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This paper aims to solve the problems of extensive labor input and long construction periods of traditional
foundation beam brick formwork. To this end, plant fiber-reinforced cementitious composites (PFRCC) panels
were proposed to replace conventional foundation beam brick formwork. Tests and finite element analyses were
conducted on the PFRCC panels used as permanent formwork for foundation beams, based on a construction

project in Lanzhou City, Gansu Province, China. The results indicate that the maximum bending stress of the
PFRCC panels utilized as permanent formwork for foundation beams is 0.4069 MPa, occurring at the junction
between the side and bottom forms, which is significantly lower than the specified design strength of 13.7 MPa.
Furthermore, the maximum deformation recorded was 1.528 mm at the mid-span of the side formwork,
remaining below the permissible limit of 2.5 mm. The bending strength and stiffness deformation meet the design
requirements, which shows that the PFRCC panels can be used as the permanent formwork of the foundation

beam.
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1. Introduction

With the continuous progress and rapid development of urban
construction and industrialization, the energy consumption of buildings
will increase year by year and occupy the dominant position of energy
consumption for a long time. Therefore, building energy conservation
needs to be improved. At present, we focus on promoting green
prefabricated new building forms. In the past, foundation engineering
mainly adopted traditional brick formwork construction technology.
However, there are some problems, such as extensive labor input, high
labor cost, prolonged plastering intervals, and other wet operation
technology. PFRCC panels have good machinability, high strength,
toughness, impermeability, and frost resistance. Therefore, this paper
proposes using PFRCC panels instead of the traditional foundation beam
brick formwork.

Currently, many kinds of fibers are applied in practical projects such
as walls, beams and columns. (Leblouba et al,, 2022; Li et al., 2023; Wang
et al, 2025). Adding fiber to cement can effectively delay and prevent
micro-crack development and improve cement performance. (Tiberti,
2018; Conforti et al,, 2019; Empelmann et al,, 2020; Oettel, 2022 and
Oettel et al, 2023). Single fiber pull-out and fiber-matrix interface
interaction play an important role in understanding the mechanical
behavior of fiber-reinforced cementitious composites. Hemmatian et al.
(2023) proposed a calculation model for predicting the maximum pull-out
force and corresponding bond-slip of fibers through a large number of
experiments and literature investigations. Haido. (2020) introduced a new
basalt fiber reinforced concrete (BFRC) constitutive model to provide a
comprehensive solution for the finite element method to study the
performance of BFRC beams under bending. In addition to various fibers,
the possibility of using multiple plastic waste to manufacture high-
performance concrete has also become a research subject in recent years.
(Vantsi et al.,, 2014; Keskisaari et al., 2016; Turku et al,, 2017).

Formwork engineering is a general term for a series of technical work
and completed entities such as the design, installation, and demolition of
concrete pouring formwork and its supports. Based on the materials used,
formwork can be categorized into various types, including wood, steel,
plywood, plastic, aluminum alloy, and concrete, among others. Although
formwork plays a vital role in building engineering, it has yet to benefit
from the rapid development of structural engineering. Most of the studies
are in conventional forms, such as wood and steel formwork, which can be
proven in the literature (Arslan et al., 2005; Puente et al., 2010; Prosk et
al,, 2014; Zhang et al., 2016). Scholars first proposed using fiber-reinforced
polymer (FRP) materials to enhance permanent formwork in 1998. (Hall
and Mottram, 1998). Li et al. (2015) solved the problem of brittle cracking
of dam concrete materials due to temperature gradient during mass

construction and operation by using nano-modified ultra-high toughness
cement-based composite permanent formwork for thermal insulation and
anti-seepage. Meng et al. (2016) proposed using ultrahigh-performance
concrete (UHPC) panels reinforced with glass fiber-reinforced polymer
(GFRP) grids as permanent formwork. They found that it has the
advantages of rapid construction, improved crack resistance, and
prolonged structural life. Li et al. (2019) provided an alternative for
developing cement fiberboard as a lightweight permanent formwork
system, which can promote the thermal and acoustic comfort of green
buildings. Huang et al. (2017) adopt Ultra High Toughness Cementitious
Composite (UHTCC) to develop a reinforced permanent formwork, which
can not only withstand the load imposed before pouring and is helpful to
improve the bearing capacity of the remaining life of the structure. Kim et
al. (2008) used glass fiber-reinforced concrete (GFRC) as a bridge
formwork.

In summary, many scholars have tried to improve the mechanical
properties of fiber-reinforced cementitious composites by adding
different fibers to cement-based materials and have researched fiber-
reinforced cementitious composites as permanent formwork. Still, few
scholars have studied the application of PFRCC panels as permanent
formwork on foundation beams. (Tian et al., 2020; Wang et al., 2021; Geng
etal,, 2024). In this paper, the mechanical properties of PFRCC panels were
studied in detail by a three-point bending test. Based on the construction
project of a community in Lanzhou City, Gansu Province, China, the field
test and finite element simulation analysis were carried out to apply
PFRCC panels as permanent formwork on the foundation beam.

2. Materials and Methods
2.1

Asindicated in Table 1, the composition of the cement matrix in PFRCC
includes CEM 1 42.5 N cement, fly ash, quartz sand, water, and
polycarboxylate superplasticizer. Standard cube samples of cement, each
measuring 150 mm x 150 mm x 150 mm, were prepared, and the
compressive strength of the cement matrix after 28 days is 45.8 MPa. As
illustrated in Figure 1, bamboo pulp fibers were employed in the PFRCC,
with an average fiber length of approximately 2.04 mm (This data is
provided by the fiber manufacturer). The fibers occupied a volume
fraction of 6 % in the PFRCC. Table 2 illustrates the main performance
characteristics of plant fiber.
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Fig. 1 Bamboo pulp fiber

Table 1. Composition of the cement matrix

CEMI Fly ash/ Quartz Water/ Superplasticizer/  Water-

425N/ (Kg/m3) sand/ (Kg/m3) (Kg/m3) binder

(Kg/m3) (Kg/m3) ratio
(W/B)

550 650 550 395 5.225 0.33

Table 2. Main performance parameters of bamboo fiber
Density/  Tensile Diameter/ Elastic Extension Length/
(g/cm3) strength/  (um) modulus/  atbreak/ (mm)
(MPa) (GPa) (%)
1.1 350 17 22 5.8 2.04

2.2 Three-point bending test

The test setups for the three-point bending test are shown in Figure.
2. The three-point bending test on the PFRCC panels was conducted using
a universal mechanical testing machine with a 100 kN capacity, where the
span between the two supports at the base of the loading apparatus was
configured to be 200 mm. This test was performed following the Test
methods for fiber cement products (Standardization Administration of
China, 2014). The specimen's dimensions were 250 mm for length, 100
mm for width, and 18 mm for thickness. Three sets of specimens were
used to prevent test errors.

(b)Failure pattern of specimens

(a)Test equipment diagram

i Loading end
L_‘— '''''''''''''''''''''''''''''' Q '''''''''''''''''''''''''''''' ——‘_] 4L
’ PFRCC panel ? L
‘: »| =)
200mm %

Bearing Bearing
(c)Three-point bending test loading diagram

Fig. 2 Three-point bending test diagram

In this test, a static load with a loading rate of 10 mm/min was used.
The panel's bending strength was computed using Equation (1), and the
result was modified to 0.1 MPa.

3PmL
Im = 21:;2 1)

where om represents bending strength (MPa); Pm represents failure
load (N); L represents distance between bearings (mm); b represents the
width of the specimen section (mm); e represents specimen section
thickness (mm).

2.3 Fiber-matrix joint constitutive relation model

Selection of constitutive relation between fiber and matrix

In this paper, the cement matrix adopts the plastic damage model of
concrete. The main performance parameters of bamboo fiber are shown
in Table 2, and the constitutive relation curve is shown in Fig. 3. When
simulating PFRCC using finite element software, establishing the
constitutive relationship curve for plant fibers is relatively
straightforward. Plant fibers can be assumed to exhibit linear elastic
characteristics until reaching a certain tensile strength, at which point
fracture occurs. Truss elements are employed to model plant fibers.

Fig. 3 Fiber constitutive relation curve

where o represents stress (MPa); & represents strain; fi represents
tensile strength (MPa); & represents the strain corresponding to fi; E:
represents elastic modulus (MPa).

Numerical simulation of single fiber pull-out

One crucial approach for investigating cement-based fiber composite
materials entails analyzing the load-displacement relationship curve of a
single fiber pulled out from a cement matrix. This curve serves as an
indicator of the fiber's performance changes within the cement matrix.
Based on the single fiber pull-out test for plant fibers in a cement matrix
(Kochova et al, 2020), this study developed a fiber-matrix joint
constitutive relation model through finite element numerical simulation.

In a cement matrix, the pull-out behavior of plant fibers involves three
stages: the elastic interface stage, the debonding stage, and the sliding
stage. However, in conventional single-fiber pull-out theory, researchers
neglected the elastic stage at the interface. They assumed that the elastic
elongation of the fibers was negligible compared to the slip displacement
during pull-out. (Li, 1993). Therefore, the fiber is treated as a rigid body,
disregarding the elastic elongation of the fiber itself and solely considering
the rigid body displacement of the fiber within the cement matrix. The
unbonded portion of the fiber during the debonding stage is primarily
governed by the chemical bonding force, which is represented by a
parameter Gd that characterizes the chemical bonding properties between
the fiber and matrix. The elastic elongation of the deboned fiber takes
place within the cement matrix, while the sliding friction force remains
constant at an initial value of to and is uniformly distributed along the
deboned fiber. The slip stage of the fiber is predominantly controlled by
the sliding friction force. A friction factor  was introduced to characterize
the variation in the sliding friction force during pull-out. Furthermore, it
has been suggested that bending and surface roughness of fibers in the
cement matrix diminish the effect of Poisson’s ratio; thus, Poisson’s ratio
influence from the fibers was not considered. The relationship between
the external load P at the pull-out end of the fiber and the displacement &
of the fiber relative to the matrix cracking surface was established, as
expressed in Equation (2).

270Efd3(1 2G4Efd}
p:\/“"fzf(“”u” L0 <65<6) 2

Where Er is fiber elastic modulus, dr represents fiber diameter, n
represents the parameter representing the ratio of effective fiber stiffness
to effective matrix stiffness, 6o represents the maximum pull-out
displacement of the fiber in the debonding stage, which can be obtained
from Equation (3). Le represents the embedding depth of plant fibers in
the cement matrix.

8o = 279 L3(1+1) + 8GaqLZ(1+7) 3)
Epdg Erdg

In the slip stage, the behaviour of fiber is primarily governed by sliding
friction. A friction factor f was introduced to characterize the variation in
sliding friction force among different fibers. A negative value of 8 (8 < 0)
indicates slippage softening of the fiber within the cementitious matrix, a
value of zero (8 = 0) corresponds to constant friction slip, while a positive
value (B > 0) signifies slip hardening behavior. Aiming at the slip-
hardening phenomenon, Li proposed a linear variation model for the
interfacial shear stress. It can be expressed as Equation (4).

T=1, (1+/3dif) 4)

Where S = 6 — &,, considering that the fiber is a rigid body in the
slip stage and there is only a uniform sliding friction force z on the fiber
surface. For the fiber with buried length L., the relationship between
drawing load P and fiber drawing displacement 6 can be obtained, as
shown in Equation 5. Table 3 lists the parameters on the interface. (Li.,
1993; Guo et al,, 2022)

p =mdsto(1+ B(8 — &) /ds(Le = & + o) )
Table 3. The main mechanical parameters of the interface
Parameter o Ga(J/m?) p
Adopted value 131  1.08 0.308

In Figure. 4, to accurately simulate the comprehensive mechanical
behavior of fibers in the matrix, this study considers the elastic stage in
addition to the deboned stage and slip stage. Based on the simulated pull-
out behavior of individual fibers, this study develops a constitutive model
for the fiber-matrix interface that quantitatively describes the mechanical
interactions between plant-based reinforcements and cementitious
matrices.

In Figure. 5, since the plant fiber is embedded within the cement
matrix and does not experience slipping relative to the matrix, the
displacement X on the right surface of the cement matrix is considered as
the elongation length of the fiber within the matrix, and P is the actual load
on the fiber.
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Fig. 4 Single fiber pull-out simulation diagram
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Fig. 5 Fiber-matrix joint constitutive relation model analysis unit

In the elastic stage of the interface, as the deformation of the
cementitious matrix is neglected, the displacement of the fiber and matrix
composite can be considered negligible prior to matrix cracking. Following
matrix cracking, the relative displacement X generated within this
composite originates primarily from the elastic deformation of the fiber-
matrix interface on both sides of the crack. Therefore, the displacement ZX
at the matrix surface during the elastic interfacial stage can be determined
from Equation (6).

_ 4Pgolys
x= nE,d% (6)

Where P4 represents the initial load value of the fiber at the
debonding stage, Ei represents the elastic modulus of the fiber, L¢
represents the fiber length, and drrepresents the fiber diameter.

When the load reaches the initial value of Pao in the deboned stage, the
plant fiber starts to debone from the cement matrix, Le is determined by
the position where the fiber cracks. During the deboned stage Ax are
negligible. Therefore, the displacement chosen is still §o. During the slip
stage of fibers, the fiber is treated as a rigid body, with only its translational
displacement S being considered.

The depth at which the fiber is buried is an important factor in
determining the load-displacement curve of a single fiber pull-out.

Groove bottom leveling. Construction setting-out

Different burial depths result in different load-displacement curves for the
fibers. Equation (3) indicates that the burial depth primarily affects
complete debonding pull-out distance of fiber §oand does not influence the
changing trend during the debonding stage. However, the burial depth
significantly impacts the slip stage of fiber. Therefore, a two-dimensional
single-fiber pull-out simulation is carried out for fibers with different
burial depths.

Verification of the PFRCC panel model

The three-point bending simulation of the PFRCC panel is conducted
to validate the numerical model's accuracy, and the results are compared
with test data.

Through the Coupling command, the force surface of the rigid loading
end was coupled to the reference point. All degrees of freedom were
constrained except for the translational degree of freedom in the Y
direction. The finite element model adopted the displacement loading
method, and the negative displacement along the Y direction was applied
to the reference point. Rigid bearings were set at both ends of the
specimen, and boundary conditions were imposed at the bottom of the
rigid body to completely fix the constraint to simulate the actual support,
which was consistent with the test.

2.4 Case study on the application of PFRCC

permanent formwork in foundation beams

Project summary

This case study was conducted on a community construction project
in Lanzhou City, Gansu Province. The subject was a foundation beam with
a rectangular cross-section, measuring 700 mm in height and 300 mm in
width. According to the size of the foundation beam, the side formwork
was assembled by PFRCC panels with a size of 1000 mm (length) x 700
mm (width) x 18 mm (thickness), and the beam fixture was set every 1000
mm. The bottom formwork was assembled by PFRCC panels with a size of
1000 mm (length) x 300 mm (width) x 18 mm (thickness). According to
the three-point bending test, the bending design strength of the PFRCC
panel is fa =13.7x106 N/m2 The construction process and field test of the
PFRCC foundation beam permanent formwork are shown in Figures 6 and

7,
=

Fig.' 6 PFRCC foundation beam permanent formwork picture
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Fig. 7 Process flow chart of PFRCC foundation beam formwork
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PFRCC foundation beam permanent formwork load calculation

In Figure. 8, according to the design and field test analysis of the
PFRCC foundation beam formwork, the primary loads of the side
formwork are the lateral pressure of the newly poured concrete and the
soil pressure generated by the backfill. The main loads of the bottom
formwork are the weight of the newly poured concrete and the weight of
the steel bar. The specific loads are shown in Table 4 and Table 5.

700 mm

le——300 mm——»| ‘L

Fig. 8 Schematic diagram of foundation beam formwork model

Concrete

Table 4. Bottom formwork load

Load project The standard  Load partial Design load
value ofload  coefficient value (N/m?)
(N/m?)
New pouring 16800 1.35 22680
concrete
weight
Self-weight of 1500 1.35 2025
steel bars
Table 5. Side formwork load
Load project The standard Load partial Design load
value of load coefficient value
(N/m?) (N/m?)
New pouring 16800 1.35 22680
concrete weight
Backfill soil 14000 1.35 18900
pressure

Finite element analysis of the PFRCC foundation beam
permanent formwork

The finite element analysis of the permanent formwork of the PFRCC
foundation beam was carried out using the separated element model. The
plant fiber-reinforced cementitious composites panel was divided into
units to calculate the stress of the whole model. The side formwork adopts
PFRCC panels of 1000 mm (length) x 700 mm (width) x 18 mm (thickness)
for assembly, and a beam fixture was set every 1000mm. The bottom
formwork adopts PFRCC panels with a size of 1000 mm (length) x 300 mm
(width) x 18 mm (thickness) for assembly and splicing.

Simulation of boundary conditions is an essential step in finite
element analysis. As shown in Figure. 9, the constraints on the side
formwork of the model were the support constraints of the external
support of the whole formwork to the formwork, in which the beam fixture
was completely fixed, and the part of the bottom formwork contacting the
foundation soil was also wholly fixed.

(a)Permanent formwork model (b)Fiber model of the formwork
Fig. 9 Permanent formwork model of the foundation beam

Fig. 10 Permanent formwork load cross-section of the foundation
beam

As shown in Figure. 10, In the analysis of composite structures, finite
element models typically fall into three categories: discrete, combined, and
integrated models. For this study on the PFRCC foundation beam
permanent formwork test, we utilize a discrete element model based on

the specimen's configuration and the actual loading conditions. In this
model, the components of the PFRCC, including the cement matrix and the
fiber elements, are treated as separate entities to determine the overall
distribution of stress. The specimen is represented as a solid body, while
the various loads acting on it—such as the lateral pressure from the freshly
poured concrete on the inner side of the formwork, the earth pressure
from the backfill soil on the outer side, and the self-weight of the
reinforced concrete pressing down on the bottom of the formwork are
converted into uniformly distributed loads applied to the formwork.

3. Results and Discussion

3.1 Three-point bending test results of PFRCC
panel

It can be seen from Table 6 and Figure. 11 that the failure load (Pm) of
specimen | is 1468.8 N, the corresponding peak displacement () is 1.05
mm, and the bending strength (om) is 13.6 MPa. The failure load (Pm) of
specimen I1is 1488.9 N, the corresponding peak displacement () is 1.18
mm, and the bending strength (om) is 13.8 MPa. The failure load (Pm) of
specimen I11is 1483.3 N, the corresponding peak displacement (Jn) is 1.23
mm, and the bending strength (om) is 13.7 MPa.

It can be obtained that the mean value of the failure load (Pm) of this
type of PFRCC panel is 1480.3 N, the mean value of the corresponding peak
displacement (Jn) is 1.15 mm, and the bending strength (om) is 13.7 MPa.
Table 6. Three-point bending strength test results of PFRCC
panels

Specimen number Pm (N) Om(mm)  om (MPa)
Specimen | 1468.8 1.05 13.6
Specimen II 14889 1.18 13.8
Specimen III 1483.3 1.23 13.7

1600 7' |—=— Specimen I

—— Specimen II
—— Specimen III

1400
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1000

800

Load (N)
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200

0 T T T T T T T T

0.0 02 04 06 08 1.0 L2 L4 L6 18
Displacement (mm)

Fig. 11 Load-displacement curve of three-point bending test

3.2 Effect of burial depths on load-displacement

curves of fiber single fiber pull-out

In Figure. 12, it can be seen that the bond-slip constitutive of plant
fiber with 0.6 mm burial depth is closer to the average constitutive.
Therefore, this paper uses the fiber-matrix joint constitutive relation
model with 0.6 mm burial depth as shown in Figure. 13.

0.18

—E— Le=0.3mm
0.16 4/—®— Le=0.6mm
—A— Le=0.9mm
0. 14 4|~ Y— Averaged curv

0.12 4
Z
2
E0.101
=
=
3 0.08
=]
=%

0.06 1

0.00 =¥ T T T T T
0.00 0.05 0.10 0.15 0. 20 0.25 0. 30

Pullout displacement /mm
Fig. 12 Load-displacement curves of fiber single fiber pull-out
with different burial depths
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Fig. 13 Fiber-matrix joint constitutive load-displacement curve

In finite element software, stress and strain values are required when
the fiber-matrix joint constitutive relation model is input. In this regard,
the ordinate is divided by the fiber cross-sectional area, and the abscissa
is divided by the fiber length to obtain the stress and strain respectively.
The resulting Fiber-matrix joint constitutive relation model is shown in
Figure. 14. When the strain is between 0 and 0.00539, the interface is in
the elastic stage. At this point, the plant fibers bond well with the matrix,
and the shear stress gradually increases, reaching its maximum at the fiber
pullout point. As the strain increases from 0.00539 to 0.022, the interface
enters the debonding stage. During this stage, the fibers begin to be
deboned from the pullout point; the deboned section maintains a constant
maximum shear stress while the stress in the bonded section
progressively increases. The debonding process concludes when it
propagates from the pullout segment to the embedded end of the fiber.
When the strain ranges from 0.024 to 0.065, the interface is in the slip
hardening stage. Here, the shear stress distributes uniformly along the
fiber surface, and fiber behavior is primarily governed by sliding friction.
Additionally, Figure 14 clearly shows that during the strain interval of
0.022 to 0.024, the entire fiber transitions from debonding to slipping. At
this point, the dominance shifts from chemical bonding to frictional
control, resulting in a stress release process that is accompanied by a
sudden drop in external load. Following this, the fibers enter the slip
hardening stage. Due to significant surface abrasion of the plant fibers
during pullout, the friction coefficient progressively increases, leading to
the slip hardening phenomenon, characterized by a gradual increase in
sliding friction. When the strain ranges from 0.065 to 0.074, fiber fracture
occurs, reducing the fiber stress value to zero. Consequently, the fibers
cease to provide a bridging effect against matrix cracking. To simulate the
sudden stress, drop after fiber pullout failure, a point representing abrupt
stress reduction is added at the tail end of the model curve, with the strain
approaching the actual pullout failure strain to indicate fiber failure.

800

700
Sliding hardening stage

600 - \

500 4 Debonding stage

400 4 \ )

300

Stress /Mpa

Elastic'interface stage
200 - - :

100 A

0 T T T T T T T

000 001 002 003 004 005 006 007 008
Strain

Fig. 14 Fiber-matrix joint constitutive stress-strain curve

3.3 Three-point bending numerical simulation
results of PFRCC panel

It can be seen from Figure. 15 and Figure. 16 that the numerical
simulation failure load of the PFRCC panel with cement of compressive
strength of 45.6 MPa as the matrix, the plant fiber content of about 6 %,
and thickness of 18 mm is 1575.7 N, the corresponding peak displacement
is 1.16 mm, and the bending strength is 14.59 Mpa. The numerical model
of the PFRCC panel established in this paper can fit the experimental data
well, proving the numerical model's correctness and providing a reliable
basis for the finite element simulation of the PFRCC panels for foundation
beam formwork.

1600 4|—=— Specimen I
—e— Specimen II

1400 9|—— Specimen 111
—— Simulation curve
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800 =
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200 1
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Displacement (mm)
Fig. 15 Simulated bending load-displacement curve of PFRCC
panel

S, Mises Rigid loading end

Rigid bearing

Cracks

Fig. 16 Stress cloud diagram of PFRCC panel three-point bending
specimen failure

3.4 Bending stress of PFRCC foundation beam
permanent formwork

(a)PFRCC side formwork cement matrix stress

S, Mises
(F49: 75%)

+4.069e-01
+3.732e-01
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01
01
01
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. +2.801e+01
B 42291e+01
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+1.273e+01

t +1.018e+01

(b)PFRCC side formwork fiber stress
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(c)Unit PFRCC side formwork cement matrix stress
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+9.247e-05

(d)Unit PFRCC side formwork fibers stress
Fig. 17 PFRCC side formwork stress nephogram (MPa)
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The bending design strength of the PFRCC panels used in this research,
evaluated through the three-point bending test, is identified as fa = 13.7 x
106 N/mz2 In Figure. 17, the maximum bending stress of the cement matrix
part of the 18 mm thick PFRCC foundation beam side formwork is located
at the splicing of the side formwork and the bottom formwork, and the
maximum bending stress is SMN = 0.4069 MPa < 13.7 MPa, which satisfies
the bending strength condition. The incorporation of plant fibers into the
cement matrix panel significantly enhances its load-bearing capacity, as
evidenced by the maximum bending stress of SMN = 30.55 MPa observed
in the fiber-reinforced section. This improved mechanical performance
demonstrates the composite material's effectiveness in withstanding
lateral formwork pressure.

In Figure. 18, the maximum bending stress of the cement matrix part
of the 18 mm thick PFRCC foundation beam bottom formwork is located
in the middle of the bottom formwork, and the maximum bending stress is
SMN = 0.187 MPa < 13.7 MPa, which satisfies the bending strength
condition. The maximum bending stress of the fiber part is SMN = 5.728
MPa.

S, Mises
(F49: 75%)

+2.472e-02
+9.991e-03
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Fig. 18 PFRCC bottom formwork stress nephogram (MPa)

To sum up, the bending stress of an 18 mm thick PFRCC panel as a
permanent foundation beam formwork meets the requirements. And the
addition of plant fibers to the cement matrix can effectively bear the
pressure of the formwork.

3.5 Bending deformation of PFRCC foundation
beam permanent formwork
According to the Code for construction of concrete structures
(Ministry of Housing and Urban-Rural Development of the People's

Republic of China, 2012), the deformation limits for formwork and
supports shall comply with the provisions of Table 7:

Table 7. List of allowable values of deflection

The project name Allowable deflection

Structure surface exposed formwork and L /400
back ridge

Structure surface hidden formwork and L /250
back ridge

Compression deformation or elastic L /1000

deflection of the bracket

Where L represents the calculation span of the bending member.

In Figure. 19, the maximum deformation of the side formwork of the
18 mm thick PFRCC foundation beam is located in the middle of the span.
The deformation of the cement matrix and the deformation of the fiber are
the same. The maximum deformation is DMX = 1.528 mm < L/400=2.5
mm, which satisfies the stiffness condition.
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Fig. 19 PFRCC side formwork deformation nephogram (mm)
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Fig. 20 PFRCC bottom formwork deformation nephogram (mm)

In Figure. 20, the maximum deformation of the 18mm thick PFRCC
foundation beam bottom formwork is located at the mid-span, the
maximum deformation of the cement matrix part and the fiber partis DMX
=1.502 mm < L/400 = 2.5 mm, which satisfies the stiffness condition.

In summary, the maximum bending deformation of the 18mm thick
PFRCC foundation beam integral formwork is located at the mid-span of
the side formwork, and the maximum deformation is DMX = 0.002268 mm
< L/400=2.5 mm, which satisfies the stiffness condition. So, 18 mm thick
PFRCC panels meet the foundation beam permanent formwork
requirements.

4. Conclusion

This paper examines the feasibility of using PFRCC panels as
permanent formwork to replace traditional brick formwork for
foundation beams. The study is based on a practical engineering project in
Lanzhou City. The analysis used a combination of field tests and numerical
simulations, resulting in the development of a comprehensive, rapid, and
efficient construction solution. The main conclusions are as follows:

1) The numerical simulation based on the proposed fiber-matrix joint
constitutive model yields failure load, peak displacement, and bending
strength values that are in close agreement with the experimental
means. The deviations between simulated and experimental results
are approximately 6.4% for failure load, 0.9% for peak displacement,
and 6.5% for bending strength. These minor discrepancies can be
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attributed to the idealized boundary conditions and material
homogeneity assumptions inherent in the numerical model.
Moreover, the close agreement of the simulated and experimental
load-displacement curves further validate the reliability and accuracy
of the finite element model for PFRCC formwork.

2) In conclusion, the PFRCC panels proved to be an effective permanent
formwork solution, with a maximum bending stress of 0.4 MPa, well
below the allowable limit of 13.7 MPa. This stress occurs at the joint
between the side and bottom formwork, confirming that the bending
strength satisfies the required conditions.

3) The PFRCC panels also function effectively as permanent formwork
for foundation beams, with consistent deformation observed in both
the cement matrix and fibers. The maximum deformation of 1.5 mm
occurs at the midpoint of the side formwork, which is less than L/400
= 2.5 mm. This indicates that stiffness and deformation performance
meet the design requirements.

4) Based on this research, PFRCC panels with a thickness of 18 mm can
be applied as permanent formwork for foundation beams. Future
work will focus on improving the fiber-matrix constitutive model, for
example, by incorporating hook-shaped plant fibers to enhance joint
performance.
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