 
enhance the insulation performance of the wall. 

The investigation of the demountable behavior of the 
structure should include three aspects: the demountable 
implementation method, the demountable function veri-
fication, and the demountable advantage embodiment. 
There have been many demountable implementation 
methods, such as setting steel plate connections. How-
ever, the study of the demountable function verification 
is seldom. In addition, the advantages of demountable 
structure in environmental impact can be described by 
the life cycle assessment (LCA) method (Silvestre et  al., 
2015). This paper presents a demountable and modular 
light-gauge steel framed wall composed of CFS studs, 
timber frame, OSBs, and insulation material. The bolt 

replaces the screw to achieve the demountable function. 
The bending tests of five LSF wallboards were conducted 
to investigate the flexural behavior of the wallboard. The 
numerical model and the simplified calculation method 
of the flexural capacity of the wall were established. The 
demountable behavior of this wallboard was investigated 
by the secondary loading test and LCA method.

1. Details of DMLSF wallboard

The wallboard should meet the following requirements to 
achieve DfD:

(1) The wall can be dismantled conveniently, and 
once part of the wall is damaged, this part can 
be replaced rapidly, which can be realized by the 
bolt connection between the wall and mainframe. 
Moreover, the wall should be modular to enhance 
adaptability and convenience.

(2) The connection between the wall and the main 
frame should be adjustable to solve the error 
caused by repeated disassembly and assembly.

(3) The wall should possess enough insulation proper-
ties to meet the requirements of the different en-
vironments (e.g., cold regions) and building types.

The DMLSF wallboard in this paper has the following 
features to meet the above requirements: (1) All the com-
ponents are connected by bolts, which can be dismantled 
conveniently. (2) The angle steels with slotted holes are 
used as the joint between the wall and beam, achieving 
a three-way adjustment function. (3) Insulation skeleton 
is set to weaken the thermal bridge of the wall (Liu et al., 
2022).

The details of the DMLSF wallboard are shown in 
Figure 1. The CFS stud, fabricated by galvanized steel of 
Q235B grade, was used as the main load-bearing compo-
nent. The middle part of the wallboard was an insulation 
skeleton made of timber with a lower thermal conductivity 
than steel, which was connected by bolts to the inner and 
outer steel frames. The interior of the wallboard was filled 
with high-efficiency thermal insulation material, referring 
to Expanded Polystyrene (EPS). The OSB with a thickness 
of 12 mm was adopted as the board of the DMLSF wall.

The beam and wallboard are connected by angle 
steel at the corner of each wallboard. The specifications 
of the two angle steels (Figure 1) are 50×6×100 mm and 
50×6×40 mm. Each angle steel is connected with the CFS 
stud of the wallboard through a steel sleeve and an exten-
sion bolt. Error control capability is essential to demount-
able structures, which significantly affects the reuse time 
of the members. Therefore, slotted holes are set on the 
angle steels to achieve error adjustment. The connection of 
the two angle steels can realize the three-way adjustment 
function. All members, including the interior steel frame, 
insulation frame, and exterior steel frame, are connected 
by bolts. The distance between the bolts is 310 mm and 
290 mm in vertical and horizontal directions, as shown 
in Figure 2. 
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The traditional splicing processing method for exte-
rior wallboards is mostly sealant filling, which will reduce 
the construction speed and make the wallboard difficult 
to disassemble. The U-shaped side bubble sealing tapes 
used in the automotive industry are selected, as exhibited 
in Figure 3. The U-shaped card slot with a steel strip is 
clamped into the C-shaped steel curling edge, and the 
connection is substantial due to the presence of the steel 
strip. When the two wallboards are spliced, the side bub-
ble is squeezed to achieve the sealing effect. Moreover, the 
inner and outer parts of the wallboard are equipped with 
sealing strips to enhance the sealing efficiency.

2. Flexural behavior of the DMLSF wall

The flexural behavior of the DMLSF wall was investigated 
by experimental and numerical methods. The simplified 
calculation method was explored to realize the quick pre-
diction of the bending capacity of this wallboard. Mean-

while, the sealing property test of the DMLSF wallboard 
seam has also been done to ensure that the seam remains 
sealed under the serviceability limit state.

Figure 1. Composition of the DMLSF wallboard

Figure 2. The bolt arrangement of the load-bearing frame (unit: mm)
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2.1. Tests on flexural behavior  
of DMLSF wall module

The material properties of CFS were determined by three 
tensile coupon tests. The tests were conducted on an elec-
tronic universal material testing machine in accordance 
with GB/T 228.1 (Standards Press of China, 2010b). The 
average values of the members’ yield strength and ultimate 
tensile strength measured in the tests were 257.55  MPa 
and 333 MPa, respectively.

Five specimens with different geometric parameters 
were designed to investigate the flexural performance of 
DMLSF wall modules. The height and width of all speci-
mens were 3140 mm and 1200 mm, respectively. Figure 4 
exhibits the definition and numbering rules of parameters 
in the specimen. The flange width and curl width of all 
CFS were 40 mm and 15 mm, respectively. The parameters 
of all specimens are listed in Table 1.

The test wallboard module was connected with the 
truss beam and placed on short concrete supports, as 
shown in Figure 5. The cross-section size of the col-
umn support was 500×300  mm. The truss height was 
300 mm, and the cross-section size of the truss member 
was 50×50×4 mm. The uniform loading on the external 
surface of the wallboard was suitable for simulating re-
alistic working conditions since the exterior walls were 
mainly subjected to wind loads. The weight loading was 
adopted in this paper. Three types of clump weights were 
used with the dimension of 300×150×40  mm (20  kg), 
300×150×20 mm (10 kg), and 120×60×30 mm (2.5 kg), 
respectively. The clump weight of 20 kg was chosen in the 

initial stage of the test. When the wallboard reached the 
serviceability limit state, 10 kg clump weight was used. As 
the wallboard was further loaded near the ultimate limit 
state, the clump weight changed to 2.5  kg. The spacing 
of clump weights was set as 20 mm to avoid the arching 
effect. The clump weights were placed in stages, and the 
load was held for 2 min at each stage. In order to avoid 
accidents, the loading was terminated when the large vis-
ible plastic deformation of the wallboard occurred. Five 
displacement sensors were arranged, as shown in Figure 5.  
Strain gauges were attached to the CFS stud to monitor 
the strain during the loading process. Fourteen strain 
gauges were arranged at 100 mm away from the mid-span 
of the wallboard.

The load exerted by the weight was transformed into 
the uniform load. All specimens exhibited similar failure 
processes. The wallboard was always in elastic working 
condition at the initial loading stage. There was no signifi-
cant deformation occurred at the adjustable joint between 
the wallboard and beam. The OSB had a certain degree of 
concave with the load increased because of the low stiffness.  

Figure 4. Definition and numbering rules of specimen parameters (unit: mm)

Table 1. Specimen number and parameters

Number H (mm) H1 (mm) H2 (mm)
90–60 264 90 60

100–40 264 100 40
100–60 284 100 60
110–40 284 110 40
110–60 304 110 60

Figure 5. Test setup for bending performance (unit: mm)
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part of the CFS stud was in the plastic state, and the de-
flection increased suddenly. The maximum deflection is 
about 50 mm, which indicates the wallboard had superior 
ductility. The wallboard was a flexural member. When the 
load was exerted, the maximum displacement occurred at 
mid-span. Moreover, the wallboard bent in the direction 
of length and width. Therefore, in the initial loading stage, 
the vertical displacement of the wallboard under the same 
load level showed T1 > T3 > T5.

The deformation values at T1 of all specimens were ob-
tained, and the corresponding load-displacement curves 
are illustrated in Figure 7b. The initial stage of load-dis-
placement curves is almost linear for all specimens. When 
almost 85% of the ultimate strength was exceeded, the 
displacement began to increase significantly. The ultimate 
bearing capacity p of specimens 90–60, 100–40, 100–60, 
110–40, and 110–60 are 5.63  kPa, 5.79  kPa, 6.48  kPa, 
6.58 kPa and 6.69 kPa, respectively. The specimens with 
the same height have similar ultimate strengths, and 
the section of the CFS stud also influenced the ultimate 
strength of the specimen. The initial stiffness of the wall-
board was mainly affected by the total section height and 
the joint connection performance between different com-
ponents. The specimen 110–60 with the maximum total 
section height exhibited the maximum initial stiffness.

The load-strain curves are obtained by the monitoring 
data of strain gauges. The load-strain curves of specimen 
110-60 are shown in Figure 8. The strain of the flange of 
CFS stud is the mean value of the two strain gauges. As the 
load increased from 0 to 6 kPa, each CFS stud was close to 

Figure 6. Deformation and failure mode of the wallboard during the test: a – Local buckling of CFS stud;  
b – Failure mode of the wallboard

Figure 7. Load-displacement curves of specimens: a – Specimen 100–40; b – All specimens at midspan (T1)
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When the load increased continuously, the wallboard 
showed noticeable deflection. As shown in Figure 6a, local 
buckling occurred at many locations of the flange, and the 
upper C-shaped cold-formed steel curled (Liu et al., 2022). 
A large gap gradually appeared between the OSB and the 
C-shaped steel upper flange, and the local buckling devel-
oped gradually towards the web of the upper CFS stud. In 
comparison, the local deformation of the lower CFS stud 
was not noticeable.

With the further increase of load, the local buckling 
of the web continued to develop. When the local buck-
ling developed to the lower flange, the deflection of the 
wallboard increased sharply, and the wallboard reached 
the ultimate limit state. Meanwhile, the local buckling of 
the lower CFS stud also occurred in the same section, as 
presented in Figure 6b. The local buckling was influenced 
by the bolt that connected the LSF and OSB for the failure 
section. This bolt promoted the cooperation between CFS 
and OSB while increasing the local deformation. The de-
formation of the insulation skeleton was small throughout 
the test.

Figure 7a shows the load-displacement curves of the 
100–40 wallboard obtained from the test. When the load 
increased from 0 to 1 kPa, all the components had no rela-
tive movement, and the deflection of the wallboard was 
slight. As the load increased, the load was mainly borne 
by CFS stud, which always maintained the elastic work-
ing state before the load reached 5 kPa. The local buck-
ling of the CFS stud occurred when the load exceeded 
5 kPa. When the last load level was exerted, the middle 

a) b)
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working individually, mainly due to fewer bolts connect-
ing the upper and lower CFS stud and weaker constraints 
on the elliptical bolt holes. When the load exceeded 6 kPa, 
local buckling occurred, and the restraining effect of bolts 
was enhanced. This deformation characteristic led to good 
energy dissipation performance of the wallboard.

According to the Chinese code “Technical stand-
ard for assembled buildings with steel-structure” (GB/T 
51232-2016), the allowable deflection of lightweight ex-
terior wallboards in the serviceability limit state is υQ = 
L/200, where L is the span of the wallboard (Standards 
Press of China, 2016). In this paper, the allowable deflec-
tion of the wallboard is 14.3  mm. As illustrated in Fig-
ure 8b, all specimens are in elastic working state when 
the deflection is 14.3 mm. And the corresponding loads 
are between 3.5 kPa and 4.5 kPa, which demonstrates the 
wallboard proposed in this study meets the requirements 
of the Chinese code “Code of Structural Design Loads for 
Buildings” GB 50009-2012 for most multistory and high-
rise buildings (Standards Press of China, 2012).

2.2. Numerical model and simplified  
calculation method of DMLSF wall

The software ANSYS Workbench was employed to develop 
the finite element model (FEM) of the DMLSF wall. The 
multilinear material model was selected to simulate the 
C-shaped steel. According to the tensile coupon tests, 
the yield strength and ultimate tensile strength of the C-
shaped steel were set as 257.55  MPa and 333  MPa, and 
the corresponding strains were 0.0018 and 0.1. The initial 
elastic module was 1.43×105 MPa. The high-strength bolts 
with grade 8.8 were used, and the linear elastic material 
model was employed. The corresponding elastic modulus 
was 2.0×105  MPa, and the Poisson’s ratio was 0.3. OSB 
panels were anisotropic materials with different material 
properties in parallel and vertical directions. The material 
model of OSB was set as “Orthotropic”. According to the 
Chinese code “Oriented strand board”, the elastic modulus 
in the parallel and vertical directions were 3500 MPa and 
1400 MPa, and the Poisson’s ratios were 0.31 and 0.12, re-
spectively according to LY/T 1580-2010 (Standards Press 
of China, 2010a). The insulation frame was fabricated by 

pine timber, which was mainly bent along the grain dur-
ing the test. Therefore, the anisotropy of timber was not 
considered, and the elastic modulus and Poisson’s ratio 
were defined as 9400 MPa and 0.37.

The element type of the C-shaped steel and OSB was 
SHELL81, and the element SOLID185 was adopted to 
simulate the angle steel and insulation frame. Bolts were 
simulated by the beam element Beam188. The mesh sizes 
of the C-shaped steel and OSB were set as 20  mm and 
40  mm. The mesh size of the insulation frame was the 
same as C-shaped steel. For the joint between the board 
and the beam, including the bolts, the sleeve and angle 
steel, the mesh sizes were all set as 3 mm. Figure 9a shows 
the FEM of the wallboard module. The boundary condi-
tion of the FEM is illustrated in Figure 9b. According to 
the bending test, the beam connected with the wallboard 
was ignored because of the weak influence on the result. 
Then, the surfaces of angle steels attached to the beam 
were set as rigid. The area of the uniform surface load is 
shown in Figure 9a and is the same as the location of the 
counterweight blocks in the test.

The numerical model of the DMLSF wallboard con-
tained two settings for contact properties, namely “Fric-
tionless” and “Bonded”. “Frictionless” represents that the 
two contact surfaces are slippable tangentially and separa-
ble normally. “Bonded” indicates that no relative displace-
ment is allowed in the normal and tangential directions of 
the two contact surfaces. During the test, a slight slip oc-
curred between the C-shaped steel frame, OSB panel and 
insulation frame, and the influence of the friction force on 
the overall bending of the wallboard could be negligible, 
so the contact property between the C-shaped steel frame, 
OSB panel, and insulation frame was set as “Frictionless”. 
In addition, the contact property between the bolt and the 
interfaces was set as “Bonded” to simplify the model. As is 
known to all, the stability of steel members can be easily 
affected by initial geometric imperfections, especially CFS 
members, whose section thickness is thinner (Ma et al., 
2015; Qadir et al., 2020). In this paper, the CFS stud was 
reliably connected with OSB panel and insulation frame, 
and did not directly bear the concentrated load. Through 
the test, it was found that the bearing capacity of the wall-
board was greatly affected by the connecting nodes. There-

Figure 8. Load-strain curves of 110–60: a – Upper CFS stud; b – Lower CFS stud
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fore, the influence of initial geometric imperfections on 
the stability of the wallboard was not considered in the 
model.

Figure 10 shows the comparison of failure modes of 
the specimen 110–40 obtained by test and FEM simula-
tion. Both results show local buckling of the C-shaped 
steel at the sections with the bolts, which indicates the 
result obtained by FEM simulation agrees well with the 
test result. The comparison of the load-axial displacement 
curves between the FEM and corresponding tests is shown 
in Figure 11. The initial rising stage of the test curves is 
steeper than the FEM results. The reason is mainly that 
the preloads of bolts are ignored in FEM. In addition, the 
deformations of the numerical models when loaded to 

the final load are less than the experimental values. This 
phenomenon is mainly induced by the setting of the con-
tact property of the bolt, which is stronger than the actual 
working condition of the bolt.

The flexural capacity of the wall is mainly affected by 
the section of the CFS stud. In addition, the constraints 
of bolts enhanced the combined effect of the two CFS 
studs, which resulted in a larger capacity of the wall with 
the higher height (H) and the same CFS stud. In order to 
obtain the simplified calculation method of the flexural 
capacity of the wall, 68 models were created and analyzed 
to explore the influence of the height of two CFS studs and 
insulation frame on the flexural capacity of the wall. As 
shown in Figure 12, with the same height of the insulation 

Figure 9. FEM and boundary condition of the DMLSF 
wallboard: a – FEM; b – Boundary condition of the model

Figure 10. Comparison of failure mode obtained from test  
and FEM simulation: a – Failure mode obtained from test;  

b – Failure mode obtained from FEM simulation

Figure 11. Comparison of load-displacement curves obtained from tests and FEM:  
a – 90–60, 100–60 and 110–60; b – 100–40 and 110–40
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frame, the flexural capacity of the wall increases with the 
increase of the height of the CFS stud, while the increas-
ing trend decreases gradually. When the height of the CFS 
stud is constant, the flexural capacity of the wall increases 
with the increase of the height of the insulation frame. 

The bending moment borne by the section (Figure 4) 
can be calculated from the uniform load on the plate. Ig-
noring the influence of OSB plate, the calculation method 
of the flexural capacity of the wall panel can be obtained 
by fitting the data of numerical models as follows:

eq y

1 2
;

/2

I f
M

H H
=

+
  (1)

Ieq = 185.61 + 5.394Ie1 + 0.603I2 (unit: cm),   (2)

where M is the flexural strength of the section; fy is the 
yield strength of CFS, which is equal to 257.55  MPa in 
this paper; Ieq is the equivalent section moment of inertia; 
Ie1 is the effective net section moment of inertia for single 
CFS; I2 is the section moment of inertia for the insulation 
frame. The R-squared of the fitting is 0.990, which means 
the calculated results of formulas (1) and (2) are very close 
to those of the numerical models, as shown in Figure 13.

2.3. Reliability test of the seam of DMLSF wall

The seam of DMLSF wallboard is connected by the U-
shaped side bubble sealing tapes, which are assembled by 
the curling of the CFS stud. The sealing strip is squeezed 
tightly by adjusting the gap between the wallboards to 
improve the airtightness of the outer cover structure. 
The reliability test of the seam was carried out to explore 
whether the gap would occur in the serviceability limit 
state. The wallboard 110–0 was selected for this test. The 
loading principle was multi-point loading on both sides 
of the wallboard (Figure 14). Two displacement sensors 
were arranged in the middle of the wallboard. The loading 
mode was also weight loading, and the loading stopped 
when the deflection reached υQ ± 1 mm. During the load-
ing process, attention was paid to whether the extruded 
sealant strip at the joint had any visible gap, so the inte-
rior of the wallboard seam was not filled with insulation 
materials.

There was no separation of the sealing strip during the 
whole loading process (Figure 15). The load-displacement 
curves of the reliability test of the seam are shown in Fig-
ure 16. The weight load is transformed into the equivalent 
uniform load, and the equivalent area is half of each wall-

Figure 12. Relationship between the flexural capacity of the 
wall and section height of CFS stud and insulation frame

Figure 13. Equivalent section moment of inertia obtained  
by numerical modes and simplified formula

Figure 14. Test setup of the wallboard seam

Figure 15. Reliability test of the seam
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board. The wallboard was always in elastic working state 
in the loading and unloading stage. When the deflection 
of the wallboard reaches the allowable value (15.2 mm), 
the load is about 5 kPa, which is consistent with the case 
of the secondary loading test. The reliability test results of 
the seam indicate that the seam of the DMLSF wallboard 
proposed in this study exhibits superior airtightness.

3. Demountable behavior of DMLSF wallboard

The advantage of the demountable structure is that com-
ponents can be reused after disassembly. The demount-
able feature requires the component will not be subject to 
excessive irrecoverable deformation in the serviceability 
limit state. In addition, the LCA of the DMLSF wallboard 
was conducted to quantify environmental impacts, reflect 
the advantages of demountable behavior, and optimize 
wallboard construction from the perspective of environ-
mental impact.

3.1. Secondary loading test of DMLSF wall

In this section, two DMLSF wallboards numbered 100-40 
and 110–60 were tested. At first, the specimen was loaded 
until the deflection reached the allowable value. Then, the 
wallboard was disassembled entirely into small parts that 
were assembled again to verify the demountable feature 

of the wallboard. Finally, the bending test was carried out 
on the reassembled wallboard. For the first loading, when 
the deflection of the wallboard increased from 0 to υQ/3, 
20 kg clump weight was selected. Then the load continued 
to be applied by 10 kg clump weight until the deflection 
of the wallboard increased to 2υQ/3, and the 2.5 kg clump 
weight was used when the deflection of the wallboard in-
creased from 2υQ/3 to υQ. The loading principle of sec-
ondary loading is the same as that of Section 3.1.

The loading method is weight loading, making it dif-
ficult to load to the deflection of υQ accurately. Therefore, 
the loading stopped when the deflection reached υQ ± 
1 mm. The wallboard bends significantly, while no local 
buckling of LSF was observed when the deflection reached 
υQ. After unloading, the wallboard was completely disas-
sembled into different components and reassembled again 
for the secondary loading. The deformation and failure 
modes were the same as those in Section 3.1. The ultimate 
bearing capacity p and initial stiffness k for the second-
ary loading test are listed in Table 2. The ultimate bearing 
capacity of specimens 100–40 and 110–60 in the initial 
loading is about 75% of that in the secondary loading test. 
In comparison, the initial stiffness of the initial loading is 
basically the same as that of the secondary loading test.

Figure 17 shows the load-displacement curves of the 
100–40 and 110–60 wallboard in the secondary loading 
test. During the loading process, the curves of the initial 
loading are consistent with that of secondary loading. At 
the beginning of unloading, the recovery value of displace-
ment was small. As the unloading value increases, the re-
covery value of displacement gradually increases. When 
the load is completely removed, the displacement recovers 
to about 3 mm. The reason for the above test results is that 

Figure 16. Load-displacement curves of the reliability test  
of the seam
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Table 2. The ultimate strength and initial stiffness for the 
secondary loading test

Specimens Loading p (kPa) k (×10–3N/mm3)

100–40
Initial loading 4.25 0.25
Secondary loading 5.79 0.27
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Initial loading 5.21 0.33
Secondary loading 6.79 0.33
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the elliptical holes of the bolts can cause inevitable slid-
ing and friction between the different components of the 
wallboard during the loading process, which also makes 
the wallboard possess the energy consumption capacity 
without plastic deformation.

3.2. Life cycle assessment of the wallboard

The construction industry contributes significantly to the 
global consumption of raw materials and energy (Cabeza 
et al., 2014). The environmental impact of the building is 
dominated by the consumption of resources and the gen-
eration of waste. Thus, the demountable structures possess 
the apparent advantage of reusing components, which can 
significantly reduce the negative environmental impact 
of building structures. Currently, LCA methods are fre-
quently applied to evaluate the environmental properties 
of buildings and building elements and incorporated into 
the construction decisions, such as the selection of envi-
ronmentally friendly materials and products (Butt et al., 
2016; Evangelista et  al., 2018). In general, non-renewa-
ble energy consumption (PE-NRe) and potential global 
warming (GWP) are the most influential factors on the 
environmental impacts of buildings (Kurda et al., 2020). 
The PE-NRe is used to measure the non-renewable en-
ergy consumed in the model’s life cycle. GWP refers to 
the amount of carbon dioxide and other harmful gases 
produced by burning fossil fuels.

The Simapro 9.0 software was adopted, and the meth-
ods of IPCC2013 and Cumulative Energy Demand (CED) 
were used to analyze the GWP and PE-NRe, respectively. 
The Ecoinvent database was adopted, containing life cycle 
inventory (LCI) data from various sectors, such as energy 
production, transport, building materials, production of 
chemicals, metal production, and fruit and vegetables. The 
entire database consists of over 10,000 interlinked datas-
ets, each describing a life-cycle inventory at the process 
level.

3.2.1. Case collection
Four cases were adopted to conduct comparative stud-
ies in this paper. The influence of the number of reuse 
times and the renewal of part components of the DMLSF 
wallboard on environmental impact was discussed. In ad-
dition, a comparative analysis between the DMLSF wall-
board and the autoclaved aerated concrete block wall was 
also performed. All transportation distance is assumed 
to be 20 km, and the processing is represented by power 
consumption.

(1) Case 1: the DMLSF wallboard module
The first case is the DMLSF wallboard, and the function 
unit is one module with the size of 3140×1200×264 mm 
(100–40). Each part of the module can be assembled by 
hand. The lifetime of the module is assumed to be 50 years. 
The quantities of materials per unit are shown in Table 3. 
The stage of raw material procurement, manufacturing, 
transportation, installation, and waste management are 

considered. The system boundary is defined (Figure 18a). 
The cold-formed C-shaped steel is formed by bending 
steel plate. The bolts are purchased directly from stores, 
as are OSB, wood and EPS. The environmental impact 
of these materials can be considered directly through the 
built-in material library of the software Simapro. The ex-
trusion, cutting, drilling, and other operation are carried 
out on materials according to the specifications when the 
materials are transported to the fabrication plant. Then, all 
the components are assembled into one module, which is 
delivered to the construction site and installed. Finally, the 
module is demolished and disposed of as waste when the 
building reaches its service life.

(2) Case 2: Secondary reuse of the module  
      of DMLSF wallboard

Many buildings are demolished when they are far 
from 50 years old, usually for reasons other than mate-
rial degradation. It is assumed that this module has been 
used for the first time for 25 years and then disassembled, 

Figure 18. System boundaries of cases
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transported to another location, and reused for another 25 
years. Compared with the first case, the process of disas-
sembly and transportation increased, but the consumption 
of materials and manufacturing was reduced.

(3) Case 3: the module of DMLSF wallboard  
      with partial replacement

The third case is similar to the second case. The two 
OSBs are assumed to be damaged when the module is dis-
assembled. Then, the module is repaired by replacing the 
damaged OSBs. The repaired module is transported and 
reused for another building.

(4) Case 4: the autoclaved aerated  
      concrete block (AACB) wall

The fourth case is the AACB wall with the same area 
as the wall module. It contains autoclaved aerated concrete 
blocks of 600×200×200 mm, cement mortar, galvanized 
steel wire netting, and EPS with a thickness of 50 mm. The 
quantities of materials per unit are shown in Table 3, and 
the system boundary is defined as shown in Figure 18b. 
The blocks, EPS, galvanized steel wire netting, cement, 
and sand can be purchased directly, and the environmen-
tal impact can be considered through the built-in material 
library of the software. The mortar is composed of cement, 
sand, and water in the ratio of 1:3:0.65.

3.2.2. Analysis and discussion
GWP represents the mass of carbon dioxide equivalent 
to the greenhouse effect of various greenhouse gases over 
a 100-year time frame, which is an essential indicator 
of environmental impact. The GWP of the first and the 
fourth cases are shown in Figure 19. The total GWP of 
the DMLSF wall module is 302 kg CO2 eq, which is lower 
than that of the AACB wall with the same area (327 kg 
CO2 eq). The result indicates that the environmental im-
pact of the DMLSF wall is lower than that of the AACB 
wall. Further considering the environmental impact of 
each material of the DMLSF wall, steel and EPS contribute 
the most to the environmental impact. The sum of their 
GWP is about 57% of the total GWP. For AACB walls, 
blocks contribute 191 kg CO2 eq, about 59% of the total 
GWP. Therefore, the consumption of steel and EPS should 

be reduced as much as possible to meet the performance 
requirements of DMLSF walls. In addition, the environ-
mental impact of transport is relatively small. Then for 
the second case, the increased CO2 emissions are minor 
because only the transport process is increased. Compared 
with making new wallboard, its environmental impact is 
significantly reduced. When the OSBs are damaged dur-
ing the turnover process, as illustrated in Case 3, the CO2 
emissions of DMLSF wall module are recalculated. The 
GWP of Case 3 is 339  kg CO2 eq, which can still sub-
stantially reduce the environmental impact compared with 
making a new one. Therefore, the demountable structure 
can significantly reduce the environmental impact of the 
construction structure through the reuse of modules, even 
if some internal components need to be replaced.

PE-NRe represents energy consumption. The catego-
ries including “Non-renewable, fossil”, “Non-renewable, 
nuclear” and “Non-renewable, biomass” are considered. 
In order to obtain the total energy demand (PE-NRe), 
each impact category is given the weighting factor 1. The 
PE-NRe of the first and the fourth cases are shown in Fig-
ure 20. The PE-NRe of DMLSF wall (Case 1) module is 
4004 MJ, which is higher than that of AACB wall (Case 4) 
with the same area (2775 MJ). For the DMLSF wall mod-
ule, the energy consumption of EPS is the most promi-
nent, accounting for 40% of the total energy consump-
tion. And the block consumes the most energy for AACB 
wall, which is about 49% of the total energy consumption.  

Figure 19. GWP of the DMLSF wall and AACB wall: a – DMLSF wall; b – AACB wall
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For the second case, the energy consumption of reuse 
mainly comes from transportation, which is relatively 
small. The PE-NRe of the third case is 4611 MJ, which is still 
less than twice the energy consumption of the AACB wall.

In summary, the environmental impact of the DMLSF 
wall is less than that of the AACB wall, and the energy 
consumption of the DMLSF wall is relatively more sig-
nificant if the component is only used once. Once a 
component is reused, this can drastically reduce environ-
mental impact and energy consumption, even if localized 
elements need to be replaced. For the composition of the 
DMLSF wall, the energy consumption and environmental 
impact of insulation materials are prominent. Therefore, 
seeking more environmentally friendly insulation materi-
als is the key to reducing the environmental impact and 
energy consumption of the wall.

Conclusions

Many buildings are demolished before reaching their 
service life, which results in material waste and environ-
mental pollution. This paper presents a demountable and 
modular LSF wall to realize the reuse of components. The 
flexural and demountable behavior of the wall is inves-
tigated by experimental, numerical, and LCA methods. 
According to the investigation, the following conclusions 
can be drawn:

(1) The DMLSF wall can be easily assembled and dis-
assembled with bolts. For the bending tests, the 
wallboard was in elastic working condition at the 
initial loading stage, and then local buckling oc-
curred in many positions of the flange and curling 
of the upper CFS stud. The wallboard reached the 
ultimate limit state when the local buckling of the 
lower CFS stud occurred.

(2) The tested wallboards were always in elastic work-
ing state before the load reached 5 kPa. The ultimate 
defection of all specimens was close to 50 mm. The 
interaction between the upper and lower CFS stud 
is weak when the load increases from 0 to 6 kPa 
because there are fewer bolted connections and the 
restraining effect of the elliptical bolt holes is weak. 
The numerical model was established and verified 

by test results. The simplified calculation method 
of the flexural capacity of the wall was proposed to 
realize the quick prediction.

(3) For the reliability test of the seam of the DMLSF 
wall, there was no separation of the sealing strip 
during the whole loading process, which indicated 
that the seam of the DMLSF wallboard proposed 
in this study exhibited superior airtightness.

(4) For the secondary loading test, the curve of the 
secondary loading is consistent with that of the 
initial loading. During the unloading phase, the 
displacement returned to about 3  mm when the 
load was removed entirely due to the elliptical 
holes of the bolts facilitating a certain sliding and 
friction of the different components during the 
loading process.

(5) The result of the life cycle assessment of the 
DMLSF wall effectively demonstrates the advan-
tages of demountable structures. The environmen-
tal impact and energy consumption of the DMLSF 
wall mainly come from raw materials, especially 
insulation material. Once the module is reused, its 
environmental impact and energy consumption 
will be significantly reduced compared with mak-
ing a new one.
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Figure 20. PE-NRe of the DMLSF wall and AACB wall: a – DMLSF wall; b – AACB wall
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