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Table 1 Solar radiation intensity in plateau with large
temperature difference
Average annual solar radiation
intensity/(MJ-m™)

Region Altitude/m

Lanzhou 1520 5845
Xining 2261 6058
Lhasa 3650 8477
Taxkorgan 4104 8945
Urumgi 920 5764
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Table 2 Temperature data of plateau with large temperature difference

Region Annual mean temperature/'C Annual maximum temperature difference/’C  Maximum diurnal temperature difference/’C
Lanzhou 1.1 48.4 229
Xining 6.1 46.0 21.6
Lhasa 12.7 39.3 21.9
Taxkorgan 3.6 51.3 25.2
Urumgi 9.8 44.6 20.6
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Fig. 1 Concrete cracking condition of bridge pier in high
temperature difference
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Fig. 2 Heat transfer principle of bridge pier in high temperature
difference environment

o SR ORI ZE P T TR0 YL F6 AR AR S TR R
T E BRI, A SR E LR R E
QX ()it5 .

d—-9.=Q 1)
A Q MNLIHEMIHIRE L RHINEEEQ): g N
MR e LI B Be B (), THEERLAQR)s qc
KN TR AR LR E).

q, =al, (2)
A o AIRBELRIBEEWRICE, B 0.65M%; 1,0
K BH S R P (MIm?) 35 Szl R S B 315

IR R 22 38 e 5 KA S RS I R R
FMF S AR ] X e ol 26 . SRAER
1) AR A 8 ] DAJE Ik T 53 T PR NI R HOR 7
LA A4 A H 2 AR RO R T R I R 3) .

q. =h.(T,-T,) 3)
A qc WX R (D)5 he XTI R B
T AMFBIRE LR IEE(C); T AR EER
FE(C).

R E) AT %, JREE XTI RS R
KRR I, KGEBK, VR B 6 e 25 R B0k
Ko TREE PR AL 4 B R (he) il R A 50 A =
N, @) R

40v+56 v<5m/s
h, = (4)

| 7.15007
A v RGE (M),

v>5m/s



HE52 5% 11

HRR % ®EKEEARTEVFEIRE R + 3397 -

X T e JEORHR ZE R T R SR e L, KR A
1P B AR /Y 199.80 m®, Rkt
LN 1 100 J(kg-C), TREELSHAEH
2.30 Wi(m-K). H13& 3 Al A1, i KR ZEHL X 1) H 1
K PHERHTHREEAE 10 MIYmM® UL b, WREUREE T80
WK AR STRE RN 116 Us. LLIAIBATIVE AL B
WA, PR T AR AR B L BT T e s R 1.74
Js, B 1.74 W, HTHEASH]SA7 AP SR BE L
[7i) B T 2 52 B4R S AR I R BE A 2 mm fidq s

b, BUREARISR A 2T 2 mm R B ) BH TS 20
52 K PR St R0 It 4 AR Bk 8 4, BB
322.34 kg. HHENG)THAAS BIMF R EE 1 H R
WREE, HEERANE 3, HLgE UGk RPN
J M X VR B 3R T BRI 2218 40~50 C 4518 —E.

Q =cmAT (5)
XA ¢ AR E L I L HE (kg C))s m AT
BB B R RS RE B 7 & (kg): AT M
TR L SR T T = R FE(°C) 6

#3 BEAREMRSERMEIRRETRERE
Table 3 Climate and concrete surface temperature of bridge pier in plateau with large temperature difference

Daily maximum Annual total solar Average daily solar Mean wind Maximum temperature Maximum pier
Region temperature/ radiation intensity/ radiation intensity in speed/ rise on pier surface in surface temperature/
C (MJ-m?) summer/(MJ-m?%) (m-s™) one day/'C C

Lanzhou 35.8 5845 16.01 1.2 26.91 62.71
Xining 244 6058 16.60 0.8 27.89 52.29
Lhasa 37.6 8477 23.22 4.7 39.03 76.63
Taxkorgan 322 8945 24,51 2.0 41.18 73.38
Urumgai 30.1 5764 15.79 25 26.54 56.64
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Table 4 Concrete material parameters of bridge pier

Parameter name Unit Numerical value
Young’s modulus MPa 4.2x10*
Tensile strength MPa 25
Poisson's ratio 0.2
Coefficient of linear expansion 1.15x10°°
Density kg/m® 2420
Specific heat capacity JI(kg-C) 1100
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Table 5 Circulation system of concrete surface temperature of bridge pier in high temperature difference

Sunny side

Shady side

Temperature cycle Diurnal temperature  Diurnal temperature

system cycle difference

Diurnal temperature

Diurnal temperature Temperature cycle system

cycle difference

I 20-40 C
20-60 'C
20-80 'C

20°C
40 C
60 C

I
1

20-30 C
20-30 C
20-30 C

10°C
10°C
10°C

Constant amplitude sine
Constant amplitude sine

Constant amplitude sine

%*6

A N DR TRTSHIE

Table 6 Determination of stress-strain state of concrete

Development direction Loaded state

1 |t
|u™ ]

MUR' MUR™?

A-F >0
<0

>0

Monotonic loading
A-B Unload
B-C Fatigue loading

Unload <0

0 0
0 1
1 2

Ny
o is the tensile stress on the pier concrete. u is the deformation of pier
concrete.
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Fig. 5 Stress—strain relationship of concrete under loading
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Fig. 6 Cracking characteristics of pier concrete when surface temperature difference is 20 C
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Fig. 7 Cracking characteristics of pier concrete when surface temperature difference is 40 ‘C
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Extended Abstract

Introduction The climatic features of plateau regions include low atmospheric pressure, large temperature variation, and intense
radiation, presenting numerous challenges for concrete structures in these areas during the service life. The substantial diurnal
temperature fluctuations expose concrete structures to the risk of cracking over prolonged temperature cycles, particularly notable in
complex facade structures like bridge piers, where cracks often intersect and spread across the surface. In the plateau with significant
temperature variations, the surface cracks that occur in bridge pier concrete do not directly impact the structural load-bearing capacity.
However, if surface damage is allowed to progress, this deterioration accelerates the penetration of moisture and CO,, among other
corrosive agents, into the interior of the concrete, thereby causing the durability of the concrete structure to fail.

This study focuses on typical bridge pier concrete in plateau regions with significant temperature variations, employing finite
element analysis and secondary development techniques to establish a temperature fatigue damage model for bridge pier concrete
under such conditions. By incorporating cohesive elements to simulate the cracking behavior of bridge pier concrete under long-term
temperature cycling, this research elucidates features such as the initial crack time and temperature gradient distribution in plateau
regions with significant temperature variations. Furthermore, through an analysis of the fatigue stress evolution patterns and energy
accumulation processes of bridge pier concrete under temperature cycling, this study aims to uncover its cracking mechanisms.

Methods Based on the cracking mechanism of bridge piers in the high plateau environment with significant temperature variations,
this study establishes a finite element model for a dual-lane circular bridge pier. The model dimensions are 7.4 m (length) x 3.0 m
(width) x 9.0 m (height). The mesh consists of hexahedral elements, with element types C3D8R and cohesive elements embedded
along the mesh boundaries. The concrete material properties for the bridge pier include an elastic modulus of 42 GPa, tensile strength
of 2.5 MPa, poisson's ratio of 0.2, linear expansion coefficient of 1.5x107°, density of 2 420 kg/m?®, and specific heat capacity of 1100
J/(kg-°C). Diurnal temperature variations are set at 20-40, 20-60 °C, and 20-80 °C, respectively. Additionally, considering the
difference between the sunny and shaded sides of the bridge pier concrete, a temperature variation of 10 °C is defined for the shaded
side. The bottom of the bridge pier concrete is fully constrained, while the top is subjected to an upper load of 9000 kN. Importantly,
a threshold value is introduced to determine whether fatigue effects on concrete need to be considered during alternating diurnal
temperature cycles.

Results and discussion Intense solar radiation and longer hours of sunshine in plateau regions lead to the appearance of randomly
distributed cracks with widths less than 0.5 mm in bridge piers after 1-2 years of normal usage. The cracking mechanism of bridge
pier concrete in plateau environments is as follows: the bridge pier concrete surface heats up to 50 °‘C due to thermal radiation and air
convection. Heat is then transferred internally through a heat transfer process consistent with Fourier's law. The temperature gradients
generated inside the bridge pier concrete, due to its low thermal conductivity, create temperature fatigue stresses, ultimately resulting
in surface cracking under the influence of temperature fatigue stress.
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Based on finite element analysis, this study demonstrates that in plateau environments with significant temperature variations,
bridge pier concrete tends to initiate cracking from the bottom and gradually extend upwards. Additionally, it is shown that the
alternation between day and night results in a more complex internal temperature field within the bridge pier concrete. It is
noteworthy that as the diurnal temperature variation increases, the rate of damage accumulation on the surface of the bridge pier
concrete gradually increases. Furthermore, the plastic dissipation energy generated in the bridge pier concrete over the same period
also increases with the rise in diurnal temperature variation, thereby revealing the cracking mechanism of the bridge pier concrete.

Conclusions This paper takes typical bridge piers in high plateau regions as an example and, through theoretical analysis, reveals
the complete process of "thermal response-stress generation-fatigue damage accumulation” cracking mechanism of bridge piers in
environments with significant temperature variations. Based on the cracking principles of bridge piers in such environments, a fatigue
damage model under temperature fatigue is established using finite element simulation and secondary development techniques.
Concurrently, cohesive elements are utilized to simulate the cracking behavior of bridge piers under prolonged temperature cycling.
Subsequently, it is demonstrated that in environments with significant temperature variations, cracks in bridge piers extend upwards
from the bottom according to a certain development pattern. Moreover, with the increase in temperature variation on the bridge pier
surface, both the initial crack time and damage accumulation rate gradually accelerate.

Keywords plateau with large temperature variation; bridge pier concrete; cracking mechanism; finite element analysis; initial
cracking time



