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ABSTRACT 

Buried pipelines are intensely used for long-distance transportation of essential resources. However, 

with the increasing service life, corrosion and extreme cold temperature variation related to climate 

change can weaken the structural integrity of these pipelines, resulting in pipe failures, which brings 

great environmental and economic disaster and this is a big concern. The purpose of this research is to 

unveil the effect of cold temperature variation on both corroded and intact pipes and to understand how 

the additional thermally induced stress can affect already weakened pipes. Using a 3D numerical 

model, we first simulated the temperature distribution in the soil around the pipe utilizing field 

monitoring data collected during December 2023 in Shanghai City in Eastern China. Afterwards, a 

mechanical soil-pipe model for both corroded and intact pipes was developed, similar to the previous 

model, using the simulated thermal field as a predefined field throughout the whole model. The effect 

of thermal fluctuation on different zones of both pipes, along with the weakened zone, was discussed 

broadly. The results indicated that low-temperature fluctuation of the pipe-soil system added a 

consistent thermal stress, which is most pronounced in the middle part of the pipe where bending 

moments are highest. Extreme temperature can impose a near‑uniform stress increase of up to 4 Mpa of 

the service stress in intact pipes. Although corrosion moderates the stress concern at the opposite non-

corroded part of the pipe, it does not eliminate the thermally driven amplification of stress. 

Additionally, the cold wave adds a modest, nearly uniform increase of stress but has a midget effect on 

the dominant stress peaks controlled by the corrosion defect edge. Furthermore, extreme cooling 

superposes a modest, nearly uniform increase on the circumferential stress field without significantly 

altering the dominant edge concentration imposed by the defect geometry. 
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1. INTRODUCTION 

Buried pipelines are crucial for the transportation of essential resources, such as water and power, 

which significantly impact daily life. Their reliability ensures the continuous supply of these 

resources, making them vital for infrastructure and public health(Sun et al., 2023). However, the 

complex and harsh underground condition gradually erode their structural soundness through 

corrosion(Aslam et al., 2022; Ossai et al., 2015). Corrosion decreases the optimum metal strength and 

it is one the frontal mechanism that affect the structural integrity of buried steel pipelines(Wasim & 

Djukic, 2022). It significantly affects buried pipelines by causing localized pitting, which intensifies 

stresses under external loadings consequently leading to potential failure(C. Q. Li et al., 2017).  Many 

studies have been conducted in recent times to investigate the failure behavior as well as strength 

strength-influencing factor of pipeline having wall thinning problems using full scale laboratory 

testing and finite element analysis. Oh et al conducted seven full-scale laboratory test of corroded 

pipeline to find out the failure behavior of buried pipelines using stress-based local failure criteria. 

The specimen had simulated gauge corrosion defect and it was under internal pressure. He found out 

that the gauge defect with the increase of defect size the ultimate pressure the pipe can withstand, gets 

substantially reduced(Oh et al., 2007). Another experimental study done by Benjamin et al showed, 

twelve burst pressure tests on pipeline tubular specimens containing a pipe without defects and the 

other two had single small base defects of different depths. Nine of the specimens contained 

interacting corrosion defects, which were composed of the combination of two or more base defects. 

He proposed a new method that accounts for the thicker space existing in between the defect and it 

relies on precise geometric information that captures the spatial arrangement of defects visible in the 

colony’s top view (Benjamin et al., 2007). Mondal et al numerically investigated how corrosion 

defect’s orientation at different inclination angles influence pipeline burst pressure, aiming to evaluate 

the applicability of the ASME B31G guideline. Based on a parametric study, he proposed a predictive 

model for the burst pressure of pipelines containing inclined corrosion defects(Mondal & Dhar, 2025). 

Li et al also developed Finite element models of uniformly and non-uniformly corroded steel pipes. 

The influence of corrosion shape on stress distribution and failure pressure under uniform corrosion 

conditions was analyzed with introducing a fractal dimension to investigate the effects of surface 

complexity on failure pressure of pipelines. The analysis shows that steel pipes with elliptical 

corrosion outperform the rectangular defects in terms of burst capacity, and the difference increases as 

the defect length increases. Moreover, a more intricate corrosion surface markedly lowers the failure 

pressure. This trend holds for both defect geometries(P. Li, Li, Fang, Du, et al., 2025; P. Li, Li, Fang, 

Wang, et al., 2025).  Observations from the trend of the research indicate that most of the 

investigations put emphasis on only corrosion and its parametric influence on the pipeline failure. 

However, the other external factors that can influence an already weaken pipeline is insufficiently 

explored. Specifically, studies highlighting the mechanical behavior of the buried pipeline under the 

cold temperature fluctuation is lacking. Environmental temperature fluctuations have a considerable 

effect on the integrity of pipelines. It generates thermal stress and mechanical damages. Climate is 

considered one of the significant factors influencing pipe failure(Żywiec et al., 2021). Older pipes are 

more vulnerable to such effects as their remaining yield strength is close to the external load(Sadiq et 

al., 2004). In colder climates, the fracture toughness of pipeline steel decreases and it gets more 

susceptible to cracking and failure under stress(Chanda, 2015). Temperature fluctuations may cause 

axial deformation by causing thermal expansion and contraction. It is influenced by the 

thermomechanical behavior of the pipeline materials, which can lead to stress concentration at these 

weak points. Pipelines subjected to sinusoidal temperature variations experience local and linearized 

elastic thermal stresses. These stresses are influenced by the pipe's cross-sectional properties, load 

frequencies, and heat transfer coefficients (Adolfsson, 2023). Cold temperature can drastically lower 

the temperatures of air, soil, and the water within buried pipelines, consequently  a range of adverse 

effects such as pipe bursts, water leakage, structural damage, service disruptions, and a shortened 

operational lifespan of the pipeline infrastructure arise(H. Li et al., 2020). Pipe failure due to cold 

temperatures is a well-known phenomenon in the existing literature(Hu et al., 2024, 2025). Habibian 

et al investigated the effect of temperature changes on water-main breaks and highlighted that the 

break activity is not uniquely related to the temperature. Additionally, he   shows how different break 
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activities may occur under similar temperature‐drop conditions(Habibian, 1994).  Rajani et al 

examines the impact of temperature changes on observed pipe breakage rate of different material. The 

authors found a rise in failure rates associated with rapid temperature fluctuations, with cast iron pipes 

being the most significantly affected by these changes(Rajani et al., 2012).The findings from the 

research trend suggest that much of the focus has been on assessing the impact of low temperatures on 

the failure rate of buried pipes, as well as modelling and predicting pipeline network failures using 

historical data on climatic factors. In-fact, the mechanical response of pipelines to cold temperature is 

complex and influenced by several factors. The additional stress generated by cold event induced 

thermal variation can have much impact on a corroded pipeline which is already weaken by the wall 

thinning process. In a coupled scenario where the additional stress can reduce the maximum service 

life of a corroded pipeline which is overlooked by the previous studies. So, it is necessary to 

investigate how corrosion by reducing the ultimate strength of the pipe material can interact with the 

added thermal induced mechanical load affect the optimal operational ability of a buried pipeline. 

2. METHODOLOGY 

In this study a sequentially coupled thermo- mechanical analysis of the soil-pipe model was 

constructed, because the one-way dependence in which the stress field is governed by the temperature 

distribution while the temperature field itself can be resolved independently of the mechanical 

response. The thermal field affects the mechanical field for example, Thermal expansion, but the 

Mechanical field does not affect the thermal field. The analyses are conventionally executed in 

sequence, with the thermal simulation completed first and the mechanical stress analysis performed 

thereafter. The temperatures are read into the stress analysis as a predefined field by reading the 

output database or the results file from the corresponding heat transfer analysis.  

 

 
 

Figure 1: Site location and Positions of various temperature sensors 

 

The temperature varies with position and is usually time-dependent. It is predefined because it is not 

changed by the stress analysis solution. The element type for the thermal analysis step was the three-
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dimensional 8-node linear heat transfer brick element (DC3D8). The element has 8 degrees of 

freedom, corresponding to temperature values at its 8 modes. For the mechanical analysis, the 8-node 

brick elements with reduced integration (C3D8R) were utilized. 

2.1 Temperature Data Acquisition and Establishment of the Soil-Thermal Model 

The monitoring site on buried water distribution pipeline was located Approximately 80 meters east 

of the intersection of Tangshan Road and Gaoyang Road, on the south side of the road at the Yangpu 

district of Shanghai, Chin. Yangpu area has hot summer and cold winter which have an average 

annual maximum and minimum air temperatures of 17.84 ◦C and 6.27 ◦C, respectively. Figure 1. 

Shows the location and the monitoring site. The soil at the monitoring station and around the buried 

pipeline is mainly cohesive and sandy soils. The buried pipeline is a water distribution pipeline with 

nominal diameter of 300 mm. The burial depth of the pipe from the soil surface is 1.1m. For, the 

temperature monitoring a special 2A0X Type - WiSenMeshWAN @ Multi-channel Soil Temperature 

Sensor was used which can capture a Standard range of 30°C~ +70°C temperature with an accuracy 

of ±0.2°C. Figure 1 Shows Positions of various temperature sensors. A three-dimensional finite 

element model implemented in Abaqus v6.14 was employed to assess the thermal propagation of the 

soil model due to surface temperature of the soil. So, the simulated soil- pipeline model. The pipeline 

is buried at a depth of 1.1m below the soil top surface. Based on Saint-Venent’s principle, to 

minimize boundary interference, soil model dimensions should typically be 3 ~ 5 times the pipe 

diameter(Whidden, 2009). So, the dimensions of the surrounding soil in the FE model were set at 

about 7.0 m (height) by 6.0 m (width) by 3.0 m (length). The thermal material properties of the soil 

and pipe used in this study are presented in Table 1. 

 

Table 1: Thermal properties of soil and pipe 
 

Parameters Pipe Soil 

Density (kg/m3) 7300 1900 

Thermal conductivity (W/m℃) 30.3 0.3 

Specific heat (J/kg℃) 600 350 

The boundary condition for the numerical model was as the soil surface temperature, which includes a 

maximum and minimum air temperature of 6.6 °C to a maximum of 13.3 °C a span of 19.9 °C within 

217 hours period.  The initial temperature of this numerical model is set by using a predefined field, 

as in the actual condition the soil surface remain in contact of environment. So as the initial 

temperature boundary, top and bottom part of the pipe namely pipe top and bottom part was given an 

initial temperature of 8.8 °C from the top surface to 1.1 m and from 1.4 to 7m 11.9 °C respectively. 

An adiabatic boundary condition was considered for surfaces around soil model.  

The accuracy of the thermal propagation throughout pipe-soil model is one of the main parts in 

sequentially thermo-mechanical modelling process. Comparisons of the soil temperature at the top of 

the pipe are presented in Figure 2. It shows that numerically calculated soil temperature data closely 

matches with the field monitoring data. It means that in the numerical model, the surface temperature 

of the soil is propagating through the soil to the buried pipe similar to the actual condition. 

2.2 Establishment of the Mechanical model 

Using similar numerical model to the previous, one corroded and one non-corroded pipe soil 

mechanical model was developed to understand the cold event induced stress state of buried pipeline. 

For this analysis the material property of pipeline and corrosion characteristics has been presented in 

Table 2. A sufficiently long pipe segment was considered to keep the boundary far from the corrosion 

zone and thus avoid the boundary effects(Fekete & Varga, 2012). To understand the mechanical 

behavior of the soil material Mohr-Coulomb constitutive model was used(Coombs et al., 2013; 

Handspiker et al., 2024).  
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Table 2: Properties of the pipe and soil used for Mechanical analysis 

 

 

 

 

 

 

  

The soil was assumed to be an isotropic material, having the same characteristic throughout the whole 

volume in different temperature. Surface to surface contact was used on the soil pipe model with 

using hard contact in norma direction and penalty with a friction coefficient of 0.2 in tangential 

direction. The pipeline was used as an elastic plastic material. In this analysis the most bottom surface 

of the soil was constrained from all three(X,Y,Z=0) direction with respect to displacement.  

 
 Figure 2: Comparison of numerical result with field temperature data at the top  

The both side surface of the soil was restrained in X direction, Similarly the soil surface was also 

restrained in Z direction with respect to direction. The soil top surface was left unconstrained and 

taken as a free surface. All loading was set up by four steps. In the first step the whole model was 

subjected to gravity load.  Then in the second step the pipelines internal wall was given an internal 

operational pressure of 0.2 MPa which is very common in water pipeline. In the third step traffic 

loading was introduced. Since most of the water pipelines re being buried under roads, self-weight of 

the vehicle directly influences on the pipeline through the pavement of the road.  

Parameters Pipe Soil 

Density (kg/m3) 7300 1900 

Modulus of elasticity, E(GPa) 210.7 20 

Poisson’s ratio 0.30 0.35 

Yield strength, σy (MPa) 464.5 -- 

Ultimate tensile strength, σu (MPa) 563.8 -- 

Thermal expansion 1.2 ×10-5 10-4 

Cohesion, c (kPa)  -- 5 

Friction angle (◦) -- 35 

Dilation angle (◦) -- 3.5 

Pipe diameter, D (mm) 762 -- 

Wall thickness, t (mm) 17.5 -- 

Corrosion length, l (mm) 200 -- 

Corrosion width, c (mm) 50 -- 

Corrosion depth, d (mm) 8.75 -- 
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Figure 3: Soil and pipe models 

To simplify the analysis a static traffic load was taken as a static load. It is a common phenomenon 

and its suitability to adequately represent traffic loading has been established (Alzabeebee et al., 

2018). In this analysis, a static load of 0.7 MPa was applied to the top surface of the model and at the 

top of the corrosion as this is the most vulnerable zone of a corroded pipe. Finally, in the fourth step 

thermal analysis result was used as the predefined field. Traditional stress-based design (Von Mises) 

criterion is used for the mechanical analysis as it accounts for the effects of all the principal stresses 

(Gong et al., 2024).  

3. RESULTS AND DISCUSSION 

3.1 Analysis of Stress distribution in intact zone  

The stress analysis of both the corroded and non-corroded pipe due to cold temperature fluctuations 

was explored by studying the Von Mises stress along the pipe axis. Stress distributions in longitudinal 

direction at the top and bottom part of the interior surface around the corrode zone and in 

circumferential direction at the middle and edges of corrosion were studied to uphold a 

comprehensive understanding of the response of thermal stress to a corroded and non-corroded buried 

pipe.  Figure 4. Shows the distribution of Von Mises stress of a non-corroded pipe at the top inner 

surface of the pipe along the longitudinal direction. The figure depicts the longitudinal distribution of 

Von Mises stress along the non‑corroded pipe top under identical loading before and after the cold 

temperature event. In both cases, the stress profile was similar, reaching its maximum at the mid‑span 

and tapering toward the ends, a pattern characteristic of bending‑dominated behavior. Prior to the cold 

event, the peak stress attains 19 MPa, whereas post‑event stress raised to 21 MPa, an increase of 

roughly 10 %, which is consistent with previous numerical studies showing that cold waves can 

elevate Von Mises stress in buried pipelines by roughly 10–20 % depending on loading and burial 

conditions(Hu, Ayinde, et al., 2024; Shishesaz et al., 2024). A similar stress increase can also be 

observed at the inlets and outlets, where stresses climb from about 14.5 MPa to 16.5 MPa. The upward 

translation of stress indicates that exposure to low temperature fluctuations adds consistent thermally 

induced stresses, which is likely caused by contraction of the pipe and surrounding soil. 

Consequently, the cold wave amplifies Von Mises stresses along the entire top. 

 

Figure 5. summarizes the Von Mises stress, along the bottom of the 3 m long pipeline of four 

thermo‑mechanical states at the pipe bottom. For the non‑corroded pipe, the cold wave produces an 

almost rigid stress rise on the whole body. In the mid‑span stress jumps from about 14.8 MPa to 

18.0 MPa containing 21.6 % hike, while the stress at both ends of the pipe rises from 12.0 MPa to 

Internal corrosion 
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15.5 MPa containing 29 %. This uniform uplift reflects similar behavior to the top of the pipe. 

However, the magnitude of the stress is higher at the top compared to the bottom of the non-corroded 

pipe. This observation aligns directly with (Ma et al., 2024)who conducted a comprehensive finite 

element analysis of X80 steel pipelines with corrosion defects and explicitly found that "stress at the 

bottom of the pipe is less than that at the top," with stress at the top of the pipeline being greater than 

the bottom across multiple loading scenarios. 

 
Figure 4: Stress distribution of a non-corroded pipe before and after cold temp at the pipe top 

 

In the corroded pipe, wall‑thinning lowers the absolute stress field at the bottom of the pipe by about 

2.5 MPa because the reduced wall thickness at the top allows greater concentration of stress at the 

corroded zone.  

 
Figure 5: Stress distribution of both pipe before and after cold temp at pipe bottom 
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Nonetheless, the temperature effect remains pronounced. After the cold temp, at mid‑span, stress 

increases from about 14.5 MPa to 15.8 MPa and the end stresses rise from 12 MPa to 14 MPa. which 

is similar to the findings by (Cheng et al., 2022)that corrosion defects redirect stress concentration to 

thinned regions while maintaining thermal sensitivity across the pipe cross-section. 
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3.2 Analysis of Stress distribution in corroded zone 

Figure 6. displays the longitudinal distribution of Von Mises equivalent stress, of a pipeline containing 

a centrally located corrosion defect which is subjected to identical loading conditions. Outside the 

defective zone (0-1.40 m and 1.6–3.00 m) the stress response is almost similar from around 12.5 MPa 

at the restrained ends to 20 MPa adjacent to the defect. Following the temperature drop stress in the 

non-corroded zone is increased by 1-1.5 MPa which is about 7-9 %, reflecting the additional stress 

imparted by the thermal stress. 

 
Figure 6: Stress distribution of the Corroded pipe before and after cold temp at corrosion zone 

 

Within the defect itself 1.4-1.60 m the stress field is dominated by geometric discontinuities. It can be 

seen, stress at the corrosion edge is 34 MPa in the pre-cooling state and increases slightly to 34.8 MPa 

post-cooling, which is about 1.5 % increase in stress threshold. Between these edges the thinned wall 

carries markedly lower stress, dipping to 14 MPa before the cold wave and to 11 MPa afterwards 

which may yield because of a substantial stress concentration around the corrosion edge. Thus, while 

the cold wave event superimposes a nearly uniform thermal hike over the pipe length, it has only a 

marginal influence on the already dominant stress concentration at the defect edges. The results 

suggest that, for corroded pipelines, peak stresses are controlled primarily by defect geometry, with 

extremely low temperature acting as a secondary amplifying factor. 

 

Figure 7 presents the circumferential distribution of Von Mises equivalent stress, for a pipe section 

containing an internal corrosion defect, immediately before and after a pronounced cold event at two 

axial locations which are the center of the defect and its longitudinal edge. The consecutive 

finite‑element numbers around the pipe wall; zero corresponds to the bottom and the sequence 

proceeds clockwise until it comes back to zero. Outside the defect zone the stress field exhibits the 

characteristic six lobed bending pattern, with a maximum of 14.8 MPa prior to cooling. Thermal stress 

elevates stress uniformly by 1 MPa which is around 7 % increase at the bottom. However, the  center 

of the circumferential edge carries lower load, and peaks at only about 11 MPa before cooling. After 

post-cooling stress is marginally reduced to 10 MPa, indicating that the thermal contraction has 

redistributed load from the weakened mid defect strip toward it’s the edge. 
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Figure 7: Stress distribution of the Corroded pipe before and after cold temp at corrosion zone 

 

In contrast, the defect edge from a sharp geometric discontinuity concentrates stress. it reaches 

34.3 MPa in the pre-cooling state and rises to 35.3 MPa after the cold temperature event, which is an 

increment of 1 MPa or 3 %. The inset enlarges this region, highlighting that the thermal fluctuation 

simply adds to the existing concentration without altering its spatial extent. 

 

4. CONCLUSIONS 

A comprehensive thermo-mechanical assessment of a buried concrete pipeline was performed to 

quantify how short-term cold temperature excursions interact with traffic loading and corrosion 

morphology to influence Von Mises stress. 

 

1. Cold weather temperature adds a consistent thermal stress throughout the whole pipe. This is 

likely caused by the continuous contraction of the pipe and the surrounding soil. 

2. Extreme cold temperature can impose a near‑uniform stress leap up to 4 MPa on the service 

stress in intact pipes. Secondly, although corrosion moderates the stress concentration at the 

opposite part of the pipe, it does not eliminate the thermally driven amplification of Stress. 

3. In the corroded pipe thermal stress is very low in non-corroded areas. However, at the 

corroded zone the effect of cold temperature is higher. Furthermore, additional stress tends to 

accumulate at the Corrosion edges rather than the rest of the surface of the pipe because of the 

stress concentration. 

4. Cold weather temperature generates a modest, nearly uniform increase of stress on the 

circumferential direction without significantly altering the dominant edge concentration 

imposed by the defect geometry. 
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