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Abstract: Modular integrated construction (MiC) is a new type of assembled building structure
system that consists of prefabricated concrete modules connected using post-cast concrete. To reduce
material consumption and realize casting without supporting molds, thin and lightweight concrete
formworks (MiC formworks) with a thickness of 30 mm are installed as part of the shear wall. Due
to the thinness, concrete pouring tends to cause MiC formwork cracking, mold rising, and other
problems. Its stress performance and damage mechanism are not clear. For this reason, three groups
of MiC formworks with different material composition types are designed. The static load test is
carried out in a graded partition loading mode, and parametric analysis is combined with numerical
simulation to systematically study the influence of different material components on the mechanical
properties of MiC formworks. The results show that the front cracks of the MiC formworks are mainly
distributed under the truss tendons, and the back cracks are mainly distributed in the span position
of the adjacent truss tendons. These cracks both occur along the span direction of the MiC formworks.
Increasing the concrete strength has a significant effect on improving the load-bearing capacity of
MiC formworks, while incorporating steel fibers can significantly improve its deformation and crack
resistance. Parametric analysis showed that the steel fiber admixture exhibited limited improvements
in the cracking resistance of the panels as the concrete matrix grade increased. The research results
provide a practical basis for optimizing the production process of MiC formworks.

Keywords: modular buildings; concrete shell panel; mechanical properties; concrete material; finite
element analysis

1. Introduction

Contrary to traditional building construction methods, modular building is a con-
struction form in which modular units are manufactured in a factory and then transported
to the construction site to be assembled into a complete building [1,2]. The building’s
integrity is a major consideration in the design. Connections between modular units play a
central role in providing the integrity of a modular building [3]. To improve this integrity,
most structural wall panels used in construction are made by pouring concrete into precast
formwork in advance [4], so that the two work together, in which the molded shell wall
panels play an important role [5].

As part of a shear wall, a molded shell wall panel is regarded as a permanent form-
work that participates in the overall forces of the building. Currently, many scholars have
carried out extensive and in-depth studies on the performance of permanent formwork in
the process of working in concert with cast-in-place concrete. The research mainly focuses
on two aspects. One is to investigate the bond performance of the interface between the
permanent formwork and the cast-in-place concrete from the formwork material [6,7] and
the formwork shape [8]. The damage pattern of the formwork is related to the length of the
formwork. At shorter lengths, the damage occurs mainly at the textile-matrix interface;
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while at longer lengths, the damage begins to transform into a textile fracture [9]. In
addition, the use of 3D concrete printing technology to produce permanent formwork for
building components can maximize the material, time, and cost savings, especially when
formwork with complex geometries is required [10]. Studies have shown that casting can
only take place when the 3D printed model has been molded for 7 days [11]. Appropri-
ate addition of micro-expanders or increasing the proportion of small and medium size
coarse aggregates in cast-in-place concrete to create structural elements will result in better
bonding [12,13]. On the other hand, many scholars have conducted preliminary studies
on the mechanical properties of permanent formwork composite members. These mainly
focus on exploring the effect of permanent formwork made of different matrix materi-
als on composite members. For example, the use of engineered cementitious composite
(ECC) [14,15], ultra-high-toughness cementitious composites (UHTCC) [16], reinforced
ultra-high-toughness cementitious composites (RUHTCC) [17], ultra-high-performance
concrete (UHPC) [9], textile-reinforced concrete (TRC) [18-20], and other materials are all
able to improve the load carrying capacity and deformation capacity of composite members
to different degrees. In addition, the shape of the formwork also affects the composite
members. The ultimate load capacity of flat formwork composite columns is higher than
that of L-shaped formwork composite columns [18]. U-shaped permanent formwork shows
better performance than flat formwork, which improves the load carrying capacity and
toughness [15].

The final geometry and surface quality of the completed concrete structure are highly
dependent on the formwork system employed in the construction [21]. Therefore, the selec-
tion criteria and basic requirements of the formwork system should be fully considered
before starting the construction [22,23]. Permanent formwork commonly used in engineer-
ing is not suitable for MiC modular units due to its high self-weight. Fabric formwork can
solve this problem. However, due to the self-weight of the concrete and the low stiffness of
the fabric formwork, the large deviation from the desired concrete shell shape is still the
core problem [24]. Therefore, the development of a lightweight permanent formwork with
low deadweight and sufficient stiffness is necessary.

We propose a thin and lightweight permanent formwork with a thickness of only
30 mm, which is called MiC formwork. Its construction is similar to precast concrete
laminated panels. Tie bolts are welded at the truss reinforcement nodes of MiC formworks.
When used as an outer shear wall formwork, it is bolted to the outer timber formwork.
When used as an inner shear wall formwork, the bolts are passed through the opposite wall
plate and fixed to form a shear wall by pouring concrete (Figure 1). From the structural
engineering point of view, the formwork should be designed for different ultimate loads
and applicable loads, including the lateral pressure of filling materials. Due to the thinness
of the MiC formwork, the lateral pressure exerted on the slab by the concrete pouring
will lead to mold rise, cracking, and slurry leakage. Adding fibers to concrete is a good
solution for its stress cracking. Steel fibers, as a commonly used fiber addition, can sig-
nificantly improve the tensile strength, toughness, and cracking resistance of the concrete
matrix [25,26]. Therefore, three groups of commonly used MiC formworks with different
material component types are designed for static loading tests. We establish a refined
numerical model based on the established specifications and carry out parametric analysis
of important parameters, such as the concrete strength class and the fiber content of the steel
fiber concrete. The aim is to find the MiC formwork with the best working performance
and to provide a theoretical reference for its application in practical engineering.
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Figure 1. Pouring of concrete.

2. Materials and Methods
2.1. Materials
2.1.1. Concrete

Three types of concrete were used in the test: ordinary C40 concrete, ordinary C60
concrete, and C60 steel fiber concrete. C60 steel fiber concrete contains 1% steel fibers by
volume, and the steel fibers are 0.5 mm in diameter and 15-30 mm in length. Each grade
of concrete has three standard specimen samples of 150 mm x 150 mm x 150 mm. The
compressive strength of concrete was measured after 28 days of curing (Figure 2). The
results were multiplied by a conversion factor of 0.95, as shown in Table 1. The compressive
strengths of the C40 concrete, C60 concrete, and C60 steel fiber concrete were 41.42 MPa,
60.99 MPa, and 62.35 MPa, respectively. These were the average values of three identical
tests conducted on each material. The measured compressive strengths of these three types
of concrete all meet the specification requirements.

Put the test
block into the

pressure testing
machine

Figure 2. Concrete material test.
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Table 1. Test results of the concrete material properties.

Concrete Measured Conversion
Materials Numbering Compressive Compressive Average (MPa)
Strength (MPa)  Strength (MPa)
C40-1 435 41.33
C40 concrete C40-2 42.7 40.57 41.42
C40-3 44.6 42.37
C60-1 64.4 61.18
C60 concrete C60-2 63.5 60.33 60.99
C60-3 64.7 61.46
C60 steel SFEC60-1 64.9 61.65
fiber-reinforced SFC60-2 66.7 63.36 62.35
concrete SFC60-3 65.3 62.03

2.1.2. Steel Bars

The grades of reinforcement bars used in the test formworks were all HRB400 with
diameters of 12 mm, 8 mm, and 6 mm, respectively. Three groups of rebars with different
diameters and all with a length of 50 mm were used, with 3 samples from each set. Figure 3
demonstrates the testing process for the yield strength and ultimate tensile strength of the
steel bars. The measured mechanical properties of the reinforcement bars are shown in
Table 2, and all of them met the specification requirements.

- o —

| mmmsm e
| ———

Figure 3. Steel material test.

Table 2. Test results of the steel bar properties.

Reg\if:;::tr:rent Numberin Yield Strength Average Ultlg}:ZZT:;: sile Average

8 (MPa) (MPa) 8 (MPa)
(mm) (MPa)
Dé6-1 438.3 589.2

6 D6-2 451.5 4434 571.6 589.2
D6-3 440.6 576.9
D8-1 438.1 566.8

8 D8-2 421.7 436.1 578.2 576.4
D8-3 448.6 584.3
D12-1 431.9 566.8

12 D12-2 420.6 427.2 572.3 566.8
D12-3 428.5 559.4
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2.2. Specimen Design

Each specimen consists of a concrete base slab, base slab distribution reinforcement,
and truss reinforcement. All parameters were the same except for the material components
of the concrete base plate. Three MiC formworks with different material components were
designed for this test as follows:

(1) The first specimen was used as a benchmark, namely, N60. Its concrete floor was
made of C60 concrete.

(2) The second specimen with C40 concrete floor was marked as N40.

(38) The third specimen was marked as SF60. Its concrete floor was made of C60 steel fiber
concrete.

Figure 4 shows the construction of the MiC formworks. Internal threaded cylindrical
pins were soldered at the truss reinforcement of the specimen as a tie member, and its row
density increased with the increase in the lateral pressure on the formwork. The concrete
base plate was designed as a two-way plate, and the specific parameters are shown in
Table 3. The thickness of the protective layer of the base plate was 10 mm, and the diameter
of the base plate distribution bar was 6 mm. The truss reinforcement was welded by the
upper and lower chord bars and the web bars, the diameters of which were 12 mm, 8§ mm,
and 6 mm, respectively.
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Figure 4. Prefabricated MiC formwork diagram. (a) Three-dimensional model; (b) size and reinforce-

ment drawing.

Table 3. Specific parameters of the specimen.

. Grade of Additional Grade of
D Mesh Size (L x B x H) Concrete Material Steel Bars D
N60 28m x 1.8 m x 0.03m C60 - HRB400 N60
N40 28m x 1.8 m x 0.03m C40 - HRB400 N40
SF60 28m x 1.8 m x 0.03m C60 Steel fiber HRB400 SF60

2.3. Loading Device and Scheme

In this test, a new type of loading steel frame was designed to meet the special
stressing mode of MiC formworks, consisting of the main steel frame and the top channel
steel combination beam. The specimen loading device is shown in Figure 5. The specimen
was fixed to the loading device using rigid spacers suspended from the threaded rod. A
hydraulic jack was used to apply the load to the distribution beam. The load was finally
transferred to the four supports through the two-stage distribution beam to simulate the

uniform load.
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Figure 5. Loading device.

The lateral pressure generated by concrete pouring was simplified by considering only
the height of the concrete and its gravity. A trapezoidal distribution of lateral pressure along
the vertical direction was obtained, which gradually increased from top to bottom [27],
as shown in Figure 6. To simulate the real-life stress situation of the MiC formwork, the
loading scheme was designed as a graded partition loading.

Concrete Pouring

£
@]
=
:
S
s

Timber Formwork

Trapezoidal Lateral Pressure :

\

B

jin

Figure 6. Actual force diagram.

The stress surface of the specimen was divided into three regions. As shown in
Figure 7, the load was first applied to the third region and then incrementally to the second
and first regions. When all regions were fully loaded, the full-area loading was carried out.
The designed graded load value was 10 kN, loaded by region, and the loading time was
2~3 min. Each level of loading finished after holding the load for 3~5 min. The loading
ended when the specimen was damaged or had the characteristics of damage precursors.
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Figure 7. A graded and partitioned loading method. (a) Partitioned loading; (b) graded loading.

2.4. Measuring Point Arrangement

The measurement contents of this test mainly included the load, span deflection of
the adjacent joist tendons, concrete strain, and the crack width. The load value was mainly
recorded by the synchronized output of the pressure transducer. The deflection and concrete
strain were measured using a displacement meter and a strain gauge, respectively. The load,
deflection, and strain were connected to the static strain tester using full bridge, half bridge,
and one-quarter bridge wiring, respectively. The corresponding data on the measuring
point positions were obtained through the signals transmitted to the computer. A marker
pen was used to depict the location, distribution, and morphology of the cracks during the
test, while a crack viewer was used to measure the crack width. The corresponding load
values were also recorded at the same time.

For the convenience of description, the formwork surface on the exposed side of the
joist tendons is specified as the front side, and the opposite is called the back side. Figure 8
shows the location of the measurement points. The strain measurement points (Z1~Z4)
were arranged below the four lifting points of the joist tendons in the span of the front side
of the specimen. On the back side, the strain measurement points (B1~B5) were arranged
in the middle of the adjacent joist span. The displacement measurement points (W1~W3)
were arranged in the middle of the adjacent tie members.

Ly F=8] [T F 8

W14

W26

==
=S
=B

B2 W3 o
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@ (b) ©

Figure 8. Measuring point arrangement. (a) Z1~Z4; (b) B1~B5; (c) W1~W3.
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3. Test Results and Analysis
3.1. Test Phenomenon

At the beginning of loading, the test phenomena for the three formworks were the
same. All of them were in the elastic stage at first. With the increase in loading, cracks were
gradually generated, extended, and widened, while the deflection gradually increased.

Specimen N60 was a formwork with C60 concrete. During the second stage of loading
(20 kN in the third area and 10 kN in the second area), minor cracks (17.76 kIN) began
to develop on the front and back of the third area. The crack width gradually increased
and extended as the load increased. During the third stage of loading (30 kN in the third
region, 20 kN in the second region, and 10 kN in the first region), the crack in the middle
of the front side extended vertically to half of the plate thickness, and two main cracks
appeared on the back side. The specimen entered the plastic damage stage. During the
fourth stage of loading (40 kN in the third region, 30 kN in the second region, and 20 kN
in the first region), the crack width further increased and extended to the top of the slab.
The formwork showed obvious deformation. In the fifth stage of loading (50 kN in the
third area, 40 kN in the second area, and 30 kN in the first area), the surface concrete was
crushed, and the truss bars were pulled out. Then, the loading was terminated (115.49 kN).
At this time, the deformation of the formwork was observed in the shape of a “W”. The
maximum crack width of the front side was 2.51 mm, and the maximum crack width of
the back side was 0.76 mm. The damage pattern and crack distribution of the loaded N60
specimen are shown in Figure 9.

Figure 9. Failure mode and crack distribution of N60. (a) Front cracks; (b) back cracks.

Specimen N40 was a C40 concrete formwork. During the second stage of loading,
cracks (11.13 kN) started to develop at the front and back of the third area. As the load
increased, the crack width gradually increased and extended. In the third stage of loading,
the cracks developed vertically up to half of the slab thickness on the front side and two-
thirds of the slab thickness on the back side. The specimen entered the plastic damage
stage. In the process of the fourth stage of loading, the surface concrete was crushed, and
the truss bars were pulled out. At the end of loading (74.45 kN), the maximum crack width
at the front side was 3.2 mm, and that of the back side was 1.1 mm. The N40 specimen’s
loading damage pattern and crack distribution are shown in Figure 10.

(b)

Figure 10. Failure mode and crack distribution of N40. (a) Front cracks; (b) back cracks.



Buildings 2023, 13, 2977

90f17

Specimen SF60 was a C60 concrete formwork with additional steel fibers. During
the second stage of loading, cracks were produced and extended (26.12 kN) on both the
front and back sides. In the third stage of loading, the cracks continued to extend, with the
original defective cracks running through the front side. The cracks further increased in
width during the fourth stage of loading. The front crack completely penetrated along the
vertical direction, while the back crack penetrated longitudinally. The obvious deformation
of the formwork indicated that the specimen had completely entered the plastic deformation
stage. Apparent deformation of the formwork appeared during the fifth stage of loading.
The loading was terminated (122.06 kN) when the deflection value and seam width reached
the limit of the code-bearing capacity. It is noteworthy that the crack width at the back of
SF60 was small, but the number of fine cracks was large. At this time, the maximum crack
width of the front side of the formwork was measured as 1.86 mm, and the maximum crack
width of the back side was 0.78 mm. The damage pattern and crack distribution of the
loaded SF60 specimen are shown in Figure 11.

Figure 11. Failure mode and crack distribution of SF60. (a) Front cracks; (b) back cracks.

All three formworks underwent the elastic stage, the crack development stage, and
the plastic damage stage. The cracks were first produced in the third area, then gradually
extended and widened to the edge of the formwork along the vertical direction with
increasing loads. The cracks on the front side of the wall slab were mainly distributed
under the joist tendons. The back cracks were mainly distributed in the middle of the span
of the adjacent truss tendons. Among them, the surface cracks of SF60 were small in width
but large in number. The damage of the three specimens was basically characterized by
crushed concrete and extracted reinforcement, of which SF60 lacked specification deflection
and seam width. This shows that steel fiber can improve the stiffness and crack resistance
of the specimens.

3.2. Load-Strain Curve

The load-strain curves of the front and back concrete measured in the test are shown
in Figures 12 and 13. The curves of each specimen had similar change patterns. At
the beginning of loading, the concrete strain changed nearly linearly, indicating that the
specimen was in the elastic stage. With the increasing load, the slope of the curve gradually
decreased, and the strain growth rate increased, illustrating that the specimen entered the
plastic stage. The final strain reached the peak concrete strain, which means the specimen
entered the damage stage. Cracks were also formed and extended gradually.

Comparing the load-strain curves of each specimen, it is clear that the order of concrete
entering the plastic stage and damage stage of each specimen was roughly N40, N60, and
SF60, indicating that the overall strength of the MiC formworks made of C40 grade concrete
was lower. The peak and slope of the SF60 strain curve were higher than those of N60,
indicating that the addition of steel fibers can effectively enhance the tensile capacity of the
specimens. This enhances the overall strength of the specimens and delays the cracking
and damage of the concrete.



Buildings 2023, 13, 2977 10 of 17
50 80
301 - 70 v -
.
) ._ a0 . - - o o 60 - s
2 u - Wl - ‘ o ) 50 ; o . 50 - -
Z H v - %40 - Sy F i -
. L ol A= 30 - 30
r — . & NGO gl =—N60 = NGO
or et f ol = NGO .: » .-’f' = N40 ol e e . A = N40 20 = N40
¥ J = N40 or g s SF60 :,-". - = SF60 = SF60
: ;,' . - = SF60 L / 0 o 10
0 L n . . L L e - i) L L L L L L L L L . n L n
05001000 1S00 2000 2500 3000 3500 4000 %o 1000 2000 3000 4000 050001000 15002000 2500 3000 3500 4000 R T P T ————y
&/10° E/10° &t o
(a) (b) () (d)
Figure 12. Load-strain curves of concrete in the front of the specimens. (a) Z1; (b) Z2; (c) Z3; (d) Z4.
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Figure 13. Load—strain curves of concrete at the back of the specimens. (a) B1; (b) B2; (c) B3; (d) B4;

(e) B5.

3.3. Load—Deflection Curve

Figure 14 shows the load—deflection curves of each specimen. It can be seen that the
specimens underwent two stages, elastic deformation and plastic deformation. The slopes
of each deflection curve were N40, N60, and SF60 in order from small to large. The slopes
of N60 and FM60 were similar. This means that the stiffness of each specimen was SF60,
N60, and N40 in order from weak to strong.

The specimen breaking load and breaking deflection are shown in Table 4. The damage
deflection of N40 and N60 was close; yet, the damage load of N40 was reduced by 35.53%
compared with N60. This indicates that increasing the concrete strength can improve the
bearing capacity of the specimens but not the resistance to deformation of the specimens.
SF60 had a 16.58% reduction in the damage deflection compared with N60, and the damage
load was slightly higher than that of N60, indicating that the incorporation of steel fibers
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can slightly improve the resistance to deformation but cannot improve the load-bearing
capacity of the specimens.
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Figure 14. Load-deflection curves of specimens. (a) W1; (b) W2; (c) W3.
Table 4. Failure deflection and corresponding load of each specimen.
D Failure Deflection (mm) Corresponding
W1 w2 W3 Load (kN)
N60 6.702 8.004 9.521 115.49
N40 4.326 7.444 9.124 74.45
SF60 4.179 6.517 7.942 122.06

3.4. Bearing Capacity Analysis

The characteristic loads of each specimen measured by the test are shown in Table 5,
with N60 as the standard specimen (P, = 17.76 kN, Py, = 115.49 kN). (1) The P, of N40 was
11.13 kN, and the P, was 74.45 kN. These values were 37.33% and 35.54% less than N60,
respectively, indicating that increasing the concrete strength can significantly improve the
crack resistance and load-carrying capacity of the MiC formworks. (2) The P of SF60 was
26.12 kN, and the P,, was 122.06 kN, which increased by 47.07% and 5.69%, respectively,
compared with N60. This means that the addition of steel fibers can significantly improve
the crack resistance of MiC formworks, but the increase in its ultimate load-carrying
capacity is not great.

Table 5. The characteristic load of each specimen.

D Cracking Load Increase in Ultimate Load Increase in
(kN) Cracking Load (kN) Ultimate Load
N60 17.76 - 115.49 -
N40 11.13 —37.33% 74.45 —35.54%
SF60 26.12 47.07% 122.06 5.69%

4. Numerical Simulation

In modern research on structural engineering, finite element analyses (FEA) are es-
sential for supplementing experimental research in providing insights into structural
behavior [28]. To verify the reliability of the tests and to further explore the effects of
different material components on MiC panels, three specimens were modeled and analyzed
using the finite element analysis software ABAQUS 2020.

4.1. Constitutive Relationship of Materials

The concrete plastic damage model was used for both plain concrete material and steel
fiber concrete material. The specific parameters are shown in Table 6. Among them, the
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elastic modulus values of C40 and C60 ordinary concrete were 32,500 MPa and 36,000 MPa,
respectively. Their Poisson’s ratio was 0.2. The intrinsic model of steel fiber concrete referred
to [29,30]. The modulus of elasticity was calculated as 36,277 MPa, and the Poisson’s ratio
was 0.2. The elastic-strengthened bilinear model was used for the steel reinforcement
material, with an elastic modulus of 2 x 10° MPa and a Poisson’s ratio of 0.3. The specific
parameters of each material are shown in Table 7.

Table 6. Plastic damage model parameters of concrete materials.

Ratio of

ID Dilation Eccentricity fro/feo Tension-Compression Viscosity
Angle < 1 Parameter
Meridian
Ordinary concrete 30 0.1 1.16 0.667 0.0005
Steel fiber-reinforced concrete 18.64 0.1 1.4418 0.67629 0.0005
Table 7. Material constitutive parameters.
ID Mass De‘;'s‘ty E (MPa) Poisson’s Ratio
(kg/m?>)
C40 concrete - 32,500 0.2
C60 concrete 2500 36,000 0.2
C60 Steel fiber-reinforced concrete - 36,277 0.2
HRB400 steel bars 7850 200,000 0.3

4.2. Model Establishment

The finite element software ABAQUS was used to model and analyze the above three
specimens. The concrete slab of each specimen was modeled with C3D8R. The distributed
reinforcement and the concrete internal truss reinforcement were all in two-node linear
three-dimensional truss cell T3D2. A two-node spatial linear beam cell B31 was used for
the concrete external truss reinforcement. To ensure simulation accuracy, the model was
structurally meshed. The mesh sizes of the concrete base plate and steel reinforcement
were 15 mm and 20 mm, respectively, causing the number of elements of the concrete base
plate, distributed steel reinforcement, and truss to be 151,200, 5269, and 2772, respectively.

Without considering the effect of slip between the reinforcement and concrete, the
reinforcement and concrete were “embedded” restrained. In the model, the location of
the ties was set to “fully fixed”. The model used the pressure control method for the
loading process and was consistent with the test loading system (graded zonal loading).
The established models are shown in Figure 15.

(@) (b)

Figure 15. Model of each specimen. (a) Specimen model; (b) mesh subdivision.
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4.3. Analysis of the Finite Element Results
4.3.1. Deflection Analysis

The comparative results of the load—deflection curves obtained using finite element
analysis are shown in Figure 16. The finite element analysis results basically matched the
test results. Combined with the displacement cloud diagram (Figure 17) and the maximum
deflection values (Table 8) of each specimen under the maximum load, the following results
are observed: (1) The maximum displacement in the simulation occurred in the third area
of the slab surface, distributed on both sides of the middle truss reinforcement, which
corresponded to the location of the W3 displacement measurement point in the test. (2) The
maximum displacement values of each specimen in the simulation were N60, N40, and
SF60 from the largest to the smallest, which were consistent with the test results.

We analyzed the reasons for the errors between the finite element simulation results
and the test results: (1) There were inevitable defects in the casting of the specimen, resulting
in deviations between the actual properties and the values entered in the simulation. (2) The
test could not achieve the complete fixation of the tie member, while the boundary condition
of the tie member was set to “complete fixation” during the simulation, resulting in the
error. (3) During the test loading process, the oil return of the jack and the slight shaking of
the test piece caused errors in data collection.
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Figure 16. Comparison of the load—deflection curves.
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Figure 17. Displacement cloud diagram of each specimen. (a) N60; (b) N40; (c) SF60.
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Table 8. Comparison of the test and simulation maximum deflection of each specimen.

Maximum Deflection (mm)

1D Test Simulation Simulation/Test
N60 9.521 9.125 0.958
N40 9.124 8.702 0.954
SF60 7.942 7.627 0.960

4.3.2. Plastic Damage of Concrete

According to the damage clouds of the concrete front and back of each specimen at
the peak load of the finite element analysis (Figures 18 and 19), it is clear that three main
cracks were produced on the concrete front, mainly distributed at the intersection of the
truss tendons and the concrete. On the back side, two main cracks were produced, mainly
in the middle of adjacent joist tendons. The cracks all ran along the span direction of the

slab, consistent with the cracks generated by the test.

DAMAGET
(hve: 75%)
917
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4
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Figure 18. Concrete front damage cloud. (a) N60; (b) N40; (c) SF60.

(b) (0)
Figure 19. Concrete front damage cloud. (a) N60; (b) N40; (c) SF60.

5. Parametric Analysis

The strength grade of concrete has a significant effect on the stiffness and strength
of the members. Steel fibers, as an important admixture in concrete, have a significant
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enhancement effect on the tensile strength, toughness, and stiffness of steel fiber concrete.
Based on the finite element analysis in the previous section, this section further investigates
the effects of two factors, concrete strength grade and steel fiber volume fraction V, on the
mechanical properties of MiC formworks. The design model parameters are shown in
Table 9.

Table 9. Parameters of the design model.

V=0% V=05% V=1% V=15%
C40 C40-VO0 C40-vV0.5 C40-V1 C40-V1.5
C60 C60-VO0 C60-V0.5 C60-V1 C60-V1.5
C80 C80-VOo C80-V0.5 C80-V1 C80-V1.5

Holding the concrete strength grade constant, the stresses of the MiC formworks with
different fiber volume fractions were simulated under five levels of loading, separately. The
load—deflection curves are shown in Figure 20. Combined with Figure 21, the maximum
deflection gradually decreased with the increase in the steel fiber volume fraction under the
same strength group, and the decrease gradually increased. This indicates that the stiffness
of the MiC formwork increases with the amount of steel fiber admixture when the volume
fraction of steel fiber is not more than 1.5%. As the strength grade of the concrete matrix
increased, the effect of increasing the volume fraction of steel fibers on the reduction in the
model maximum deflection decreased. This indicates that when the strength grade of the
concrete matrix is high, the shear strength of the steel fiber-reinforced concrete increases
more slowly as the steel fiber content increases.
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Figure 20. Load—deflection curves of each model. (a) C40 strength group; (b) C60 strength group;
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Figure 21.

Influence of the fiber content on the maximum deflection.
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6. Conclusions

Static loading tests simulating the lateral pressure of the concrete placement and finite
element simulations were performed on MiC formworks with three different material com-
positions. Parametric analysis was carried out using numerical simulation software with
concrete strength class and steel fiber admixture as parameters. The following conclusions
were drawn:

(1) The crack development, distribution pattern, and deformation of the three specimens
were similar. The cracks appeared in the stressed area first, then gradually developed
and extended through the whole plate surface with the increase in the load. The
front cracks were mainly concentrated under each joist bar, while the back cracks
were symmetrically distributed at the centerline of adjacent joist bars. The width of
cracks in each specimen was different due to different concrete strengths and steel
fiber mixing.

(2) The damage patterns of the three specimens were different. The specimen with-
out steel fibers was damaged due to a lack of ultimate bearing capacity, while the
specimen with steel fibers was damaged due to reaching the upper limit of code
deflection. Therefore, increasing the strength of concrete can significantly increase
the bearing capacity of the specimens. In contrast, the incorporation of steel fibers
significantly increased the crack resistance and stiffness of the specimens but not the
bearing capacity.

(3)  The results of the numerical analysis were close to the test results, and the stress dis-
tribution pattern was similar. The distribution pattern of the tensile and compressive
damage on the surface of each specimen was approximately the same. The tensile
damage was higher than the compressive damage in the damage degree. Combined
with the parametric analysis, it is clear that increasing the steel fiber dosage has limited
improvement on the cracking resistance of the specimens as the strength class of the
concrete matrix increases.
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