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Abstract: In this paper, a bending test of a precast ultra-high-performance concrete (UHPC) di-
aphragm slab was carried out. The test revealed that the flexural failure process of specimens
under the action of a positive bending moment can be divided into three stages: the elastic, crack-
propagation, and yield stages. The first stiffness reduction of the structure was caused by cracks
at the bottom of the diaphragm slab, while the second stiffness drop resulted from the yielding
of the bottom longitudinal rebars. During the loading process, the ultimate bearing capacity was
3.75 times higher than the design load value (150 kN vs. 40 kN). Additionally, a nonlinear finite
element model was established using Abaqus software validated by the test and exploiting parameter
analysis. Based on this model, the initial crack stress of the actual slab was determined to be 5.12 MPa.
Parameter analysis indicated that the shear strength of the diaphragm slab was stronger than the
flexural strength, and the diaphragm slab’s bearing capacity could be improved by increasing the
ratio of bottom longitudinal reinforcement. This research confirmed that the new UHPC diaphragm
slab used in Guangzhou Smart City is safe, and it also helped the design of similar UHPC slabs for
utility tunnels.

Keywords: UHPC; utility tunnel; diaphragm slab; bending test; finite element simulation;
parameter analysis

1. Introduction
1.1. Background

The term utility tunnel refers to the urban underground tube structure that contains
the municipal pipelines of electric power, communications, radio and television, water
supply, drainage, heat gas, etc. More than 147 cities in China will build utility tunnels
to meet the growing demand of urban development in the coming decades [1]. The
diaphragm slab plays an important role in separating the compartments and fixing pipelines
in the utility tunnel. Usually, the diaphragm slab was made of conventional cast-in-place
concrete, which had two critical disadvantages. One was the arrangement of supporting
columns along the longitudinal direction of the utility tunnel, which occupied the limited
internal space in the tunnel (Figure 1a). The other was that ordinary concrete slabs were
subjected to cracking under the heavy load due to the low tensile strength of ordinary
concrete. Cracking in concrete slabs can cause water leakage, which in turn may lead to
the corrosion of reinforcing steel bars, particularly when cracks exceed a certain threshold
width [2]. It would compromise the structural capacity, stiffness, and durability if they
were not treated properly.
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Figure 1. Schematic drawing of utility tunnels. (a) NC diaphragm slab, (b) ultra-high-performance 
concrete (UHPC) diaphragm slab, (c) Installation of precast UHPC diaphragm slab. 

In contrast, precast structures offer numerous benefits, including increased effi-
ciency, guaranteed quality, reduced labor requirements, and improved environmental 
sustainability. These advantages have been developed over the last 50 years and represent 
the future direction of the construction industry worldwide [3]. Many studies have been 
conducted on precast structures [4,5]. Additionally, ultra-high-performance concrete 
(UHPC) is an innovative cement-based composite, which consists of a cementitious com-
ponent, Silica fume, quartz sand, a superplasticizer, and fibers [6,7]. It is considered one 
of the most promising construction materials for future sustainable infrastructure. The 
outstanding performance of UHPC has led many researchers to study various UHPC 
structures, such as steel-UHPC composite beams [8,9] and UHPC beams without stirrups 
[8–13]. Compared with conventional concrete, UHPC shows remarkable mechanical prop-
erties, fracture toughness, and high durability [14–16]. The compressive strength, modu-
lus of elasticity, flexural strength, and tensile strength of UHPC are greater than 100 MPa 
[17], 40 GPa, 12 MPa, and 5 MPa, respectively [18]. With the incorporation of steel fibers 
(e.g., 2–3% by volume), UHPC obtains excellent tensile behavior with the propagation of 
multiple cracks [19]. UHPC with addition of steel fibers has been widely used in certain 
projects that require higher strength [20,21]. Combining the advantages of a precast struc-
ture and UHPC, the precast UHPC diaphragm slab (PUDS) can significantly increase the 
span of the slab, which eliminates the need for a middle support column and expedites 
the construction process. Additionally, the PUDS can mitigate the cracking issues that 

Figure 1. Schematic drawing of utility tunnels. (a) NC diaphragm slab, (b) ultra-high-performance
concrete (UHPC) diaphragm slab, (c) Installation of precast UHPC diaphragm slab.

In contrast, precast structures offer numerous benefits, including increased efficiency,
guaranteed quality, reduced labor requirements, and improved environmental sustainabil-
ity. These advantages have been developed over the last 50 years and represent the future
direction of the construction industry worldwide [3]. Many studies have been conducted
on precast structures [4,5]. Additionally, ultra-high-performance concrete (UHPC) is an
innovative cement-based composite, which consists of a cementitious component, Silica
fume, quartz sand, a superplasticizer, and fibers [6,7]. It is considered one of the most
promising construction materials for future sustainable infrastructure. The outstanding
performance of UHPC has led many researchers to study various UHPC structures, such
as steel-UHPC composite beams [8,9] and UHPC beams without stirrups [8–13]. Com-
pared with conventional concrete, UHPC shows remarkable mechanical properties, fracture
toughness, and high durability [14–16]. The compressive strength, modulus of elasticity,
flexural strength, and tensile strength of UHPC are greater than 100 MPa [17], 40 GPa,
12 MPa, and 5 MPa, respectively [18]. With the incorporation of steel fibers (e.g., 2–3%
by volume), UHPC obtains excellent tensile behavior with the propagation of multiple
cracks [19]. UHPC with addition of steel fibers has been widely used in certain projects
that require higher strength [20,21]. Combining the advantages of a precast structure and
UHPC, the precast UHPC diaphragm slab (PUDS) can significantly increase the span of the
slab, which eliminates the need for a middle support column and expedites the construction
process. Additionally, the PUDS can mitigate the cracking issues that occur in cast-in-place
ordinary concrete slabs under loads, temperature changes, shrinkage, and creep.
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Recently, a new PUDS for utility tunnels has been applied in Guangzhou Smart City in
China. Compared with the traditional cast-in-place normal concrete (NC) diaphragm slab
(Figure 1a), the new precast UHPC slab used in the utility tunnel of Guangzhou Smart City
has a lighter dead weight, larger span, better quality, better durability, more convenient
construction and installation, and lower cost. Moreover, the absence of supporting columns
increases the effective space of the utility tunnel (Figure 1b).

The PUDS can be treated as plate structures or beam structures. Several studies have
been conducted on the UHPC plates and UHPC beams. Taking advantage of the excellent
material properties of UHPC, Toutlemonde et al. took the lead in the innovative design of
the UHPC rib and carried out experimental verification as well as preliminary analysis [22].
Aaleti and Ghasem have recently made considerable efforts to develop lightweight UHPC
waffle deck panel systems [23,24]. Garcia performed the transverse flexural analysis of a
UHPC two-way ribbed precast, prestressed bridge deck element [25]. Muhammad et al.
further studied the flexural capacity of a single-rib UHPC T-slabs with four different
reinforcing bar end anchoring methods [26]. Shao et al. conducted an experimental study
on four UHPC short rib T-beams and conducted finite element analysis to explore the
influence of the steel bar diameter, rib height, roof height, and transverse rib spacing on the
bending performance of UHPC waffle slabs [27]. However, the above-mentioned UHPC
slabs are mainly used for bridge decks.

To reveal the flexural performance of UHPC, many scholars have conducted in-depth
research. Common conclusions were drawn. The increase of steel fiber content can improve
the crack resistance of UHPC beams, with little effect on the ultimate load. Increasing the
longitudinal reinforcement ratio can effectively improve the flexural capacity of UHPC
beams [28]. The bending failure process of the UHPC reinforced beams can be divided
into three stages, which are the elastic stage, crack-propagation stage, and yield stage from
loading to failure [29]. When the beam is bending, many tightly spaced cracks formed
perpendicular to the flexural tensile forces in the beam [30]. Peng put forward a calculation
method for the flexural bearing capacity of the normal section of reinforced UHPC beams
after research [31]. Zhu conducted further research on the flexural properties of UHPC
T-beams through experiments [32].

1.2. Research Significance

In summary, the previous studies mainly focus on the UHPC slab used in bridges. To
author’s knowledge, few full-scale experimental studies have been conducted to investigate
the mechanical properties of the UHPC diaphragm slabs used in utility tunnels.

The goal of this paper is to investigate the flexural and shear behaviors of the new
precast UHPC diaphragm slab. To do this, a three-point bending full-scale test was con-
ducted to explore the flexural performances and failure modes of this new UHPC slab.
Additionally, a numerical model was developed to validate the experimental result. Due to
the high cost of a full-scale test, the further research was completed with a numerical model.
This model was used to investigate the shear behaviors and structural improvements. This
research not only validated the safety of the new precast UHPC diaphragm slab used in
Guangzhou Smart City, China but also provided reference for the design of actual UHPC
precast diaphragm slabs in utility tunnels.

2. Experimental Program
2.1. Design and Description of Specimens

This full-scale slab was named UHPC-T-2475 and was made from UHPC. T indicated
that the slab was investigated by tests, and 2475 represented the distance from the loading
point to the fulcrums (units: mm). As shown in Figure 2, the total length of the test slab
was 515 cm, and the clear span of the test slab was 495 cm after measuring the distance
from the support to both ends of the beam. The top slab was 150 cm wide and 6 cm thick;
the rib was 12 cm wide and 18 cm thick.
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Figure 2. Structure details (units: cm).

2.2. Test Setup and Measurements
Loading Instruments

The loading device included a steel hinge, two load cells, two actuators and a reactive
force frame, as shown in Figure 3. In the test, the test slab was laid on two supports.
On one side was a roller support and on the other was a pin support. The pressure was
applied by the actuator and transmitted to the test slab through the loading block. The
magnitude of the pressure was measured by the load cell. The experimental set up was
shown in Figure 4.
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2.3. Measurements
2.3.1. Displacement Measurements

According to the structural characteristics and combined with a comprehensive anal-
ysis, it was decided to measure the deflections of the beam at midspan, 1/4 span, and
two supports, which was monitored by linear variable differential transformers (LVDTs).
The arrangements of the deflection measuring points are shown in Figure 3. To distinguish
directions, the specimen is divided into a N side and a S side on the shorter sides and front
and back sides on the longer sides.

2.3.2. Strain Measurements

In order to obtain the strains of the test slab, six measuring points (a1, a2, a3, a4, a5,
and a6) were arranged on the top surface of the test slab, two measuring points (a12 and
a13) were arranged under the lower edge of the top slab, two measuring points (a10 and
a11) were arranged under the side of the rib, and three measuring points (a7, a8 and a9)
were arranged at the bottom of the rib, as shown in Figure 5. The strains of the concrete
and steel bars were obtained with strain gauges.
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2.3.3. Loading Protocol

First, the specimen was preloaded to 10 kN, and the testing instruments were checked.
The load gradually increased from 0 to 100 kN (75% of the calculated bearing capacity) in in-
crements of 10 kN, and at each step, the experimental phenomena were observed, and data
were recorded. Then, the loading process was controlled by displacement at increments of
2 mm until the failure of the specimen. During the loading process, the Jingming JM3813
multifunctional static collector was used to collect forces, strains, and displacements.
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2.4. Material Properties
2.4.1. UHPC Properties

When pouring the test slab, three 100 mm × 100 mm × 100 mm prismatic specimens,
three 100 mm × 100 mm × 400 mm prismatic specimens, and 100 mm × 100 mm × 300 mm
cylindrical specimens were fabricated to measure the compressive strength, flexural strength,
and elastic modulus, respectively. The test was carried out according to the method in the
Chinese standard (MOHURD 2015) [33], and the mechanical properties of UHPC are listed
in Table 1.

Table 1. UHPC properties.

Material Properties Parameter (MPa)

UHPC
Cubic compressive strength 141.0

Flexural strength 18.5
Elastic modulus 43,000

2.4.2. Steel Bars Properties

The steel bar tensile test was carried out according to the relevant Chinese production
standards (SAMR, GB/T 1499.1492–2018) [34]. The obtained physical and mechanical
properties of steel bars, such as yield strength and ultimate strength, are shown in Table 2.

Table 2. Steel bar properties.

Items ϕ6 mm ϕ8 mm ϕ12 mm ϕ20 mm

Yield strength (MPa) 448.6 461.6 469.2 425.8
Ultimate strength (MPa) 527.2 543.1 552.0 608.3
Elastic modulus (GPa) 189 190 198 195

3. Experimental Results and Discussions
3.1. Failure Modes

The failure mode of the test slab was a typical flexural failure. In the initial stage of
loading, there was no crack in the bottom concrete, and the test slab was in the elastic
stage. When the load reached 30 kN, the visible cracks appeared in the interior rib, and
the test slab began to enter the crack-propagation stage. At this time, the stiffness began
to decrease. With the loading continuously increased, a series of vertical cracks appeared
in the bending section of the ribs. The rib was further cracked, and the cracks gradually
extended upward. When the test slab was loaded to 130 kN, it entered the yield stage. At
this stage, the bearing capacity increased slowly, but the stiffness decreased sharply and
the deformation of the slab increased rapidly, with the bottom crack increasing. Finally, the
experiment was terminated due to excessive deflection.

Figure 6 shows the failure pattern of the test slab at the ultimate load of 150 kN. It can
be seen from the figure that when the test slab failed, there were still steel fibers connected
at the cracks, and the test slab could still continue to deform and had good toughness.
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3.2. Cracking Behaviors

When the test slab reached the cracking load, visible cracks appeared first in the rib at
the bottom of the slab. There were only a few cracks under 40 kN load (design load). When
loading to 80 kN, cracks extended to the middle of the rib. Cracks reached the top of the
slab at 120 kN. Finally, vertical cracks expanded, and flexural failure occurred. The failure
mode of experimental was shown in Figure 7.

Buildings 2023, 13, x FOR PEER REVIEW 9 of 23 
 

 

 

 

 

 

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7. Failure mode of experimental and FE. (a) Cracking pattern of experimental and FE under 
40 kN load (design load), (b) Cracking pattern of experimental and FE under 80 kN load (twice of 
design load), (c) Cracking pattern of experimental and FE under 120 kN load (three times of design 
load), (d) Cracking pattern of experimental and FE under 150 kN load (ultimate load). 

4. Experimental Results and Discussions 
4.1. Load–Deflection Behaviors 

Figure 7. Failure mode of experimental and FE. (a) Cracking pattern of experimental and FE under
40 kN load (design load), (b) Cracking pattern of experimental and FE under 80 kN load (twice of
design load), (c) Cracking pattern of experimental and FE under 120 kN load (three times of design
load), (d) Cracking pattern of experimental and FE under 150 kN load (ultimate load).

4. Experimental Results and Discussions
4.1. Load–Deflection Behaviors

The mid-span deflection was calculated by δ = D2 − (S1 + S2)/2, where D2 was the
mid-span displacement, and S1 and S2 were the absolute values of the displacement at the
support. The load-deflection curve was obtained from the flexural test, as shown in Figure 8,
which indicated that the load-defection curve displayed three distinct stages. The first
stage was the linear elastic stage, and the load-displacement curve was basically a linear
straight segment, which indicated that the test slab was in the stage without cracks. Before
the specimen was loaded to the cracking load (30 kN), the structural stiffness remained
basically unchanged. Noticeable cracks were not observed in the UHPC. The second stage
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was the crack-propagation stage. After the cracking load, with the increase of the load
value, cracks initiated and propagated. The stiffness decreased, and the deflection grew
faster, which indicated that the test slab had become elastoplastic due to the cracking of the
slab. When the load reached 130 kN, the mid-span displacement gauge was about to reach
its full-range, and it was removed. The slab approximately reached the ultimate load. The
stiffness decreased further, the slab entered the yield stage, and the load slowly rose to the
ultimate load (150 kN).
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Load–Strain Behaviors

Theoretically, the strain measuring points on the top of the pure bending section
should have the same response. However, due to the randomness of concrete materials,
the strain measured was different. From Figure 9a, it can be inferred that before the load
value reached 130 kN, each measuring point at the top was in the linear scope, and the
deviations were very small. While in the interval of 130 kN~150 kN, due to the expansion
of the bottom crack, the section stiffness decreased, which can reflect the compressive strain
of the measuring point, and the compressive strain increased rapidly.
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It can be seen from Figure 9b that before the load reached 30 kN (crack load), the strain
at the bottom of the flange plate was close to zero, and the flange plate did not deform at
this time. In the range of 30 kN~130 kN, the strains at the bottom of the flange plate and
the overall load showed a linear relationship, which was consistent with the deformation
trend of the slab top measuring point. When the load reached 130 kN, the cracks of the rib
extended to the flange plate, and the strain increments of the flange plate were much larger
than those in the elastic stage. Although the bending stiffness attenuated greatly, it still had
load-bearing ability.

The load-strain relationship at the bottom of the slab was shown in Figure 10. When
the load reached 20 kN, the strain measuring point at the bottom of the rib was damaged,
due to the micro cracks that had begun to appear at this time. When the load reached 30 kN
(visible crack load), there were visible cracks, and the strain gauges on the side of the rib
were damaged.

Buildings 2023, 13, x FOR PEER REVIEW 12 of 23 
 

 

 

 

 

 

0 100 200 300 400
0

10

20

30

40

Lo
ad

 (k
N
)

Strain (με)

 a7
 a8
 a9
 

 

 
0 100 200 300 400

0

10

20

30

40

Lo
ad

 (k
N
)

Strain (με)

 a10
 a11
 
 

 

 
(a) (b) 

Figure 10. Load-strain curves at the bottom of the slab. (a) Load-strain curves under the side of the 
rib, (b) Load-strain curves under the rib. 

4.2. Theoretical Calculation 
4.2.1. Flexural Bearing Capacity 

Considering the symmetry of the π-shape test slab, the section of the test slab was 
treated as two T-shaped sections. The ultimate bending moment of the UHPC-T beam was 
calculated utilizing the formula developed by Zhu et al. (2022) [32]. 

The characteristics of this T-shaped section conform to Formula (1). The neutral axis 
was in the flange, and the width of the rip was b. Considering the tensile effect of the 
UHPC in the tension zone of the web, the flexural bearing capacity of the normal section 
is calculated according to the following formulae: 𝑓୷𝐴ୱ + 𝛽𝑓୲ୢ𝑏(ℎ − ℎ୤) ⩽ 12 𝑓ୡୢ𝑏୤ℎ୤ (1)

𝑀୳ = 13 𝑓ୡୢ𝑏୤𝑥ଶ + 12 𝛽𝑓୲ୢ𝑏(ℎ − 𝑥)ଶ + 𝑓୷𝐴ୱ(ℎ଴ − 𝑥) + 12 𝛽𝑓୲ୢ(𝑏୤ − 𝑏)(ℎ୤ − 𝑥)ଶ (2)

The height of the UHPC compression zone should be calculated according to the fol-
lowing formula. 12 𝑓ୡୢ𝑏୤𝑥 = 𝑓୷𝐴ୱ + 𝛽𝑓୲ୢ𝑏(ℎ − 𝑥) + 𝛽𝑓୲ୢ(𝑏୤ − 𝑏)(ℎ୤ − 𝑥) (3)

β was the equivalent rectangular stress coefficient of UHPC in the tension zone; 𝑓ୡୢ 
was the design value of the UHPC axial compressive strength; 𝑓୲ୢ was the UHPC axial 
tensile strength. 𝐴ୱ was the tensile steel bar total area; 𝑓୷ was the yield strength of the 
steel bar. b was the width of the web; ℎ୤ was the height of the flange; h was the height of 
the section; ℎ଴ was the effective height of the section; 𝑏୤ was the width of the flange; and 

Figure 10. Load-strain curves at the bottom of the slab. (a) Load-strain curves under the side of the
rib, (b) Load-strain curves under the rib.

4.2. Theoretical Calculation
4.2.1. Flexural Bearing Capacity

Considering the symmetry of the π-shape test slab, the section of the test slab was
treated as two T-shaped sections. The ultimate bending moment of the UHPC-T beam was
calculated utilizing the formula developed by Zhu et al. (2022) [32].

The characteristics of this T-shaped section conform to Formula (1). The neutral axis
was in the flange, and the width of the rip was b. Considering the tensile effect of the
UHPC in the tension zone of the web, the flexural bearing capacity of the normal section is
calculated according to the following formulae:

fy As + β ftdb(h − hf) 6
1
2

fcdbfhf (1)

Mu =
1
3

fcdbfx2 +
1
2

β ftdb(h − x)2 + fy As(h0 − x) +
1
2

β ftd(bf − b)(hf − x)2 (2)

The height of the UHPC compression zone should be calculated according to the
following formula.

1
2

fcdbfx = fy As + β ftdb(h − x) + β ftd(bf − b)(hf − x) (3)
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β was the equivalent rectangular stress coefficient of UHPC in the tension zone; fcd
was the design value of the UHPC axial compressive strength; ftd was the UHPC axial
tensile strength. As was the tensile steel bar total area; fy was the yield strength of the steel
bar. b was the width of the web; hf was the height of the flange; h was the height of the
section; h0 was the effective height of the section; bf was the width of the flange; and x was
the height of the compression zone. The section of the single T-shaped section was shown
in Figure 11.
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The summary of calculation is shown in Table 3. The calculated flexural strength of the
test slab with a single-rib T-slab was 77.4 kN·m according to Formula (2), and it indicated
154.9 kN·m for the π-shape. The converted mid-span corresponding load Pc1

u was 125.2 kN,
and the reactive force at the support was 62.6 kN.

Table 3. The summary of calculated flexural strength.

Specimen
Number β

f cd
(MPa)

f td
(MPa)

bf
(mm)

As
(mm)

f y
(MPa)

b
(mm)

hf
(mm)

h
(mm)

h0
(mm)

x
(mm)

UHPC-T-2475 0.9 135 6 750 628 400 120 60 240 220 8.6

4.2.2. Response 2000 Analysis

The material characteristics in Response 2000 were the same as those in the calculation
of ultimate bearing capacity. The π-shaped section of the test slab was also regarded as
two T-shaped sections for calculation purposes.

Through the running of Response 2000, the flexural strength of a single T-section
was obtained as 78.7 kN·m. The flexural strength of the UHPC slab was twice of a sin-
gle T-section section, which is 78.7 kN·m × 2 = 157.4 kN·m. The converted mid-span
corresponding load Pc2

u was 127.2 kN, and the force Vc2
u was 63.6 kN.

4.2.3. Comparison of Calculation Results

Table 4 shows the comparison between the measured value and the calculated values
of the flexural strength of the test slab. In this table, Mu is the measured ultimate flexural
strength of the test plate, Mc1

u is the ultimate flexural strength of the test plate calculated
according to Formula (2), Mc2

u is the ultimate flexural strength calculated by Response
2000, and Mc3

u is the ultimate flexural strength calculated in a later section by Abaqus.
Comparing the experimental value and the calculated value, it can be seen that the ratio
of the experimental value to the calculated value of Formula (2) is 1.19, the ratio of the
experimental value to the calculated value of Response 2000 is 1.17, and the ratio of the
experimental value to the Abaqus finite element calculation value is 1.02. All the calculated
values are close to the experimental value.
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Table 4. Comparison of calculation and test results.

Specimen
Number Mu/kN·m Mc1

u /kN·m Mc2
u /kN·m Mc3

u /kN·m Mu
Mc1

u

Mu
Mc2

u

Mu
Mc3

u

UHPC-T-2475 184.4 154.9 157.4 180.9 1.19 1.17 1.02

5. Numerical Analysis
5.1. The Abaqus Analysis

A finite element model (FEM) simulating the precast UHPC diaphragm slab was
established with Abaqus software [35]. The concrete part was modeled with an eight-
noded linear 3D brick solid element with reduced integration (C3D8R). The longitudinal
reinforcement, erection reinforcement, and stirrup were modeled with two-noded linear
3D truss elements (T3D2), as the longitudinal and shear reinforcement bars only carry the
axial forces. The grid of the middle failure section was dense, and the grids at both ends
were sparse. The divided grid model is shown in Figure 12.
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This paper mainly used the Concrete Damaged Plasticity (CDP) model to carry out the
finite element analysis of concrete. This model was based on the damage model proposed by
Lubliner, Lee, and Fenves (1998), which takes into account the difference in compressive and
tensile properties of materials and assumes that the concrete material is mainly damaged
by compressive crushing and tensile cracking [36,37]. In the Abaqus software, the Concrete
Damaged Plasticity model required defining the plastic parameters of concrete (yield
function, flow law, and other related parameters), as well as the relationship between tensile
plasticity and damage and between compressive plasticity and damage. The parameter
values of concrete in the CDP are shown in the following Table 5.

Table 5. Plastic properties of concrete.

Dilation Angle Eccentricity fb0/fc0 K Viscosity Parameter

36◦ 0.1 1.16 0.667 0.005

Several studies investigated the behavior of UHPC material, such as that of Yin et al.
(2017), who proposed a calibrated model for UHPC material [38]. In this study, the stress-
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strain relationship curve given in Yang et al. (2008) [39] was used to describe the uniaxial
compression behavior of concrete.

σc(ε) =

 fc
nξ−ξ2

1+(n−2)ξ ε 6 ε0

fc
ξ

2(ξ−1)2+ξ
ε > ε0

(4)

fc was the axial compressive strength of UHPC, which was 135 MPa; ε was the
compressive strain of UHPC; σc was the tensile stress of UHPC; ε0 was the peak strain of
UHPC, which was 3500 µε; ξ = ε/ε0; n = Ec/Es; Ec was the initial elastic modulus, taking
Ec = 42.6 GPa; and Es was the secant modulus at the peak point.

The tensile constitutive relation of UHPC was calculated with the bilinear stress-strain
relation recommended in (Zhang et al., 2015) [40].

σt(ε) =

{
fct
εca

ε 0 < ε 6 εca

fct εca < ε 6 εpc
(5)

fct was the average stress in the stress-hardening stage, taking 6 MPa; εca was the peak
strain in the elastic stage, taking 199 µε; εpc was the ultimate strain, taking 2000 µε.

The steel bar used in the test slab was HRB400, which was selected according to the
provisions in the literature [41], with the yield strength fy = 400 MPa, the elastic modulus
Es = 200 GPa, and Poisson’s ratio υg = 0.3. The total elongation of the steel bar in tension
and fracture should be not less than 7.5%.

The concrete slab and internal reinforcement were modeled separately. The reinforcing
bars were composed of frame bars, stirrup bars, and longitudinal bars, which were embed-
ded in the concrete slab with the embedded region command to simulate the reinforced
concrete structure.

Reference points were set as constraint points at the support and the loading point, re-
spectively. Supports were considered as a roller (U2 = U3 = 0) and a pin (U1 = U2 = U3 = 0),
consistent with the experimental test.

5.2. Result of FEM Simulation
5.2.1. Load–Deflection Behaviors of the FE Model

In Figure 8, the black line was the simulated load-displacement curve, and the red
line was the test load-displacement curve. The peak value Pc3

u from the FEM simulation
was 146.2 kN (the bending moment Mc3

u was 180.9 kN·m), whereas the test peak load was
150 kN (accordingly, the bending moment was 184.4 kN·m) Mu/Mc3

u = 1.02. The ratio of
the test peak load to the simulated peak load result was 1.02. Before the cracking load, the
simulation results corresponded well with the actual test. After reaching the cracking load,
the simulation results deviated. The stiffness of the simulated slab was higher than that of
the UHPC test slab because of the ideal non-slip strong constraint between the steel bars
and the concrete in FEMs. When loaded to 140 kN, the bottom longitudinal reinforcement
stress reached 400 MPa.

To sum up, the calculations resulting from the finite element model were approxi-
mately consistent with the test results in the ultimate load, but there was a slight deviation
in the stiffness.

5.2.2. Failure Mode

The red area shown in Figure 7 was the tensile damage area of the simulated slab.
The failure modes of both the simulated slab and the test slab were the concrete cracking
in the tension zone, and the cracks extended upward until failure. It can be seen that
the main failure characteristics of the simulated slab were in good agreement with the
experimental phenomena.
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5.2.3. Initial Crack Stress Analysis

When the load of the precast UHPC slab was P = 30 kN, initial visible cracks appeared
on the lower edge of the rib. According to the finite element calculation outputs, the
cracking stress of the rib was 5.12 MPa.

5.3. Parametric Studies

After verifying the correctness of the FEM, parametric analysis was carried out on the
specimens with different shear-span ratios to further reveal the structural behavior of the slab.

5.3.1. Shear Span Ratio

In order to explore the shear bearing capacity of the slab, three FEMs with shear-span
ratios of 1.0, 2.0, and 3.0 were established. Shear span ratio λ = a/h0, where a was the
distance from the loading point to the fulcrum, and h0 is the effective height of the section.
The specific parameters are shown in Table 6. The schematic diagram of FEM loading is
shown in Figure 13.

Table 6. Parametric Studies.

Specimen Number a (mm) b (mm) h0 λ

UHPC-N-220 220 4510 220 1.0
UHPC-N-440 440 4070 220 2.0
UHPC-N-660 660 3630 220 3.0
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5.3.2. Load–Deflection Behaviors with Different Shear-Span Ratio

Vc4
u was the support reaction force, and Vc4

u = Pc4
u /2 under four-point loading. It

can be seen from Figure 14 that under different shear-span ratios, the slab was able to
sustainably bear the load after the ultimate load. However, the ultimate load and the
stiffness of the specimen increased with the decreasing of the shear-span ratios.
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5.3.3. Failure Modes with Different Shear-Span Ratios

The finite element simulation showed that under the shear-span ratio of 1.0, the
concrete from the fulcrum to the supporting slab was crushed, and the stirrup yielded. The
failure mode was shear failure. Under the shear-span ratio of 2.0 and 3.0, the concrete of
the loading point and mid-span was damaged with the longitudinal bars yielding, which
was the flexural damage (Figure 15).
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5.3.4. Calculation of Shear Capacity

The shear bearing capacity calculation method used was that in Article 6.2.1.1 of the
French UHPC structural design code “NF P18-710-2016E” [42]. The calculation formula
used the classical truss model to calculate the shear bearing capacity contribution Vc of
the UHPC matrix and used the variable angle truss model to calculate the shear bearing
capacity Vs of the stirrup, considering the contribution Vf of the steel fiber to the shear
bearing capacity. The shear force calculation formula was as follows.

V3 = Vc + Vs + Vf (6)

Vc =
0.21

γcfγE
k1 f

1
2

c bd (7)

Vs =
Asv

s
z fy cot(θ) (8)

Vf = Ab fcy cot(θ) (9)

Vc was the shear force contributed by the concrete; Vs was the shear force contributed
by the stirrups; Vf was the shearing resistance of the steel fiber; γcf and γE are the design
safety factors, taking γcf = 1.0, γE = 1.0 here; k1 was the prestress influence coefficient,



Buildings 2023, 13, 1349 15 of 19

taking as 1.0 for non-prestressing; Asv was the cross-sectional area of stirrups; Ab was
the effective cross-sectional area of the beam, and Ab took the cross-sectional area of the
transverse rib of the slab; fcy was the UHPC residual strength, and fcy = 6.0 MPa. The
calculation parameters and calculation results are shown in the above Table 7.

Table 7. Parameters and calculation results of shear bearing capacity.

b/mm z/mm d/mm S/mm Asv/mm2 Ab/mm2 θ/◦ fy/MPa fcy/MPa Vc/kN Vs/kN Vf/kN V3/kN

240 200 220 200 100.5 48,000 45 400 6 129 40 288 457

5.3.5. Comparison of Results

UHPC was the material of the simulated slab; N was numerical and the last number
was the distance from the loading point to the support.

Table 8 presents a summary of the simulation and calculation results. Vc4
u was the

maximum bearing section load of the numerical simulation; Mc1
u was the ultimate bending

moment of the test slab calculated according to Formula (2); Vc1
u was the reactive load

corresponding to the calculated ultimate bending bearing capacity. When the load point
was concentrated, V3 was the shear bearing capacity by Formula (6). After theoretical
calculations, the ultimate bending moment of the test slab was 154.9 kN m, and the shear
bearing capacity of the section was 457.0 kN.

Table 8. Summary of the simulating and calculation results.

Specimen Number Vc4
u /kN Mc1

u /kN·m Vc1
u /kN V3/kN

UHPC-N-220 685.0 154.9 704.1 457.0
UHPC-N-440 427.2 154.9 352.0 457.0
UHPC-N-660 288.0 154.9 234.7 457.0

It can be seen from the above that when the shear-span ratio was 1.0, the maximum
simulated supporting load of the specimen was Vc4

u = 685.1 kN, which was greater than
the calculated shear bearing capacity of the section V3 = 457.0 kN, and it was less than the
reactive load Vc1

u = 704.1 kN, corresponding to the flexural strength of Mc1
u = 154.9 kN.

Combined with Figure 16, it can be inferred that the failure mode was shear failure. When
the shear span ratio was greater than 1.0, the shear resistance of the specimen was greater
than the bending resistance, which illustrated flexural failure.
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transverse rib of the slab; 𝑓ୡ୷ was the UHPC residual strength, and 𝑓ୡ୷ = 6.0 MPa. The 
calculation parameters and calculation results are shown in the above Table 7. 
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5.3.5. Comparison of Results 
UHPC was the material of the simulated slab; N was numerical and the last number 

was the distance from the loading point to the support. 
Table 8 presents a summary of the simulation and calculation results. 𝑉௨௖ସ was the 

maximum bearing section load of the numerical simulation; 𝑀௨௖ଵ was the ultimate bend-
ing moment of the test slab calculated according to Formula (2); 𝑉௨௖ଵ was the reactive load 
corresponding to the calculated ultimate bending bearing capacity. When the load point 
was concentrated, 𝑉ଷ was the shear bearing capacity by Formula (6). After theoretical cal-
culations, the ultimate bending moment of the test slab was 154.9 kN m, and the shear 
bearing capacity of the section was 457.0 kN. 

Table 8. Summary of the simulating and calculation results. 
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UHPC-N-440 427.2 154.9 352.0 457.0 
UHPC-N-660 288.0 154.9 234.7 457.0 

It can be seen from the above that when the shear-span ratio was 1.0, the maximum 
simulated supporting load of the specimen was 𝑉௨௖ସ = 685.1 kN, which was greater than 
the calculated shear bearing capacity of the section 𝑉ଷ = 457.0 kN, and it was less than the 
reactive load 𝑉௨௖ଵ = 704.1 kN, corresponding to the flexural strength of 𝑀௨௖ଵ = 154.9 kN. 
Combined with Figure 16, it can be inferred that the failure mode was shear failure. When 
the shear span ratio was greater than 1.0, the shear resistance of the specimen was greater 
than the bending resistance, which illustrated flexural failure. 
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Figure 16. Reinforcement diagram of Single T section. (a) Original reinforcement diagram of single 
T section. (b). Improved reinforcement diagram of single T section. 

  

Figure 16. Reinforcement diagram of Single T section. (a) Original reinforcement diagram of single T
section. (b). Improved reinforcement diagram of single T section.

5.3.6. Design Suggestion

From the previous analysis, the shear resistance of the specimen was stronger than the
bending resistance. When the shear-span ratio is greater than 1.0, the bending resistance of
the specimen can be improved by increasing the longitudinal reinforcement ratio of the
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transverse rib beam, which can fully exploit the material advantages of UHPC. Through
finite element modeling, the reinforcement ratio of the bottom longitudinal reinforcement
was increased to explore the ultimate flexural bearing capacity of the specimen. The
reinforcement of the slab was shown in Figure 16; the specimen was loaded at three points
according to Figure 4.

The reinforcement ratio was increased from 2.4% to 8.0%, and the ultimate bearing
capacity increased from the original 150 kN to 270.6 kN. At the ultimate bearing capacity,
the concrete at the bottom was broken and the longitudinal bars yielded, but the shear steel
bars were in the elastic stage. From Figure 17, after the reinforcement ratio increased, the
stiffness in the linear elastic stage was basically unchanged, while the stiffness increased in
the crack stage, and the structural bearing capacity was significantly improved.
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6. Conclusions

In this paper, through a full-scale test study on the flexural performance of the
new precast UHPC diaphragm slab, the cracking pattern, failure mode, ultimate bear-
ing capacity, etc. were explored, and finite element models were established for further
parameter analysis. The following can be obtained in conclusion.

(1) The UHPC slab showed excellent mechanical properties and deformation ability.
Under the action of the design load of 40 kN, only some tiny cracks appeared in the
rib, and the mid-span deflection was also small, being only 8.83 mm. This could
ensure the normal service of the new slab in the tunnel.

(2) The entire process of flexural failure of the UHPC slab under three-point loading was
divided into the elastic stage, the crack-propagation stage, and the yield stage. The
ultimate bearing capacity (150 kN) of the specimen was 3.75 times the design load
value (40 kN). Under the concentrated load in the mid-span, the failure mode of the
slab was that the tensile steel bars at the bottom yielded, but the UHPC at the top
was not crushed. The slab showed good toughness when it reached the ultimate load.
Under the condition that the deflection increased sharply, it still conserved a high
bearing capacity and no brittle failure occurred.

(3) Using the theoretical formula, Response 2000, and the Abaqus finite element model,
the ultimate bearing capacity calculation results were 154.9 kN·m, 157.4 kN·m, and
180.9 kN·m, respectively. The ratio between the test value and the calculated values
were 1.19, 1.17, and 1.02, respectively. The deviation between the calculated result
and the test value was less than 20%. All the three calculation methods of flexural
capacity can predict the flexural capacity of a slab accurately.

(4) The load-deflection curves and the failure modes obtained by the finite element model
were in good agreement with the test results. The stress at the lower edge of the
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rib during the initial crack test was 5.12 MPa. The parameter analysis of the finite
element model showed that with the larger shear-span ratio, there is a smaller ultimate
bearing capacity and lower stiffness of the specimen. The shear failure of the specimen
occurred when the shear-span ratio was 1.0, but when the shear-span ratios were
2.0 and 3.0, flexural failure occurred. The French code formula can conservatively
predict the shear capacity of slabs.

(5) In the finite element model, by increasing the reinforcement ratio of the bottom
longitudinal reinforcement from 1.4% to 8.0%, the ultimate bearing capacity of the
diaphragm slab can reach 270.6 kN, which was 1.8 times the existing test bearing
capacity. The structural behaviors of the diaphragm slab made with the current design
had a large room for improvement.

The objective of this paper was to investigate the flexural and shear behaviors of the
new precast UHPC diaphragm slab and provide reference for the analysis and design of
this new type of UHPC diaphragm slab. However, it should be noted that the findings
of this study are only applicable to engineering as they are based on a single specimen
and limited FEM parameter analysis. Additionally, the effect of the specific arrangement
of the bottom longitudinal reinforcement and the reinforcement ratio on the mechanical
properties of the UHPC diaphragm slab still need to be further studied by experiments.
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