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Abstract: Based on the advantages of the silicone graphene composite thermal insulation board,
it was used to replace traditional plywood in the external wall formwork system, and the active
embedded steel wire knot form in silicone graphene composite thermal insulation structure integrated
system was designed. Firstly, the theoretical model of steel wire drawing resistance was established
by theoretical analysis method, and the rationality of the theoretical model was verified by combining
relevant experimental data. The relationship between multiple variables and steel wire pull-out
resistance was analyzed. Then, combined with the theory of wind pressure strength of the exterior
wall of a building structure, the layout form and the corresponding number of embedded steel wires
of thermal insulation board under different building heights were analyzed. Finally, the silicone
graphene composite thermal insulation board and ordinary plywood were compared and analyzed
from the force of perspective of external wall formwork. The results showed that the pull-out
resistance of steel wire was directly proportional to the diameter of steel wire, embedded depth, and
embedded deflection angle. With the increase of building height, the number of steel wires to be
arranged also increased. When the thickness of the silicone graphene composite thermal insulation
board is not less than 80 mm, the anti-deformation effect is close to that of the ordinary plywood,
which can meet the construction requirements of the external wall formwork. It can ensure the
energy conservation and thermal insulation of the external wall, integrate the building’s exterior
wall and thermal insulation structure of the building, and achieve the purpose of exemption from
formwork removal.

Keywords: thermal insulation structure integration; embedded steel wire knot; pull-out resistance;
wind pressure strength; free from formwork removal; silicone graphene composite board

1. Introduction

The energy consumption of the construction industry accounts for one-third of to-
tal energy consumption, and the greenhouse gas emissions of the construction industry
account for two-thirds of global greenhouse gas emissions. In recent years, population
growth and the transformation of human lifestyle have further increased the greenhouse
gas emissions of the construction industry, thus affecting environmental, social, and eco-
nomic development [1]. Therefore, reducing building energy consumption and carbon
dioxide emissions is crucial for sustainable development. In the construction industry, the
enclosure structure is regarded as a critical factor in improving building energy efficiency.
Thermal insulation materials are often used in buildings to reduce heat transfer and meet
heating and cooling requirements, thus improving indoor temperature comfort. Proper
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thermal insulation materials can reduce noise and fire risk, achieve indoor and outdoor
energy balance, and reduce greenhouse gas emissions [2].

According to the summary of existing relevant research results, building insulation ma-
terials can be roughly divided into traditional, advanced, and recyclable types. Traditional
thermal insulation materials mainly include glass wool [3,4], rock wool [3,4], slag wool [3],
expanded polystyrene [3,4], extruded polystyrene [3], polyurethane [5], foam glass [6,7],
and perlite [8]. Examples of advanced thermal insulation materials include aerogel [9,10],
vacuum insulation board [11,12], nano insulation material [13], hollow panel [14], reflective
foam [15], plant fiber [16], and biological fiber [17]. Recyclable thermal insulation mate-
rials mainly include granular rubber [18], cork waste [18], textile waste [19], polystyrene
fiber [20], and glass fiber [21], among others.

At present, most of the research focuses on the relevant performance parameters
of thermal insulation materials, including thermal conductivity [22], energy storage [23],
moisture absorption [24], fire prevention [24], noise reduction [25], and so on. There are
few practical engineering applications. Mohammad [26] summarized the application of
glass fiber, rock wool, polyethylene, polyurethane, perlite, and other thermal insulation
materials in building exterior walls and roofs. Zhao [27] introduced the aluminum alloy
thermal insulation integrated decorative panel, which is directly fixed on the exterior wall
of the building in combination with the keel and anchor bolt and can realize the thermal
insulation decoration function of the exterior wall of the building. In recent years, based
on the development requirements of ultra-low energy consumption in the construction
industry, the integration technology of thermal insulation and structure can ensure the
long-term stability and low energy consumption of the external wall thermal insulation
system, which has become one of the necessary options for energy conservation and
thermal insulation in current construction projects. Li et al. [28] studied the mechanical
properties of the glass bead form-free shear wall based on the indoor shear span ratio test,
which provides a basis for the practical application of the project. Li et al. [29] designed a
reinforced rock wool composite insulation board to achieve the effect of thermal insulation
and structural integration. In Shanghai, a new type of silicone graphene composite thermal
insulation board has been widely used in the structural system of construction engineering
without formwork removal due to its good safety, durability, and weather resistance, and
its internal coating of galvanized steel wire mesh has sufficient strength.

From the perspective of construction technology, the traditional thermal insulation
structure lays the thermal insulation layer on the outer wall after completing the cast-in-
place concrete curing. Unfortunately, the cross-construction is complicated, slow, difficult
to coordinate, and has potential quality and safety hazards. The integrated technology of
thermal insulation structure optimizes the construction process. It improves construction
efficiency by using the composite thermal insulation board as the outer formwork of the
wall and enhancing the bonding strength between the thermal insulation board and the
wall through special passive anchors. However, the existing integrated technology of
thermal insulation structure requires the addition of passive anchors for connection. When
the anchors are embedded, it is easy to cause brittle damage and risk slurry leakage of the
insulation board. The number and location of anchors restrict the bond strength between
the insulation board and the structural layer, increase the risk of hollowing out, and increase
the cost of auxiliary materials.

Considering the good thermal insulation performance of the silicone graphene ma-
terial [30-34], in order to solve the problems existing in the above-integrated system of
thermal insulation structure, this paper proposes adding steel wires in the silicone graphene
composite board, changing the passive anchoring to an active tie, actively enhancing the
bonding strength of the insulation layer and the concrete base layer through the tie steel
wire, ensuring full adhesion without cavities, and reducing the cost of auxiliary materi-
als and operating procedures. The arrangement of tie steel wires determines the overall
bonding effect between the silicone graphene composite board and structure. In this paper,
by establishing the theoretical model of steel wire pull-out and the theoretical calculation
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of steel wire wind-resistant pressure, the relationship between the pull-out force of steel
wire and the diameter of steel wire, the density of matrix concrete, the embedded depth of
steel wire and the deflection angle of steel wire is determined. It further determines the
arrangement form and quantity of steel wire corresponding to different building heights.
By analyzing and comparing the bending strength and deflection deformation of the ther-
mal insulation board and the traditional plywood formwork, it is evident that the silicone
graphene composite board can be used in the external wall formwork system to replace the
traditional plywood. This can ensure the energy conservation and thermal insulation of the
external wall, integrate the external wall and thermal insulation structure of the building,
and achieve the purpose of avoiding the removal of the formwork.

2. Calculation of Uplift Force of Steel Wire Embedded Integrated Board
2.1. Theoretical Model of Steel Wire Pull-out Resistance

In order to establish the pull-out model of steel wire in a concrete matrix, as shown in
Figure 1, the following assumptions are made:

(1) Both steel wire and concrete matrix are elastic materials.

(2) When the steel wire is embedded into the concrete matrix, a pull-out zone is formed
between the steel wire and the matrix. The contact friction between the steel wire and
the matrix, the mechanical bite force when the matrix shrinks, and so on, together
constitute the interface bonding strength of the two media.

(3) Under the action of external forces, the pull-out effect of steel wire and concrete can
be divided into debonding stage and the pull-out stage [30].

Steel clip

Galvanized steel wire

Concrete

Epoxy glue

Steel cushion cap

Steel clip

Figure 1. Schematic diagram of steel wire pull-out test [35].

According to the above assumptions, there is interfacial bonding strength f between
steel wire and concrete matrix, the relationship between interfacial bond strength f and the
pull-out displacement of steel wire J can be expressed as [36]:

_ fo, 0 < &
/= {fo+f(5), 5 < 5 1)

where f is the peak bond strength at the debonding stage; f(6) is the attenuation function
of contact interface bond strength; ¢ is the steel wire pull-out displacement; J, is the
corresponding pull-out displacement at the end of the debonding stage.

When the steel wire is debonded, the interfacial bond strength decreases rapidly. This
paper mainly analyzes the maximum pull-out force of the steel wire. Considering the
displacement of debonding stage where dy is negligible compared with the length L of steel
wire embedded in the concrete matrix, the maximum pull-out resistance of steel wire can
be expressed as [35]:

Fmax(d, fo, L) = fomdL + F )
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where d is the diameter of steel wire, L is the embedded depth of steel wire, and Fj is the
elastic bonding force between steel wire and concrete matrix [37].

When the embedded direction of the steel wire deflects from the concrete matrix, the
maximum pull-out force of the steel wire can be expressed as:

Fmax(d, fO, L' 9) = Fmax(d, fO/ L/ 0) : ee' 0 (3)

where 6 is the embedded deflection angle of steel wire, ¢ is the deflection angle influence
coefficient, taken as ¢ = 0.5 [38].

Refer to relevant test data [30,34] to establish the peak bond strength fy and concrete
density p Fitting relationship between:

folp) =a-p — b (4)

where, a and b are fitting parameters.

In addition, it can be found [35,39] that when the density of the concrete matrix is
large enough, the elastic bond force Fy between steel wire and concrete matrix presents a
convergence trend, and when the density of concrete p = 1000 kg/m3 and above, Fy = 200 N.
The expression of the maximum pull-out force of steel wire can be obtained from the
Equation (2) to Equation (4):

Fax(d, p, L, 6) = [200+7d - fop) - L] - & ©)

2.2. Verification of Theoretical Model of Steel Wire Pull-Out Resistance

From the above Equation (5), it can be seen that the maximum tensile strength of steel
wire is related to the diameter of steel wire d, the embedded depth of steel wire L, and the
density of concrete matrix p (corresponding strength grade), steel wire embedded deflection
angle 0 of select d = 2 mm hot-dip galvanized steel wire with the tensile strength of 17 kN,
taking into account 28 d curing age of concrete matrix and concrete density p = 2385 kg/m?
(C30), respectively for steel wire embedding depth L and steel wire embedding deflection
angle 0 perform validation [35,39]. The specific test process used the single factor variable
method to study the influence of the concrete density p, the embedded depth of steel wire
L and the steel wire embedded deflection angle 8 on the maximum pull-out force Fiax of
the steel wire. The concrete density is 500 kg/m?3, 700 kg/m?, 1000 kg/m> and 2385 kg/m?,
respectively. When the embedded deflection angle of the steel wire is 0° and 45°, the
embedded depth is 20 mm, 30 mm, 40 mm, 50 mm, 60 mm, 70 mm, 80 mm, 90 mm and
100 mm, respectively. When the embedded depth of the steel wire is 50 mm, the embedded
deflection angle is 0°, 10°, 20°, 30°, 40° and 45°, respectively. From Figures 2-4, it can be
seen that the relation Equation (5) of the maximum pull-out force of steel wire can better
verify the relevant test data. When test result data is substituted into Equation (4), results
area =142 x 10> Nem/kg; b =4.00 x 10° Pa; R? = 0.96.

3.09

®  Test value
Fitting function f,(p)

R*=0.96

Maximum bond strcngth_}“;( MPa)
"
|

T T T T T ]
0 500 1000 1500 2000 2500 3000
Concrete density p( kg/m®)

Figure 2. Relationship between concrete density and bond strength of steel wire.
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Figure 3. Influence of deflection angle of embedded steel wire on tensile force (L = 50 mm).
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Figure 4. Influence of depth of embedded steel wire on tensile force.

2.3. Wind Pressure Resistance Strength of the Integrated Thermal Insulation Structure System

The wind pressure resistance strength of the integrated thermal insulation structure
system shall comply with the following provisions [40]:

Rk > K- Wk (6)

where Wy is the standard value of wind load (kN/m?); K is the wind load resistance safety
factor of the integrated thermal insulation structure system, K = 3.3 [40].

RK:Fmax'n"? (7)

where 1 is the number of steel wires per square meter; Frax is the maximum pull-out force
of the steel wire; # is the reduction factor, 77 = 0.5.
Wind load strength calculation [41]:

Wk =Bz - s - 1z - wy (8)

where B, is the gust coefficient at height z; y; is the local shape coefficient of wind load;

MUz is the wind pressure height variation coefficient; wy is the standard value of basic wind
pressure.

3. Wind Pressure Resistance Performance Analysis of Steel Wire Embedded Thermal
Insulation and Structural Integration System

3.1. Basic Information on Thermal Insulation and Integrated Structural Board

Based on the advantages of a composite thermal insulation board, this paper designs
the actively embedded steel wire knot form in a composite thermal insulation structure
integrated system. A number of embedded wires and double-layer steel wire mesh are
overlapped by spot welding to form an extended steel wire skeleton. The skeleton is placed
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inside the thermal insulation material when making the thermal insulation board to form
steel wire-embedded composite thermal insulation board. The thermal insulation board can
be used as a formwork, free from disassembly, when used for on-site casting/PC prefabri-
cation, and the embedded steel wires mainly play the role of active binding and anchoring.
The design structure is shown in Table 1, and the relevant performance parameters of the
composite thermal insulation board are shown in Table 2.

Table 1. Design and construction of silicone graphene composite thermal insulation structure inte-

grated system.

Base Wall 1 InsulTi ?if)l;lm;;yer 2 Plastering Layer 3 Finish Layer 4 Tie Steel Wire 5 Structural Diagram
2 3
1 1
5
Plastering mortar External wall flexibl Double-1
Cast-in-situ/ Composite thermal (built-in alkali xternatwa.l Lexible ouble-layer
. . . . . putty + adhesive + galvanized steel wire
prefabricated wall insulation board resistant glass fiber t . . .
ace brick mesh + tie steel wire
mesh)
Table 2. Relevant performance parameters of silicone graphene composite thermal insulation board.
Test Indicators Perfqrmance Test Results Test Method Basis
Requirements
Dry density (kg/ m?) 150-300 184 GB/T 5486-2008 [42]
Compressive strength (Mpa) >0.30 0.33 GB/T 5486-2008
Tensile strength perpendicular to the plate surface (Mpa) >0.20 0.21 JGJ 144-2019 [43]
Thermal conductivity coefficient, 25 °C (W/m-K) <0.055 0.050 GB/T 10294-2008 [44]
Bending load (N) >3000 3179 GB/T 19631-2005 [45]
Bending deformation (mm) >6 >6 GB/T 8813-2008 [46]
The first-floor wall of the
I . building and the wall at the 10 10 JGJ 144-2019
mpact resistance (J) . "
door and window positions
Corresponding walls on the
second floor and above 3 3 JGJ 144-2019
Combustion performance level A (A2) — GB 8624-2012 [47]
Wind pressure resistance value (kPa) — 10.63 JGJ 144-2019

Combined with the above theoretical model of steel wire pull-out resistance, consider
the diameter of steel wire d, the embedded depth of steel wire L, the density of matrix
concrete p (Corresponding strength grade), and embedded deflection angle of steel wire 6.
The corresponding values of different factors affecting the pull-out performance of steel
wire are shown in Table 3. Based on the wind pressure strength theory of the integrated
system of thermal insulation structure, the Shanghai area is taken as an example (the
ground roughness is classified as Class C) to analyze the arrangement form and quantity
of embedded steel wires of thermal insulation board corresponding to different building
heights (z). The parameters related to wind load strength are shown in Table 4.
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Table 3. Different influencing factors and corresponding variables.
Variable Value
Steel wire diameter d (mm) 1.0,1.5,2.0,3.0,4.0
Concrete density p (kg/ m?) 2385 (C30), 2390 (C35), 2400 (C40), 2410 (C45), 2420 (C50)
Embedded depth of steel wire L (mm) 30, 40, 50, 60, 80, 100
Embedded deflection angle of steel wire 6 (°) (Tilt Down) 0, 15, 30, 45, 60
Table 4. Parameter values related to wind load strength.
Height above Wind Pressure Height Local Shape The Standard Value of
Groi nd = (m) Gust Coefficient §, Variation Coefficient of Wind Basic Wind Pressure
Coefficient y, Load ps wo (KN/m?)
10 2.05 0.65
20 1.99 0.74
30 1.90 0.88
40 1.85 1.0
50 1.81 1.10
60 1.78 1.20 20 0.4
70 1.75 1.28
80 1.73 1.36
90 1.71 1.43
100 1.69 1.50

3.2. Results and Discussion
3.2.1. Analysis of Tensile Strength of Steel Wire

Figure 5 shows the relationship between steel wire diameter d and pull-out force Frax
(L =50 mm, 6 = 0°). It can be seen from the figure that the corresponding density range of
C30~C50 concrete is not apparent (2385 kg/m3~2420 kg/m?), so the change range of the
pull-out force produced by the same steel wire diameter is almost unchanged. However,
for the same concrete matrix, the pull-out resistance increases with the increase in wire
diameter. This is mainly because the larger the diameter, the larger the contact area between
the steel wire and the concrete matrix, resulting in greater maximum pull-out force.

3000 —————————
T Py 2385kg/m”

- = =P =2390kg/m’
=2400kg/m’

2500

Peay

2000d = Pess=2410kg/m’

= o= pes=2420kg/m’

1500+

1000+

Pullout resistance 7 __( N)

5004

0 T T T T T T T T T 1
00 05 10 15 20 25 30 35 40 45 50

Steel wire diameter 4( mm)

Figure 5. Relationship between wire steel diameter and pull-out peak load (L = 50 mm, 6 = 0°).

Figure 6 shows the concrete density at different embedded depths of steel wire p
relation with uplift force Fmax (d = 2 mm, 6 = 0°). It can be seen from the figure that for
the same concrete matrix, the pull-out force increases with the increase of the embedded
depth of the steel wire, which also reflects that the pull-out force of the steel wire is greatly
affected by the interface contact area. However, the increase in concrete density has little
effect on the pull-out resistance of steel wire, which further validates the conclusion in
Figure 5 above.
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Figure 6. Relationship between concrete density and pull-out peak load (d =2 mm, 6 = 0°).

Figure 7 shows the relationship between the embedded depth L of the steel wire and
the uplift force Fimax (d = 2 mm, p = 2385 kg/m3). It can be seen from the figure that the
pull-out force of steel wire is significantly affected by the embedded deflection angle, and
the pull-out force of steel wire increases with the increase of deflection angle. This result
is due to angular deflection of the embedded steel wire, with the drawing direction still
perpendicular to the concrete, subjecting the embedded steel wire to contact friction and
mechanical bite force in both directions. Therefore, when the embedded steel wire has a
certain angle deflection, it will enhance the pull-out resistance of the steel wire.

4000
3500
3000
2500
2000

150049 .

Pullout resistance £, (' N)

1000 -~ =

500

0 T T T T T 1
30 40 50 60 70 80 90 100
Embedded depth L( mm)

Figure 7. Relationship between embedded depth of steel wire and pull-out peak load (d =2 mm, p =
2385 kg/m?3).

Figure 8 shows the embedded deflection angle of steel wire under different diameters
of steel wire 6 relation with uplift force Finax (L = 50 mm, p = 2385 kg/ m3). This result
further validates the conclusion in Figure 7, and with the synchronous increase of steel
wire diameter, the pull-out resistance of the wire will be further enhanced.

4000 4 -
|——d=1.0mm e
35004 — — —d=1.5mm ) __,-"-
z 3000 4
&5 2500
g ..o
b 2000
]
= 1500
= .
£ 1000
500+
0 T T

0 15 30 45 60 75
Deflection angle ( °)

Figure 8. Relationship between embedded deflection angle of steel wire and pull-out peak load (L =
50 mm, p = 2385 kg/m3).
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To sum up, it is evident that the pull-out resistance of steel wire is affected by the
diameter d of steel wire, the embedded depth L of steel wire, and the embedded deflection
angle of steel wire 6. The impact is large and significant, and the pull-out resistance is
proportional to the three factors. On the contrary, when the concrete density (i.e., strength)
reaches 2385 kg/m? (C30) and above, the impact on the steel wire’s pull-out performance
is significant.

3.2.2. Result Analysis of Steel Wire Arrangement

For Shanghai, consider the steel wire diameter d = 1 mm, 1.5 mm, 2 mm, steel wire
embedding depth L = 30 mm, 40 mm, 50 mm, 60 mm, 80 mm, 100 mm, and steel wire
embedding deflection angle 6 = 0°, 45°. The number of steel wires of thermal insulation
board corresponding to different ground heights z of the building is 71y,in, and the calcu-
lation results are shown in Figure 9. It can be seen from the figure that the number of
steel wire arrangements is inversely proportional to the diameter of the steel wire, the
embedded depth of the steel wire, and the embedded deflection angle of the steel wire. It
has also been observed that the number of steel wires to be arranged increases with the
increase in building height. In other words, the arrangement of steel wires determines the
bonding performance of the thermal insulation board. When the overall bonding strength
meets the requirements of wind pressure resistance, the minimum number of steel wires
corresponding to different building heights can be obtained. Therefore, the number of
embedded steel wires in the thermal insulation board per unit area depends on the building
structure’s external wall load and the steel wire’s pull-out performance.

Considering the error in the actual project, in order to ensure the stability of the
integrated system of thermal insulation structure, the arrangement quantity of steel wires
for the composite thermal insulation board during production is recommended to be
fmin X 2 (unit: pieces/ m?), as shown in Tables 5 and 6.

Table 5. Number of steel wire layouts per square meter of integrated thermal insulation structure
system (6 = 0°).

Height above Ground z (m) z<20 20 < z <50 50 < z <100
d=1mm; L =30 mm >34 >44 >56
d=15mm; L =30mm >26 >34 >44
d=2mm; L =30mm >22 >28 >36
d=1mm; L =40 mm >28 >38 >48
d=15mm;L =40 mm >22 >28 >36
d=2mm; L =40 mm >18 >24 >30
d=1mm; L =50 mm >24 >32 >41
d=15mm; L =50mm >18 >24 >30
d=2mm; L =50 mm >14 >20 >24
d=1mm; L =60mm >22 >28 >36
d=15mm; L =60mm >16 >22 >26
d=2mm; L =60mm >12 >16 >22
d=1mm; L =80 mm >18 >24 >30
d=15mm; L =80mm >12 >16 >22
d=2mm; L =80 mm >10 >14 >16
d=1mm; L =100 mm >14 >20 >24
d=1.5mm;L =100 mm >10 >14 >18
d=2mm; L =100 mm >8 >12 >14




Buildings 2023, 13, 705

10 of 17

n

Number of steel wire arrangement

( pieces/m’)

‘min

Number of steel wire arrangement n

( pieces/m?)

in

Number of steel wire arrangement n_,

—&— d=1mm;0=0°
- O —d=1mm;0=45°
—e— d=1.5mm;H=0°
- O —d=1.5mm;p=45°
—A— ¢=2mm;6=0°
~ /= d=2mm;6=45°

254

%]
(=]
1

T
20 40 60 80 100
Height above ground z( m)

(a) L=30 mm

—8— d=1mm;H=0°

- 0 = d=1mm;#=45°
—eo— d=1.5mm;6=0°
— O —d=1.5mm;0=45°
—A— d=2mm;6=0°

— © — d=2mm;6=45°

T
20 40 60 80 100

Height above ground z( m)
(c¢) L=50 mm

= d=2mm;6=45°

T T
20 40 60 80 100

Height above ground z( m)
(e) L=80 mm

&_E\ 351 —a— d=1mm;0=0°
2 — 0 —d=1mm;0=45°
3 304 —e— d=1.5mm;#=0°
i - O —d=1.5mm;/=45°
v-g 254 |—*— d=2mm;6=0°

— /= d=2mm;0=45°

( pieces/m®)

min

Number of steel wire arrangement n

( pieces/m’)

£

Number of steel wire arrangement n

Number of steel wire arrangement n
_
(=}
1

Height above ground z( m)

0 20 40 60 80

T
100

(b) L =40 mm
259 —8— J=1mm;0=0°
—- O —d=1mm;§=45°
—e— d=1.5mm;#=0°
20 |- © - d=1.5mm;0=45°
—A— d=2mm;H=0°
~ = d=2mm;H=45°
154
10
5 -
0 T T T T T
0 20 40 60 80 100
Height above ground z( m)
(d) L =60 mm
207 [—e—d=1mm;0-0°
= O —d=1mm;0=45°
—&— d=1.5mm;H=0°
154 ¢ = d=1.5mm;H=45°
—A— d=2mm;0=0°
— © — d=2mm;6=45°
104
5 -
O T T T T T
0 20 40 60 80 100
Height above ground z( m)
(f) L = 100 mm

Figure 9. Relationship between the height above the ground and the minimum number of steel wires

(p = 2385 kg/m3).
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Table 6. Number of steel wire layouts per square meter of integrated thermal insulation structure
system (6 = 45°).

Height above Ground z(m) z<20 20 < z <50 50 < z <100
d=1mm; L =30 mm >22 >30 >38
d=15mm; L =30mm >18 >24 >30
d=2mm; L =30 mm >14 >20 >24
d=1mm; L =40 mm >20 >26 >32
d=15mm; L =40 mm >14 >20 >24
d=2mm; L =40 mm >12 >16 >20
d=1mm; L =50 mm >16 >22 >28
d=15mm; L =50mm >12 >16 >22
d=2mm; L =50 mm >10 >14 >16
d=1mm; L =60 mm >14 >20 >24
d=15mm; L=60mm >12 >14 >18
d=2mm; L =60mm >8 >12 >14
d=1mm; L =80 mm >12 >16 >20
d=15mm; L =80mm >8 >12 >14
d=2mm; L =80 mm >8 >10 >12
d=1mm;L =100 mm >10 >14 >16
d=15mm; L =100 mm >8 >10 >12
d=2mm; L =100 mm >6 >8 >10

4. Stress Analysis of Integrated Formwork of External Wall Thermal
Insulation Structure

Combined with the actual engineering application (as shown in Figure 10), the inner
side of the outer wall is made of 15 mm thick wood plywood, the outer side is made of
the composite thermal insulation board, and the second ridge is made of 35 mm x 85 mm
square timber, using double steel pipes for the main ridge. The split water stop screw is
used for reinforcement, and the screw is arranged horizontally and longitudinally with
equal spacing.
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Figure 10. Schematic diagram of integrated formwork of external wall thermal insulation structure.

The formwork directly bears the load transmitted by the wall. In this paper, the load
transmitted by the wall is considered a uniformly distributed load, and the three-span
continuous beam is used for the stress analysis of the formwork, as shown in Figure 11.
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Figure 11. Calculation diagram of a three-span continuous beam.
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In the above equations, W is the section resistance moment; [ is the section moment of
inertia; b, is the calculated width of the template; /1, is the thickness of formwork; Mmax is
the maximum calculated bending moment; g is the lateral pressure load combination of the
formwork, g is the lateral pressure line load acting on the formwork, go = 104/1000; [y is
the spacing between timbers; ¢ is bending strength; [¢] is the allowable bending strength;
Wmax 1s the maximum calculated deflection; [w] is the allowable deflection. The values of
relevant parameters are shown in Table 7.

Table 7. Values of relevant material parameters.

Variable
Factor
Plywood Thermal Insulation Board
Calculated width of template by (mm) 1000
Spacing of wood square [y (mm) 150; 200
Formwork thickness hy (mm) 15 50; 80; 100
Modulus of elasticity of formwork Eq (N/ mm?) 4000 20
Allowable bending strength of formwork [o] (N/mm?) 15 10
Allowable deflection of formwork [w] (mm) 10/250

The mechanical properties of composite thermal insulation board and common ply-
wood are compared. The bending strength ¢ and deflection w are analyzed, respectively.
The corresponding calculation results are shown in Figures 12 and 13. It can be seen from
Figure 12 that under the condition of the same spacing of wood square, the bending strength
produced by the composite thermal insulation board is far less than that of the plywood.
The main reason is that the insulation board has a particular strength, and its thickness
is far greater than that of plywood, so the bending resistance of the former is better than
that of the latter. Figure 13 compares the deflection deformation of two types of formwork
under uniformly distributed load g. The results showed that the anti-deformation effect
of the composite thermal insulation board with a thickness of /iy > 80 mm was close to
that of the ordinary plywood under the condition of the same spacing of wood square. In
addition, when the spacing of wood square is /[y = 200 mm, the uniformly distributed load
g <40 kN/m that the 50 mm thick thermal insulation board can bear, and the correspond-
ing cast-in-place wall thickness /» < 300 mm, can also meet the construction requirements
of external wall formwork.
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Figure 12. Comparison of bending strength of different formworks.
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Figure 13. Deflection comparison of different formworks.

In sum, according to the analysis of the bending strength and deflection of the form-
work, it is found that the composite thermal insulation board can be used as the formwork
instead of plywood so as to achieve the integration of thermal insulation and structure of
the building structure. It can be useful for avoiding formwork removal while ensuring the
external wall’s energy conservation and thermal insulation. It is worth noting that in the
actual project, when the thickness of the thermal insulation board used in some parts is less
than 50 mm, it is recommended that the spacing of timbers should not exceed 150 mm in
order to ensure that the external wall is free from formwork removal, and the stability of
the thermal insulation board formwork system.

5. Conclusions

This paper establishes a theoretical model of wire pull-out resistance, considering
the relationship between wire diameter, wire embedment depth, density of base concrete,
steel wire embedment deflection angle, and steel wire pull-out resistance. To do so, the
rationality of the theoretical model is verified with relevant test data. Then, based on
the advantages of the silicone graphene composite thermal insulation board, the active
embedded steel wire knot form in the silicone graphene composite thermal insulation
structure integrated system was designed. Based on the theory of wind pressure resistance
strength of exterior walls of building structures, taking Shanghai as an example, this paper
analyzes the arrangement and quantity of embedded steel wires of composite thermal
insulation boards under different building heights. Finally, the comparison and analysis of
silicone graphene composite thermal insulation board and ordinary plywood are carried



Buildings 2023, 13, 705

14 of 17

out from the point of view of external wall formwork stress and deflection. Based on this
study, the following conclusions can be drawn:

(1) By adding the tie steel wires in the silicone graphene composite thermal insulation
board, the passive anchoring is changed to an active tie. Through the steel tie wires,
the bonding strength between the thermal insulation layer and the concrete base can
be actively enhanced, full adhesion without cavities can be guaranteed, and the cost
of auxiliary materials and construction procedures can be reduced.

(2) Based on the pull-out model of steel wire, it is found that the pull-out performance of
steel wire is affected by the diameter d of steel wire, the embedded depth L of steel
wire, and the embedded deflection angle 6 of steel wire. The impact is significant,
and the pull-out resistance is proportional to the three factors. However, when the
concrete density (i.e., strength) reaches 2385 kg/m? (C30) and above, it has little effect
on the pull-out performance of steel wire.

(3) Based on the wind pressure resistance strength theory of the external wall of the struc-
ture, it is found that the number of steel wires arrangement is inversely proportional
to the wire diameter d, the embedded depth of the steel wire L, and the embedded
deflection angle of the steel wire 8. Moreover, the number of steel wires to be arranged
increases with the increase of the building height.

(4) The number of embedded steel wires in the silicone graphene composite thermal insu-
lation board per unit area depends on the building structure’s external wall load and
the steel wires’ pull-out performance. The arrangement of the steel wire determines
the bonding performance of the thermal insulation board. When the overall bonding
strength meets the wind pressure resistance requirements, the minimum number of
steel wires corresponding to different building heights can be obtained.

(5) When the thickness of the silicone graphene composite thermal insulation board is
at least 80 mm, the anti-deformation effect is close to that of the ordinary plywood.
The silicone graphene composite thermal insulation board can replace the traditional
plywood in the exterior wall formwork system, which can ensure the energy conser-
vation and thermal insulation of the exterior wall and integrate the thermal insulation
structure of the building exterior wall, so as to avoid formwork removal.

In this paper, it was proposed to replace the traditional plywood in the exterior wall
formwork system with the silicone graphene composite thermal insulation board, and
the active embedded steel wire knot form in the silicone graphene composite thermal
insulation structure integrated system was designed, realizing the preliminary application
of the silicone graphene composite thermal insulation structure integrated system in the
project. However, the extensive application of the system in the project requires a more
systematic design method and a more standardized construction process flow. There is
no doubt that the research work in relevant aspects has a very important engineering
application prospect.
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Abbreviations
The abbreviations, designations and symbols used in the work are as follows:
f the interfacial bond strength between steel wire and concrete matrix
6 the pull-out displacement of steel wire
fo the peak bond strength at the debonding stage
) the corresponding pull-out displacement at the end of the debonding stage
L the embedded depth of steel wire
d the diameter of steel wire
Fy the elastic bonding force between steel wire and concrete matrix
Frnax the maximum pull-out resistance of steel wire
0 the embedded deflection angle of steel wire
€ the deflection angle influence coefficient
0 the concrete density
Rk the wind pressure resistance strength
Wk the standard value of wind load
K the wind load resistance safety factor
Fmax the maximum pull-out force of the steel wire
n the number of steel wires per square meter
1 the reduction factor
z the height above ground
Bz the gust coefficient at height z
Us the local shape coefficient of wind load
Uz the wind pressure height variation coefficient
wp the standard value of basic wind pressure
w the section resistance moment
I the section moment of inertia
bo the calculated width of the template
ho the thickness of formwork
Minax the maximum calculated bending moment
q the lateral pressure load combination of the formwork
qo0 the lateral pressure line load acting on the formwork
Iy the spacing between timbers
o the bending strength
[o] the allowable bending strength
Wmax the maximum calculated deflection
[w] the allowable deflection
Ey the modulus of elasticity of formwork
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