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Abstract

The mechanism of pile-soil reaction in frozen ground is not clear at present, but it is obvious that the reduction of dead
weight will be beneficial to the seismic resistance of bridges. In view of the limited bridge engineering practice in high
seismic risk permafrost regions, the paper addressed the structural performance of the superstructure and its effect on piles
in these special regions. Four superstructures with different dead weights were compared, and bored piles were designed.
Numerical simulations were implemented to investigate the refreezing time of the bored pile foundation. The concrete pile
cooled rapidly in the first two days. The refreezing times of the GFRP, prestressed concrete T-girder, integrated composite
girder, and MVFT girder were 15d, 37d, 39d, and 179d, respectively. The refreezing time of a pile in the same soil layer
is mainly affected by the pile’s diameter, and it is significantly correlated to the square of the pile diameter. It reflects that
the selection of bridge superstructures in the permafrost region is very important, which has been ignored in previous
studies. The pile length and pile diameter of the lighter superstructure can be shorter and smaller to reduce the refreezing
time and alleviate the thermal disturbance.
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1. Introduction

Permafrost areas account for 22.4 percent of the land area of China, mainly distributed in the Qinghai-Tibet Plateau
(QTP) and northeast China [1]. With the accelerating process of western development, Tibet and Qinghai Province have
a great expectation of economic development in the Fourteenth Five-Year Plan. In addition, there are large areas affected
by permafrost along "The Belt and Road Initiative" [2], along which massive infrastructure constructions are needed. In
the Qinghai-Tibet railway, bridges account for about 23% of the total line [3]. The embankment is the main part of the
route and there is a great deal of research work on its structural form and temperature characteristics [4]. However,
settlement induced by the temperature of the embankment is larger than that of a bridge in the permafrost regions. The
main problems for small and medium bridges in the Qinghai-Tibet Plateau include seismic risk and durability.

The Qinghai-Tibet Plateau is the most intensive seismic area in China [5], yet without a corresponding seismic
specification for bridge design in the permafrost regions [6]. The interaction mechanism and the failure characteristics
of pile-foundation and frozen soil systems in the permafrost regions under earthquakes are unclear [7]. Permafrost has
degraded constantly [8, 9], which will directly lead to the decline of pile bearing capacity in permafrost regions [10].
The bored pile is the most common type of pile foundation in frozen regions [11]. The main factors determining pile
bearing capacity include soil mass, water content, structural materials, surface roughness, and freezing temperature [12,
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13]. Most of the bearing capacity of friction piles in frozen ground is provided by resistance to shear along the surface
of the pile, frozen together with the soil [14]. Factors affecting the early thermal stability of bored pile foundations
include hydration heat of concrete, mold entry temperature, hole-forming method, pile diameter, pile length, pile
spacing, frozen soil geological conditions, etc. Among these factors, the hydration heat of concrete is the main factor
[15]. The calculation and analysis of hydration heat have been investigated by Jia et al. [16]. Hou et al. discovered that
the pile foundation's highest temperature occurred two days after the concrete was poured, 93 days after the concrete
was poured, and the temperatures at various depths of the pile foundation plummeted below 0 °C [17]. To accelerate
freezing, Chen [18] studied a quick-freezing system and verified its feasibility through field experiments. Shang et al.
(2020) [19] proposed a two-phase closed thermosyphon (TPCT) and concrete piles to obtain a temperature control
scheme with significant effect, and found the optimal TPCT length. Shang et al. (2018) [20] proposed a cold air
refrigerant system to reduce refreezing time and the effect was evaluated. Combined with concrete maintenance and
reduction of thermal disturbance of frozen soil, Yan & Yu [21] suggested that construction could be done with insulation
on the outside of foundation piles to obtain a more uniform concrete temperature field, thus improving the concrete
strength and reducing the disturbance of frozen soil. The construction period should be back frozen in the summer.
Based on monitoring and simulation, Hou et al. [22] analyzed the thermal behavior of CIP group piles in the permafrost
zone. These studies mainly focused on the rapid cooling of piles by artificial methods.

Due to the insufficient knowledge on prevention and mitigation of infrastructure disasters in high seismic risk
permafrost regions, it is vital to investigate the bridge’s structural scheme to guarantee its safety. On May 22, 2021, a
7.4-magnitude earthquake occurred in Maduo, Qinghai, causing a continuous multi-span girder to fell which included
19 spans on one line and 18 spans on the other line. The main reasons for the failure were a large structural response of
prestressed concrete girder and shear damage of bearing [23]. The weight of the superstructure is the main factor of
structure seismic response and will directly affect the design of pile diameter and length of the foundation. Therefore,
the superstructure’s type is a governing factor for the bridge in high seismic permafrost regions, and its scheme selection
is the highlight of this research. The length and diameter of the pile are determined by the superstructure’s dead weights,
which will lead to a significant difference in refreezing time. However, the current research on pile refreezing does not
take this into account. In this paper, the pile foundation design and refreezing simulation of different superstructure
schemes have been carried out. The flowchart of the study is shown in Figure 1.

Introduction of four superstructures

v

Design load calculate of pile

v

Testing site information

r——————————— == === [
I |
| Design of pile diameter Design of pile length |
I (length=15m) diameter=1.4m |
I 1-11-21-314 2-12-22-3 |
I |
- 1

Refreezing simulation and analysis

Figure 1. Flowchart of the study

2. Bridge Superstructure

The superstructure of the bridge determines the substructure and auxiliary structures. The dead weight of different
superstructure schemes significantly affects the whole structural performance, especially in the high seismic risk
permafrost regions. Four available superstructures have been involved and compared in the following contents. Ultimate
limited state load combination has been used in the analysis model was listed in Table 1.
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Table 1. Summary of superstructure parameters

Bridge scheme GFRP girder MVFT girder  Integrated composite girder P.C. T-girder
Span (m) 15 30 30 30
Width (m) 13 13 13 12.7
Concrete (m®) 37.8 159 94.1 142.6
Girder materials (kg) 10260 (GFRP) 65450 (Steel) 74690 (Steel) 50820 (Steel)
The weight of the upper structure (kN) 991 4376 2365 3852
Pile load (kN) 684.25 2485.5 1480 2223.5

2.1. GFRP- Concrete Box Girder

Fiber reinforced polymer (FRP) has the advantages of light weight, high strength, corrosion resistance, and easy
processing, etc. Its production processes include pultrusion, winding, hand paste, and molding [24]. In view of the
FRP/Reinforced-concrete superstructure’s excellent structural performance [25], a glass fiber reinforced polymer
(GFRP) concrete box girder was designed which was applicable to a span of 10~15m as shown in Figure 2. The material
consumption of pultruded GFRP and concrete is listed in Table 1. The advantage of its light weight is easily observed.

Concrete slab

GFRP

L 13000 |

Figure 2. GFRP- Concrete box girder (mm)

2.2. MVFT Girder

The composite girder known as the Verbund-Fertigteil-Trager (VFT) was first designed in Germany and is now
utilized in bridge construction throughout Europe [26]. In order to accelerate the construction speed, the author proposed
the Modified Verbund-Fertigteil-Trager (MVFT) girder based on VVFT girder in Figure 3, which was suitable for small
and medium span bridges [27, 28]. In terms of MVFT girder, the concrete slabs and box girders were prefabricated in
the factory and transported to the site for assembly and cast-in-place concrete. The material consumptions of steel and
concrete are listed in Table 1.

o) cast-in-situ concrete MVFT.

107
82

220 |50_|_ 220 |50_|_ 220 |50_|_ 220 |50_|_ 220
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Figure 3. Section of MVFT girder (cm)

2.3. Integrated Composite Girder

The fatigue problem of the traditional orthotropic steel bridge deck is prominent in long-time service. However, the
integrated composite girder which is shown in Figure 4 could eliminate this trouble, and it has advantages in both the
weight and durability performance of the structure. Its weight is only 54% of the MVFT girder. The material
consumption of an integrated composite girder is summarized in Table 1.
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(a) 3D assembly of integrated composite girder
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Figure 4. Integrated composite girder [29]

2.4. Prestressed Concrete T-Girder
The prestressed Concrete T girder (P.C. T-girder) is widely used in highway construction in cold regions (Figure 5)

Its weight is 163% of the integrated composite girder. The material consumption of P.C T-girder is listed in Table 1.
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Figure 5. Diagram of P.C. T-girder mid-span cross section (cm)

As observed in Table 1, the composite structure can effectively reduce the dead weight and weaken the seismic
response. The pile foundation will be designed according to Table 1, and then the refreezing simulation will be carried

out.

3. Pile Foundation Design

3.1. Testing Site Information
The test site is located in Beiluhe Basin on the north slope of Fenghuo Mountain on the Tibetan Plateau, which is

marked in Figure 6. The surface is flat and the vegetation is sparse. The shallow layer of the surface is mostly wind-sand
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sediment, and there are hot melt lakes and ponds nearby. The altitude is 4618 m. The climate is cold and dry. The annual
average temperature, precipitation, and evaporation of the site are -3.8°C, 290.9 mm, and 1316.9 mm, respectively. High-
temperature unstable permafrost is widely distributed in Beiluhe regions. The permafrost table is generally between
1.5~3.0 m. The frozen soil is mainly consisted of clay and severely-weathered claystone as the drilling catalog of the
cap in Figure 7 [30].

Figure 6. Testing site

1# 2# 3
0=
=l g -~ Permafrost Table
é [ ] Fine Sandstone
5§ Severely-weathered Claystone
é ] Severely-weathered Sandstone
é ] Clay
10—

Figure 7. Drillhole information (m)

The following computed soil layers are shown in Figure 8 as a consequence of artificial modifications and forecasts
due to the three boreholes' various findings and generalization considerations.
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Figure 8. Schematic diagram of calculated soil layer (m)
Table 2. Material parameters of soil
Soil arou Density  Elastic modulus  Freezing strength  Carrying capacity
group (kgm?) (MPa) (kPa) (kPa)
Fine Sandstone (-2°C) 1920 16 70 300
Severely-weathered Claystone (-4°C) 2500 7 70 250
Severely-weathered Sandstone (-2°C) 2500 9 100 300
Clay (-1°0) 1800 5 60 400

3.2. Pile Foundation Design

Bored piles were used in the four superstructures schemes. According to Specifications for Design of Foundation of
Highway Bridges and Culverts [31], the designed diameter of bored pile should be more than 0.8m. The upper layer of
frozen soil is fine sand, which is not frost heaving soil. Hence, the pullout performance is ignored in the analysis. The
bonding strength of melting sand soil is 30kPa. The ultimate bearing capacity of single pile can be calculated by the
following expression:

1
R, = Eu Z?:i qicli + qu‘r (1)

where Rais the axial compression bearing capacity of single pile; u is the perimeter of pile; n is the number of soil layers;
li is the thickness of the soil; g is the friction resistance corresponding to the various soil and pile side to I;; A is the
section area of pile tip; gr is the soil bearing capacity of pile tip.

The thermal disturbance range of concrete hydration heat on pile side increases in relation to the square of pile
diameter, and the thermal disturbance range on pile bottom has a positive linear relationship with the pile length [32].
The temperature refreezing simulation of the following pile diameter and pile length was performed using the control
variate approach. And the simulation scheme was shown in Table 3.
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Table 3. Pile foundation design

Scheme 1: length=15m

Bridge scheme GFRP girder MVFT girder Integrated composite girder P.C. T-girder

Group 1-1 1-2 1-3 1-4
Diameter (m) 0.8 13 0.8 1.2
Pile length (m) 6.5 15 15 15

Scheme 2: diameter=1.4 m

Bridge scheme GFRP girder MVFT girder Integrated composite girder P.C. T-girder

Group 2-1 2-2 2-3
Diameter (m) NO. 14 14 14
Pile length (m) 12 7.2 10.5

where, No. means no comparison for the span of GFRP girder is different to the other.

4. Refreezing Simulation of Pile Foundation
4.1. Modeling and Boundary Conditions

At present, there are two ways to study the temperature field of the bored piles in frozen regions: field experiments
and numerical simulations. The thermal disturbance of frozen soil 2 m away from the pile has little influence, and the
influence range is less than 4 times the pile diameter. The temperature of the soil layer around the pile will drop down
to close to the natural in 200 days (d) [33, 34]. Therefore, a cylinder with a radius of 10 m and a depth of 20 m has been
determined for modeling. Adiabatic boundary conditions were selected around the perimeter.

4.2. Heat of Hydration

Since the time required for refreezing was the only factor considered in the simulation, the exothermic analysis of
hydration heat with time was not performed. For the sake of safety, the hydration heat of cement is considered a one-
time release, and the final hydration heat release value of cement is 364 kJ/kg [35]. Assuming that the temperature of
concrete is evenly distributed and the cement consumption per cubic meter is 415 kg, the absolute temperature rise of
concrete is determined to be 65°C. Given that the mold temperature is 3°C, the initial concrete temperature is set at
68°C.

4.3. Initial Ground Temperature and Thermophysical Parameters

Soil thermal conductivity is affected by soil moisture, temperature, texture, and other factors [36]. The initial ground
temperature was selected simply. The fine sand layer was set as -2°C, the strongly weathered mudstone layer was set as
-4°C, the strongly weathered sandstone layer was set as -2°C, and the clay layer was set as -1°C. It is assumed that latent
heat of phase transformation associated with the thawing of frozen soil is not considered.

Table 4. Thermophysical parameters of materials

Materials W/(n);-°C) J/(kzﬁC)
Fine Sandstone (-2 °C) 1.92 1078
Severely-weathered Claystone (-4 °C) 24 788
Severely-weathered Sandstone (-2 °C) 1.82 800
Clay (-1<C) 0.47 1188
Concrete 1.54 970

where, A is Conductivity; C is Specific heat

4.4, Numerical Model and Results

The numerical model was created by ABAQUS, in which the linear hexahedral element of DC3D8 was implemented
as shown in Figure 9.
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10m
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Severely-weathered Claystone

Severely-weathered Sandstone

20m

Clay

Figure 9. Layer and mesh of model

The simulation results of Table 3 are shown in Figure 10. The red contour line represents a higher temperature, and
the blue contour line represents a lower temperature.
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Figure 10. Pile refreezing temperature nephogram (d: day)
The time taken to reach the negative temperature is listed in Table 5.

Table 5. Total refreezing time of pile

Group -1 12 13 14 21 22 23
Diameter (m) 08 13 08 12 14 14 14
Length (m) 65 15 15 15 12 72 105

Time to negative temperatures (d) 15 190 86 144 105 39 52

The refreezing time of pile for different soil layers is listed in Table 6.

Table 6. Refreezing time of each soil layer

Group 11 12 13 14 21 22 23
Layer

Fine Sandstone 15d  37d 17d 28d  37d 39d 39d
Severely-weathered Claystone  8d 29d 8d 20d 27d 24d 28d
Severely-weathered Sandstone 70d 185d 56d 54d 43d

Clay 190d 86d  144d 105d 52d

4.5. Discussion

From the analysis results of Figures 10-b, 10-c, 10-d, and 10-¢, the longer the pile length is, the higher the temperature
of the lower soil layer is, and the time required for the pile foundation to completely reduce to negative temperature is
greatly increased. The difference in refreezing time of them is mainly caused by the pile diameter. The refreezing time
at the center of the pile in the same soil layer is approximately proportional to the square of pile diameter, which
corresponds to the heat change formula: Q =m-c-AT =p-h-m-r%-c- AT. It can also be seen that the differences
between the refreezing times of the same soil layer are not obvious when the pile diameter is similar as shown in Table
6, and the cooling rate is directly related to the soil temperature and thermal conductivity. It can also be found that the
refreezing time is mainly consumed at the lower part of the pile which is in the frozen soil layer with lower thermal
conductivity and higher temperature. The thermal conductivity of clay is close to 1/3 of that of concrete. The heat
conduction of the pile foundation in this layer is slow, and the heat conducts upward along the pile, which increases the
refreezing time of the pile foundation in a strong wind-blown sand stratum. As the initial temperature of the soil layer
gradually warms up from top to bottom, the refreezing time increases significantly with the increase of pile depth.

Therefore, from the analysis of the same superstructure but with a different pile design, it can be found that
reasonable optimization of pile diameter and length will be beneficial to decrease refreezing time. The concrete pile will
be cooled rapidly in the first two days, usually to 3~4 °C, followed by more gradual cooling. Therefore, if the concrete
pile can be artificially cooled effectively at a high temperature, it will greatly contribute to shortening the refreezing
time and reducing the thermal disturbance of the pile to the surrounding soil.
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5. Conclusions

e The refreezing times of the GFRP girder, integrated composite girder, and P.C. T-girder were 15d, 39d, and 52d
respectively. Due to the weight of the MVFT girder, it took 179 days to completely refreeze, which was mainly
controlled by the pile tip. Therefore, the lighter superstructure is preferred in cold regions since the pile diameter
and length can be reduced to a certain degree, which will significantly reduce the refreezing time and make the
thermal disturbance smaller. In the meantime, the composite superstructures are relatively lighter than prestressed
concrete girders, which naturally lowers the bridge’s structural damage risk during an earthquake.

o The refreezing time of a pile in the same soil layer is mainly affected by the pile’s diameter, and it is significantly
correlated to the square of the pile diameter. In particular, the time is around 16d and 38d for the fine sandstone
layer when the diameter is 0.8 m and 1.4 m, respectively. Due to the large thermal conductivity of concrete, the heat
conduction phenomenon along the pile is the main heat transfer pattern in the final phase of refreezing time.

e The pile diameter and length should be optimized under the condition of satisfying the structural and seismic
requirements. The hydration heat of cement in concrete is mainly released in the early 3 days. It means that artificial
cooling can greatly reduce the disturbance to soil and is beneficial for shortening the refreezing time. However, the
thermal insulation measures for pre-curing concrete also need care in the later refreezing period. From both angles
of refreezing time and dead weight, the composite superstructures are recommended.
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