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In order to improve the prefabrication level of highway mountain tunnels,

improve the quality of the project, and shorten the construction period, a

new type of prefabricated concrete curb member was developed based on an

actual project. The production process, construction technical points, and on-

site assembly technology are discussed. In addition, a method to calculate the

anti-collision performance of the curb components is proposed, that is, the

collision force of 850 kNwas calculated by the pseudo-static method, and then

finite element simulation analysis was used to obtain the stress of the concrete

structure and reinforcement. The results show that the reinforcement will not

fail, which will ensure the curb component will not undergo brittle fracture. This

study provides a reference to improve the prefabrication level of highway

tunnels.
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Introduction

In recent years, prefabricated structures have been widely used after the promotion of

the Chinese government related to the conservation of resources, reduction of

construction pollution, and improved labor safety. This might enhance the deep

integration of the construction industry with information technology and

industrialization, foster new industries and new driving forces, as well as dissolve

excessing capacity. In the field of tunnel and underground engineering, prefabrication

technology has been widely used for shield tunneling. It has been applied in cut-over

highway tunnels (Jiang, 2018), municipal facility tunnels (Kuang et al., 2022), cable

culverts (Tao, 2018), and other fields. However, the range of prefabricated components

used in drill-blast road tunnels is low. The main and auxiliary structures of prefabricated

components are still primarily cast-in-place, including curb components. The structure

size is generally fine and the wall thickness is mostly between 10 and 15 cm. It is difficult to

ensure the construction quality of site erection formwork pouring, which frequently leads

to a rough surface on the side groove, poor drainage, debris deposition, cracking and
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missing angles (Wang et al., 2018), and an uneven road surface

(see Figure 1). Moreover, the site erection template has poor

construction efficiency and requires a long construction period.

However, curb components are the most easily damaged

parts in a tunnel because vehicles deviate from the lane and

collide with them. Accident severity is generally high (Bassan,

2016) and there is a risk of fire, although the frequency of

collisions in a tunnel is lower than on roads outside the tunnel.

Pervez and Caliendo et al. conducted statistical and predictive

research on the collision frequency in tunnels (Caliendo et al.,

2013, 2016, 2019; Pervez et al., 2020, 2021; Tang et al., 2022).

This problem needs to be studied to improve the durability of

tunnel structures and avoid traffic interruptions due to

damaged curb components. However, there is still a gap in

the anti-collision performance requirements and checking

calculation methods of curbs in China’s code for highway

tunnel design. In light of the above, it is essential to investigate

vehicle-bridge collisions based on the existing achievements.

Cao et al. (2019) and Heng et al. (2021) studied the collision of

heavy trucks against the bridge caps and piers of cross-line

bridges. High-fidelity finite element analysis by Oppong et al.

(2021)was used to assess the impact of ultra-tall vehicles on

the main girder. Thilakarathna et al. (2010) used a nonlinear

numerical analysis model to research the impact of vehicles on

piers and columns, and obtained analysis results of the impact

force time-history curve, structural displacement, and

reaction force. Based on refined nonlinear finite element

analysis, Xu et al. (2012) studied the damage mechanism of

a bridge superstructure and reported a time history of impact

force when over-height vehicles collided with curb

components.

In this paper, a new type of precast concrete curb

component for highway tunnel was proposed to improve

the precast level of highway tunnel structures by drilling

and blasting. A pseudo-static method and finite element

modeling were used to calculate the impact load and check

its anti-collision performance. Finally, the key technologies

and engineering applications of its construction are

introduced to provide a reference for improving the

prefabrication level of highway tunnels.

FIGURE 1
Photos of damaged traditional curb components: (A) cover plate missing corners, (B) flatness of cover plate is poor, (C) slotted ditch above the
road surface, and (D) debris clogged up in a slotted ditch.
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Design of tunnel curb components

Curb components usually include a side ditch, side stone,

cable trench, and cover plate. Cover plates are usually

prefabricated components. Among these components, the side

ditch and side stone need to be considered for construction

technology.

As shown in Figure 2, there are two common kinds of

roadside ditches, the slotted ditch and blind drainage, each

with its own characteristics: the slotted ditch is easy to install

and does not require bottom and slurry processes. However,

the construction of blind drainage is more difficult, including

paving of the asphalt pavement at the edge, resulting in an

uneven pavement surface, which is prone to water

accumulation.

In contrast, a slotted ditch is superior and is more commonly

used on highways in Zhejiang province. However, the following

problems remain:

1) It is difficult to clean the slotted ditch, which increases the

maintenance difficulty of the highway operating unit;

2) Due to the infiltration of groundwater into the asphalt and

concrete pavement in the tunnel, it is difficult for the slotted

ditch to drain the interlayer water under the asphalt surface;

3) Because the width of the slotted ditch is 50 cm, it can invade

the carriageway pavement.

Figures 3, 4 show a three-dimensional structural drawing of

the integral curb components (i.e., a slotted ditch component that

prefabricates the side stones and side ditch together), with a size

FIGURE 2
The tunnel curb components: (A) slotted ditch, (B) blind drainage.

FIGURE 3
Three-dimensional structural drawing of the integral curb components.
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of 65 × 86 × 100 cm, a segment length of 1 m, and mass for each

segment of 612.25 kg.

To improve the shear resistance between segments, they are

connected by tension, which is better and smoother than the current

cast-in-situ concrete curb components. The width of the ditch is

35 cm, which effectively ensures the road surface of the driveway.

Compared with the previous curb components, the maintenance

cost of prefabricated curb components is lower, that is, the ditch top

of the prefabricated curb components is equipped with a drainage

ditch (that quickly drains the tunnel pavement water) and a flushing

hole (that effectively dredges debris blocking the ditch). The grate on

the sand sediment trap in the middle of the side ditch collects debris

and three drainage holes arranged symmetrically on the ditch side of

the prefabricated curb components allow seepage to discharge to the

asphalt layer. According to the actual engineering situation, the

arrangement of the drainage holes can also effectively prevent

groundwater from infiltrating into the asphalt and concrete

pavement layers.

Calculation of anti-collision
performance

Common check calculation methods

The impact process is a transient dynamic action, and

engineering often converts the dynamic action into a static

load for design. Commonly used equivalent static calculation

methods include: the global average method, local average

method, and equivalent displacement method. According to

previous studies, when a vehicle’s speed is 80 km/h, the

displacement method has the greatest accuracy to calculate

the equivalent static force. The equivalent impact force is

determined by:

Pd � d2

d1
(1)

where d1 is the displacement at the action point where a unit is

applied to the action point, and d2 is the corresponding

displacement obtained after applying the impact force and

bending moment time history at the action point.

China’s “General Specifications for Design of Highway

Bridges and Culverts” (JTG D60-2015) stipulates that the state

of vehicle impact should be calculated for bridge piers subjected

to vehicle impact without anti-collision measures. The impact

force along the vehicle direction should be 1000 kN, the impact

force perpendicular to the driving direction of the vehicle should

be 500 kN, and the two equivalent forces should be considered at

different times.

The “Design Specifications for Highway Safety Facilities”

(JTGD 81–2017) adopts the pseudo-static method to solve the

collision force of a car on the guardrail. The pseudo-static

method adopts the assumptions of average speed, rigid car

and guardrail, and average acceleration.

The lateral displacement of the car can be expressed as:

ΔSL � C sin θ − b(1 − cos θ) +D (2)
whereC is the distance between the gravitational center of the car

and the front bumper; θ is the collision angle; b is half the width

of the vehicle; andD is the lateral displacement of the guardrail

(usually 0).

The lateral average speed is determined by:

�]L � ]1 sin θ
2

(3)

where ]1 is the driving speed before the impact.

The time required for lateral displacement is determined by:

Δt � ΔSL
]L

� C sin θ − b(1 − cos θ) +D

]1sin θ/2
(4)

The lateral acceleration of the car is determined by:

aL � (Δ])L
Δt

� ]1 sin θ
Δt

� ]21 sin
2 θ

2[C sin θ − b(1 − cos θ) +D] (5)

Then, the lateral collision force can be obtained as:

FL � maL � m(]1 sin θ)2
2[C sin θ − b(1 − cos θ) +D] (6)

Assuming that the stiffness of the car and the guardrail is a

linear spring, the relationship between the collision force and

time is a sine curve, and the maximum lateral acceleration of the

car is determined by:

FIGURE 4
Design of the side stone and side ditch, and detailed drawing
of the reinforcement.
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(aL)max � π

2
aL (7)

Then, the maximum lateral collision force is determined by:

(FL)max � π

2
· m(]1 sin θ)2
2[C sin θ − b(1 − cos θ) +D] (8)

Adding the dynamic correction coefficient to the above

formula, the calculation formula of the lateral collision force

can be obtained as follows:

F1 � ξ · π
2
· m(]1 sin θ)2
2[C sin θ − b(1 − cos θ) +D] (9)

This calculation method for the collision force takes into

account factors including vehicle size and collision angle, and is

more suitable for calculating the collision force from different

vehicles; however, it ignores the deformation of vehicles and

piers. In actual situations, the car in the collision process often

undergoes deformation. Therefore, the calculation results may be

different from the actual value.

Finite element modeling

In this study, we used the instantaneous impact force,

equivalent static force, and pseudo-static force to calculate the

anti-collision energy of curb component side stone structures.

The simulation setting speed was 80 km/h, the oblique impact

angle was 20°, and the body weight was 8 t. Formula (9) shows

that the lateral impact force obtained using the pseudo-static

method was 850 kN, which is greater than the 500 kN

recommended by The General Code for Highway Bridge

design (JTG D60-2015); therefore, the former value was used

as a conservative estimate.

For specific materials related to the concrete and reinforced

materials, see Tables 1, 2.

Figure 5 shows the geometrical model and the finite element

mesh of the parts of the curb components. The force of the

friction and the friction formula are Lagrange multipliers, and the

model’s plat and integral curb component side stones and side

ditches adopt physical units, the top of which adopts the “hard

contact”. There is a 5 mm reserved space at the lap joint of the

TABLE 1 Material parameters of concrete.

Density (tonne/mm3) Young modulus (MPa) Poisson ratio

2.4e-09 31500 0.2

TABLE 2 Material parameters of reinforcement.

Reinforcement Density (tonne/mm3) Young modulus (MPa) Poisson ratio Yield stress

Q235 7.85e-09 200000 0.3 235

HRB400 7.85e-09 210000 0.3 400

FIGURE 5
A geometrical model and finite element mesh of the curb component parts: (A) geometrical model, (B) finite element mesh, and (C) rebar.
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cover plate. In order to reduce integral and hourglass control, the

grid cell of the integral curb component side stones and side

ditches contains a ten-node quadratic tetrahedral element

(C3D10), whereas the cover plate and segment components

contain an eight-node linear hexahedral element (C3D8R).

Standard model test piece concrete contains C35. The main

reinforcement type is φ12 mm HRB400, whereas the

distributional reinforcement was φ8 mm HPB235. The steel

bar uses a line element, and the mesh element type is a two-

node linear three-dimension truss element (T3D2). The

interaction of the “built-in zone” means the reinforcement

and concrete are completely fixed regardless of the slip

between the reinforcement and concrete.

Boundary conditions and loadings

According to the installation method of the curb

components, the bottom of the side stone and side ditch of

the curb component is the fixed end (i.e., the displacement is 0).

According to the wheel load area distribution table in the

“General Specification for Highway Bridges and Culverts

Design” (JTG D60-2015), a rectangular area of 0.3 m × 0.2 m

is used, to which a uniform force of 14.2 MPa is applied, as shown

in Figure 5.

Results

Figure 6 is a sketch map of the calculation results of

maximum principal stress and reinforcement stress of the

concrete structure.

The joint of the side stone and side ditch is a right-angle

structure that has large tensile stress after bearing the force of an

impact. When the axial tensile strength of C35 concrete exceeds

2.20 MPa the concrete will crack. However, the maximum tensile

stress of the steel bar is about 56 MPa (i.e., the steel bar will not be

damaged); therefore, a brittle fracture of the curb components

will not occur.

The maximum displacement of the member (i.e., the

displacement of the top of the side stone) was 1.34 mm, and

the displacement generated by the collision position was

7.8–8.5 mm. The specific displacement after a collision with

the components is shown in Figure 7.

Construction of prefabricated curb
components

The construction process of prefabricated road edge

components is shown in Figure 8. The concrete design

FIGURE 6
Results of finite element analysis: (A) maximum principal stress of concrete structure (MPa), (B) reinforcement stress (MPa).

FIGURE 7
Displacement cloud map (MPa).
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strength was C35, the segmental length was 1 m, the

recommended mix ratio was cement:sand:gravel:fly ash:

water:admixture = 270:850:1000:90:160:1.8, and the slump

should be controlled at 5–7 cm. The precast concrete

drainage ditch forming process used an attached vibration

platform. The concrete pouring height of each layer should

not exceed 300 mm.

In general, the first vibration time was 60—80 s, the second

vibration time was 30—40 s, and the interval time between the

two vibrations was 60—90 s. After finishing the plastering

process, a non-woven geotextile was sprayed with water cover.

After the surface concrete was finally solidified, spray

maintenance was performed. Under a high temperature, the

spray was performed every 30 min in the daytime for 5 min,

and every 1 h at night for 5 min. The spray maintenance was

performed for 5 d, and the cover maintenance was performed for

7 d. Demoulding was performed when the concrete strength

reached 75% or more of the design strength (see Figure 9).

The assembly process was performed and hoisted by small

machinery. The installation position was laid out and flatted, and

mortar was used for the secondary level before installation. In

order to ensure the assembly accuracy of the components, site

lofting was performed before the assembly.

FIGURE 8
Construction process of the prefabricated curb components.

FIGURE 9
Molds for prefabricated curb components.

FIGURE 10
Pictures of prefabricated curb components at a construction site: (A) side ditches and side stones, (B) sand sediment trap.
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Engineering application

Through careful design and construction, this new type of

prefabricated road component has been successfully used in the

mountain tunnels of many highways in Zhejiang Province. The

cumulative length exceeds 10 km. Compared with the original

pouring road edge component, this new prefabricated road

component is a big improvement (Figure 10).

Conclusions

This study developed new prefabricated curb components for

highwaymountain tunnels, which have the advantages of centralized

prefabrication, component standardization, and commercialization.

The prefabricated construction method allows the factory

prefabrication of structural components ahead of or parallel to the

excavation time of the corresponding parts in the tunnel, saving the

implementation time of the linear construction process in the tunnel.

Prefabricated curb components overcome the disadvantages related

to the quality of the traditional slotted ditch, which is difficult to

control, and improve the accuracy of field construction.

In addition, this study presents a method of calculating the

collision-proof energy of the prefabricated curb components. The

impact force of vehicle side rock in operation, which was 850 kN, was

calculated using a pseudo-static method. The stress on the concrete

structure and steel bar obtained by finite element simulation was

analyzed, and the results showed that no brittle fracture would occur

in prefabricated curb components after a collision.
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